
Marine Chemistry in the Coastal 
Environment 

Thomas M. Church, EDITOR 

University of Delaware 

A special symposium 

sponsored by the 

Middle Atlantic Region 

at the 169th Meeting 

of the American Chemical 

Society, Philadelphia, 

Penn., April 8-10, 1975 

ACS SYMPOSIUM SERIES 18 

AMERICAN CHEMICAL SOCIETY 

WASHINGTON, D. C. 1975 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Library of Congress CIP Data 

Marine chemistry in the coastal environment. 
(ACS symposium series; 18. ISSN 0097-6156) 

Includes bibliographical references and index. 

1. Chemical oceanography—Congresses. 2. Coasts— 
Congresses. 3. Esruarine oceanography—Congresses. 4. 
Waste disposal in the ocean—Congresses. 

I. Church, Thomas M., 1942- II. American 
Chemical Society. Middle Atlantic Region. III. Series: 
American Chemical Society. ACS symposium series; 18. 

G C 1 1 1 . 2 . M 3 7 551.4'601 75-28151 
I S B N 0-8412-0300-8 A C S M C 8 18 1-710 

Copyright © 1975 

American Chemical Society 

All Rights Reserved 

PRINTED IN THE UNITED STATES OF AMERICA 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



ACS Symposium Series 

Robert F. Gould, Series Editor 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SEMES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the A C S SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

'raditionally, marine chemists have followed the descriptive leads of 
oceanographers in using basic chemical processes to unravel the more 

simple chemical processes that drive the complex electrolyte called the 
sea. In the open ocean this approach has been successful because the 
system is essentially one dimensional, the compositions are temporally 
invarient, and chemical processes are in rather steady state. In the coastal 
environment, however, th
tages since he is dealing with a multi-dimensional system that includes 
time and where tidal action drives a system whose dynamic processes are 
rarely in equilibrium. Compounding these problems are the interactions 
with fresh water supplies, geological solids, immense biological produc
tivity, and not least, the catabolism of human technocracy. 

Since the pioneering work of Ketchum and co-workers some 20 years 
ago, coastal oceanography has suffered an embarrassing gap of knowledge 
because attentions have been turned largely to the apparently simpler 
chemical processes of the open and deep sea. The price of this lapse 
has now closed in on man who is being forced to rely ever more heavily on 
the resources of the coastal marine environment. Separate cities located 
traditionally at the fall line of estuarine river systems have turned into 
a contiguous sprawl of industrialized metropolises. Estuaries, such as in 
the Middle Atlantic Region, have become open conduits of raw material 
import and waste export. As the volumes needed to fuel this technocracy 
escalated and man became less willing to tolerate spoiling of the land, 
the coastal environment bore the brunt that today threatens its viable 
existence. As a result, in this decade, the marine chemist has been called 
to help devise means to prudently manage and revitalize the coastal 
marine resource. 

This symposium is the first attempt to collate some of the most 
recent advances in the field of marine chemistry in the coastal environ
ment. The sessions follow a theme which looks beyond simple descrip
tions to those processes that integrate basic chemistry, tracer techniques, 
geochemistry, pollutant fates, waste disposal, resource applications, and 
biological dynamics in the coastal ocean. The goal has been to show that 
instead of merely describing problems, there is greater potential in apply
ing the tools of modern oceanography and chemistry to progressive 
concepts that give sophisticated insight to help solve these problems. 

ix 
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The papers touch upon several disciplines which a purer chemist might 
even construe as irrelevant. The intended purpose was to demonstrate 
that sound chemical knowledge is not enough; realistic solutions must 
consider the coastal regions as geological, biological, and anthropological 
entities as well. Hopefully this symposium also reflects the growing 
recognition of the chemist for the validity of research in this area. How
ever, continued federal support must order national priorities to guaran
tee prudent use and protection of the coastal environment. 

I would like to gratefully acknowledge the session officers who com
posed the symposium committee: R. H . Wood, O. P. Bricker, G . R. Helz, 
M . G . Gross, R. J. Huggett, and J. H . Sharp. Their energies were largely 
responsible for successfully collating a distinguished program, and their 
continuing enthusiasm helped me immeasurably in organizing the sym
posium and completing thi
University of Delaware donated much of its resources, including the sec
retarial assistance of Sandra Northrup. Lastly, we are all sincerely in
debted to the Middle Atlantic Region of the American Chemical Society 
for sponsoring this timely forum on marine chemistry in the coastal 
environment. 

THOMAS M . CHURCH 
University of Delaware 
Newark, Del . 
July 21, 1975 
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1 
Chemical Equilibrium in Seawater 

R. M. PYTKOWICZ, E. ATLAS, and C. H. CULBERSON 
School of Oceanography, Oregon State University, Corvallis, Ore. 97331 

The concept of chemical equilibrium can be applied to the 
oceans in three ways;
trol of the oceanic composition, for fast reactions equilibrium 
constants are used to calculate the concentrations of species 
present in seawater, and for slow reactions departures from 
equilibrium are useful for kinetic studies. 

Seawater differs from the solutions that are usually 
examined by chemists because of the large number of solutes 
and, at times, of suspended particles that are present in the 
oceans. Also, one must consider the concurrent effects of 
purely chemical, hydrographic, biological, and geological 
processes upon the composition of seawater. One must con
sider as well the gravitational field and pressure, temperature, 
and compositional gradients that result from the extent and 
depth of the oceans. 

The study of the equilibrium chemistry of the oceans is 
facilitated because the major ions are present in almost constant 
proportions. This makes seawater an ionic medium which can 
be characterized by one compositional parameter, the chlorinity 
or the salinity. The constancy of the relative composition is not 
always present in estuaries because river water, which mixes 
with seawater, has its major ions in proportions which differ 
from those in seawater. Still, it will be shown that equilibrium 
data obtained for seawater can often be applied to estuarine 
waters. 

In this work we will first examine briefly the composition 
of seawater. Then, we will outline some major aspects of 
equilibria as applied to the oceans. Next, we will consider to 
what extent these equilibrium considerations are relevant to 
estuaries and finally, we will examine some topics on the con
trol of the oceanic composition. We will not attempt a compre-
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2 MARINE CHEMISTRY 

hensive coverage of the subject but w i l l emphas ize b a s i c c o n 
cepts and methods. 

The C o m p o s i t i o n of Seawater 

A l l the n a t u r a l l y o c c u r r i n g e lements and many of their 
compounds f ind their way into the oceans through r i v e r s , ground 
w a t e r s , a e r i a l t r a n s p o r t , and submarine v o l c a n i s m . A few 
m a j o r constituents , shown i n Table I, account for over 90% b Y 
weight of the solutes present i n seawater (1). 

Table I. M a j o r Constituents of Seawater of 34. 3%o 
Sal in i ty (19%o C h l o r i n i t y ) 

Constituent p p m Constituent p p m Constituent p p m 

2+ 
C l " 18,971 C a 403.9 
N a + 10,555 K + 391 

s o 4
2 " 2,657 H C O ~ 142 

M g 1,268 B r " 65.9 

B(OH) 25. 6 

S r 2 + 7 .7 

F " 1. 3 

These m a j o r constituents a r e present i n a l m o s t constant 
p r o p o r t i o n s i n the oceans (1_,2) indicat ing that the m i x i n g t ime of 
the oceans , w h i c h i s of the o r d e r of 1,000 y e a r s , i s fast re lat ive 
to the input rates and to the r e a c t i v i t y of the constituents (3.-5). 
The constant re la t ive composi t ion a l s o l ed to the definitions of 
c h l o r i n i t y and sa l in i ty which a r e p r e s e n t e d i n s tandard o c e a n o -
g r a p h i c texts , e. g. , R i l e y and Chester (6). It i s important to 
r e a l i z e that the c h l o r i n i t y can be u s e d to r e p r e s e n t the extent of 
m i x i n g of r i v e r water with seawater i n an estuary . The defined 
sa l in i ty loses i ts m e a n i n g , h o w e v e r , when the oceanic p r o p o r 
tions of the m a j o r ions a r e a l t e r e d i n estuarine waters or i n the 
p o r e waters of submarine sediments . 

The m i n o r e lements v a r y g r e a t l y i n time and space (1_) and 
a r e i n g e n e r a l quite important because of their p a r t i c i p a t i o n i n 
c h e m i c a l , b i o l o g i c a l , and geo log ica l p r o c e s s e s . These elements 
a r e examined e lsewhere i n this v o l u m e . 

The g e n e r a l g e o c h e m i c a l c o n t r o l of the c h e m i c a l c o m p o s i 
tion of the oceans i n t e r m s of e q u i l i b r i a , steady s tates , and 
fluxes between n a t u r a l reservoirs i s a v i t a l t o p i c . Its study 
y ie lds insights into the c h e m i c a l h i s t o r y of seawater and helps 
us understand the potential i m p a c t of m a n - m a d e perturbat ions 
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1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 3 

upon the environment (5 ,7 -11) . T h i s subject w i l l be examined 
b r i e f l y at the end of this w o r k , after a c r i t i c a l r e v i e w of the 
m a i n react ions which influence the l o c a l d is tr ibut ions of c h e m i 
c a l species i n seawater . The f i r s t topic r e l a t e d to l o c a l e q u i 
l i b r i a w i l l be the d i s s o c i a t i o n of weak a c i d s . 

D i s s o c i a t i o n of Weak A c i d s 

The d i s s o c i a t i o n constants of weak a c i d s and bases can be 
u s e d for the calculat ion of the concentrations of m o l e c u l e s and 
ions of oceanographic interest because the d i s s o c i a t i o n react ions 
a r e fast re la t ive to competing b i o l o g i c a l and geo logica l p r o c 
e s s e s and r e a c h e q u i l i b r i u m . C a r b o n i c a c i d i s an e s p e c i a l l y 
i m p o r t a n t weak e lectro lyt
and in the format ion of l imestones and dolomites . A l s o , i t 
s e r v e s as a m o d e l s y s t e m for the study of other e lectro lytes 
which a r e present i n the oceans . 

The use of t h e r m o d y n a m i c d i s s o c i a t i o n constants i s not 
r e c o m m e n d e d for c a r e f u l w o r k in seawater because it r e q u i r e s 
the estimate of the total act iv i ty coefficients of single ions (12). 
These coefficients are conventional quantities a n d , t h e r e f o r e , 
their a c c u r a c y i s unknown. S t i l l , t h e r m o d y n a m i c constants m a y 
be and a r e often u s e d for fast low a c c u r a c y est imates by m a r i n e 
geochemists when constants m e a s u r e d i n actual seawater a r e not 
a v a i l a b l e . 

B u c h et a l . (13) i n t r o d u c e d to oceanography the s o - c a l l e d 
apparent d i s s o c i a t i o n constants m e a s u r e d d i r e c t l y i n seawater. 
In their present f o r m , for a g e n e r i c a c i d H A , these constants 
a r e defined by (14) 

P a r e n t h e s e s r e p r e s e n t concentrations and T r e f e r s to total (free 
plus i o n - p a i r e d ) quantities , apj i s the conventional hydrogen ion 
a c t i v i t y def ined, for e x a m p l e , on the N B S scale , k i s a constant, 
within the r e p r o d u c i b i l i t y of p H data, w h i c h i s cance l led out 
between the determinat ion and the appl icat ion of K ' (14). T h u s , 
k does not affect the a c c u r a c y with which (A")^» and H A can be 
determined . A p p a r e n t constants have been shown to be i n v a r i a n t 
for many p r o c e s s e s of oceanographic interest (14). 

Another definition of d i s s o c i a t i o n constants , which dif fers 
f r o m K ' only i n that ( H + ) T i s u s e d instead of k a ^ , was p r o p o s e d 

K = 
k a R ( A ) T 

(HA) (1) 
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4 MARINE CHEMISTRY 

by Hans son (15). ( H + ) T can be d e t e r m i n e d either with t r i s 
buffers p r e p a r e d i n seawater (16) or with conventional N B S 
buffers (17). We w i l l r e t u r n to alternate definitions of the p H 
l a t e r . 

The apparent d i s s o c i a t i o n constants and the constants 
defined by Hans son for c a r b o n i c a c i d and for b o r i c a c i d were 
d e t e r m i n e d i n seawater at a t m o s p h e r i c p r e s s u r e by s e v e r a l 
w o r k e r s (13 ,15 ,18-20) . Disteche and Disteche (21), C u l b e r s o n 
et a l . (22), and C u l b e r s o n and P y t k o w i c z (23) extended the m e a s 
u r e m e n t s to the high p r e s s u r e s which a r e encountered i n the 
deep oceans . C u l b e r s o n and P y t k o w i c z (23) p r o d u c e d c o r r e c t i o n 
tables for the i n c r e a s e i n p H that o c c u r s when deep seawater 
samples a r e brought to shipboard . 

The carbon dioxid
four equations i n s ix unknowns once the apparent d i s s o c i a t i o n 
constants a r e known and the borate contribution i s subtracted 
f r o m the a l k a l i n i t y (24). One c a n , t h e r e f o r e , complete ly specify 
the s y s t e m by means of any two re levant m e a s u r e m e n t s . T h i s 
has l e d to a p r o l i f e r a t i o n of methods , each with i ts own a d v a n 
tages and drawbacks . One can m e a s u r e the p H and the t i trat ion 
a l k a l i n i t y which can be obtained a c c u r a t e l y by a single a c i d a d d i 
t ion (17). A l t e r n a t i v e l y one can determine the t i trat ion a l k a l i n i t y 
and the total C 0 2 by a G r a n t i trat ion (25), the p C 0 2 and the total 
C 0 2 g a s o m e t r i c a l l y , and so on. The choice of a method depends 
upon the quantity of p r i m a r y i n t e r e s t . 

In s i tu p H p r o b e s , such as those developed by M a n h e i m 
(26) and by G r a s s h o f f (27), a r e of s p e c i a l i n t e r e s t for time 
s e r i e s m e a s u r e m e n t s i n e s t u a r i e s . T h e y are adaptable for 
probing pore waters of sediments . T h i s e l iminates poss ib le 
shifts i n m i n e r a l - s e a w a t e r e q u i l i b r i a that may occur when s e d i 
ments a r e brought to different t e m p e r a t u r e s and p r e s s u r e s in the 
l a b o r a t o r y . 

The apparent d i s s o c i a t i o n constants of p h o s p h o r i c a c i d i n 
seawater , needed for the study of the f o r m a t i o n of apatites and 
p h o s p h o r i t e s , were d e t e r m i n e d by K e s t e r and P y t k o w i c z (28). 
K ' j for hydrogen sulfide was m e a s u r e d by Goldhaber (29). C u l 
b e r s o n et a l . (17) d e t e r m i n e d the d i s s o c i a t i o n constants of h y d r o 
f l u o r i c a c i d and of bisulfate ions . C u l b e r s o n and P y t k o w i c z (30) 
m e a s u r e d the ionizat ion of water i n seawater . 

It should be e m p h a s i z e d that total act iv i ty coefficients a n d , 
t h e r e f o r e , apparent constants , which a r e r e l a t e d to t h e r m o d y 
n a m i c ones by these coef f ic ients , depend upon the major ion 
composi t ion of the m e d i u m . T h u s , one should use these q u a n t i 
ties with c a r e i n e s t u a r i e s and in the pore waters of sediments 
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1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 5 

because the major i o n composi t ion of these m e d i a m a y differ 
f r o m that of oceanic waters . 

p H of Seawater 

It was mentioned e a r l i e r that the N B S buffer s c a l e , when 
appl ied to seawater , y ie lds a quantity ka^j and that k i s c a n c e l l e d 
out in p r a c t i c e , within the r e p r o d u c i b i l i t y of p H data. T h u s , it 
i s the r e p r o d u c i b i l i t y rather than the a c c u r a c y of p H data which 
i s re levant to oceanographic m e a s u r e m e n t s . We found i n our 
l a b o r a t o r y that c a r e f u l p H m e a s u r e m e n t s in seawater a r e r e p r o 
ducible to within ± 0. 01 p H units between different e lectrodes and 
that the r e p r o d u c i b i l i t y appears to be l i m i t e d by the l i q u i d j u n c 
tion potentials . 

Hans son (16) p r o p o s e d a pmH-p scale based upon buffers 
p r e p a r e d i n seawater. Bates and M a c a s k i l l (31) a l s o used such 
buffers but d e t e r m i n e d pmHjr instead of pmH-p. (H + ) ,p and ( H + ) p 
where the subscr ipts F and T r e f e r to the free and to the total 
concentrat ions , a r e r e l a t e d by (17) 

( H + ) T = ( H + ) F + ( H S 0 4 ~ ) + ( H F ) (2) 

The N B S , the p m H T , and the pmH-p scales can be re la ted by 
means of the data p r e s e n t e d by C u l b e r s o n et a l . (17). 

It i s poss ib le that the use of buffers p r e p a r e d i n seawater , 
m a y reduce the l i q u i d junction potential and , there fore , i n c r e a s e 
the r e p r o d u c i b i l i t y of p H data. O n the other hand, the p r e p a r a 
tion of seawater buffers and of re ference e lectrodes by i n d i v i d u a l 
invest igators m a y introduce systematic e r r o r s . 

With r e g a r d to the g e n e r a l contro l of the oceanic p H , S i l l e n 
(7) suggested that c l a y - s e a w a t e r interact ions exert a p r i m a r y 
p H - s t a t t i n g r o l e . P y t k o w i c z (5J concluded, h o w e v e r , that the 
c a r b o n dioxide s y s t e m i s the major p H buffering agent i n the 
present oceans. 

Solubi l i t ies of M i n e r a l s 

The most intense ly studied salt i n seawater has been c a l c i 
u m carbonate because of its b i o l o g i c a l and geologica l i m p o r t a n c e . 
In addit ion , work on carbonates has y ie lded concepts and t e c h 
niques which a r e appl icable to the interact ions of other salts and 
of sol ids in g e n e r a l with seawater. 

Wattenberg {32) f i r s t d e t e r m i n e d the solubi l i ty of calcite i n 
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6 MARINE CHEMISTRY 

seawater at a t m o s p h e r i c p r e s s u r e . He u s e d the s t o i c h i o m e t r i c 
so lubi l i ty product 

where the s u b s c r i p t S r e f e r s to the concentrat ion at saturation. 
The use of s t o i c h i o m e t r i c so lubi l i ty products obviates the need to 
est imate the a c t i v i t y coefficients of single ions . These products 
r e m a i n e s s e n t i a l l y constant at a given sa l in i ty for p r o c e s s e s , 
such as the dissolut ion and the p r e c i p i t a t i o n of carbonates i n the 
oceans , which have only a slight effect upon the major ion c o m 
posit ion of seawater . T h e r e have been many m e a s u r e m e n t s of 
the so lubi l i ty of carbonate
since Wattenberg (32), the m o s t recent ones being those of 
M c l n t i r e (33) and of Ingle et a l . (34). 

P y t k o w i c z and c o - w o r k e r s (35-39) extended the r e s u l t s on 
carbonates to high p r e s s u r e s by means of potent iometr ic m e a s 
u r e m e n t s while B e r n e r (40), M i l l e r o and B e r n e r (41), and 
Duedal l (42) u s e d the p a r t i a l m o l a l vo lume approach . 

S e v e r a l i n t e r e s t i n g features e m e r g e d f r o m the study of the 
so lubi l i ty of c a l c i u m carbonate i n seawater , which m a y be r e l e 
vant to other s o l i d s . Some of these features a r e ; the metastable 
super saturation of n e a r - s u r f a c e w a t e r s , the h y s t e r e s i s and lack 
of r e p r o d u c i b i l i t y of so lubi l i ty data for c a l c i t e , the factors that 
contro l the c r y s t a l f o r m that prec ip i tates f r o m seawater and the 
diagenetic a l t e r a t i o n of s e d i m e n t s , the k inet ic behavior of c a r 
bonate m a t e r i a l s at depth, the c y c l i n g of carbonates i n nature , 
the p H buffering of seawater , and the dis tr ibut ion and fluxes of 
the carbon dioxide s y s t e m i n nature . 

The metastabi l i ty of the c a l c i u m carbonate super saturation 
i n n e a r - s u r f a c e waters r e s u l t s f r o m the inhibi t ion of nucleat ion 
and growth by m a g n e s i u m i o n s , organic m a t t e r , and phosphate 
ions (43-46). The r e s u l t s of P y t k o w i c z (43_,45) showed that the 
i n o r g a n i c p r e c i p i t a t i o n of carbonates i n the oceans can only o c c u r 
i n a few s p e c i a l environments and that the r e m o v a l of carbonates 
f r o m seawater i s p r i m a r i l y biogenic . 

W e y l (47) o b s e r v e d that the so lubi l i ty of calci te in seawater 
undergoes h y s t e r e s i s - t y p e effects which were not o b s e r v e d to 
any signif icant extent for aragonite . He attributed his r e s u l t s to 
the adsorpt ion of m a g n e s i u m i n surface coatings. H y s t e r e s i s due 
to surface coatings m a y be the cause of the poor r e p r o d u c i b i l i t y 
o b s e r v e d i n calc i te so lubi l i ty data. The p r e s e n c e of h y d r a ted 
p h a s e s , which m a y affect the so lubi l i ty behavior of c a l c i t e , has 

K ' S P 
(3) 
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1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 7 

r e c e n t l y been p r o p o s e d (48). 
The organic and i n o r g a n i c factors that contro l the c r y s t a l 

f o r m of c a l c i u m carbonate that i s p r e c i p i t a t e d i n o r g a n i c a l l y f r o m 
seawater were studied by K i t a n o (49) and K i t a n o et a l . (50). 
Al though most of the carbonate sedimentation i n seawater is b i o 
genic (43,45), these r e s e a r c h e s m a y lead to insights into p r o c 
esses within the body fluids of o r g a n i s m s . The f o r m of c a l c i u m 
carbonate that prec ip i tates f r o m n o r m a l seawater, to which a s o l -
ulbe carbonate s a l t has been, added to supersaturate i t , i s arago-
n i teCalcareous o r g a n i s m s produce p r i m a r i l y a s e r i e s of m a g n e s -
ian ca lc i tes although some aragonite i s a l s o f o r m e d . The m e c h 
a n i s m s which contro l the c r y s t a l f o r m s of c a l c i u m carbonate i n 
the shel ls of c a l c a r e o u s o r g a n i s m s have not yet been elucidated. 

A r a g o n i t e i n sediment
stable calcite (51) and magnesian ca lc i tes tend to be d i a g e n e t i c a l -
ly a l t e r e d to p u r e r calc i tes and to dolomite (52, 53). Chave et a l . 
(54) found that the stabi l i ty of carbonates i n seawater i n c r e a s e s 
i n the o r d e r ; high magnesian c a l c i t e , aragoni te , low magnesian 
c a l c i t e , pure c a l c i t e , dolomite, but B e r n e r (46) r e c e n t l y c o n 
cluded that ca lc i tes with 2 -7% m o l e - f r a c t i o n of M g C O ^ a r e 
t h e r m o d y n a m i c a l l y stable i n seawater. 

Intermediate oceanic waters a r e under saturated in the 
N o r t h P a c i f i c Ocean . T h i s i s the r e s u l t of the high concentration 
of carbon dioxide present there because the waters a r e old and 
extensive oxidation of organic matter has taken p lace i n them. 
A l l deep oceanic waters a r e under saturated as the r e s u l t of the 
effects of high p r e s s u r e s and low temperatures upon the s o l u 
b i l i ty of c a l c i u m carbonate (36-39, 55). 

Degree of saturation data indicate that carbonate sediments 
can p e r s i s t unt i l b u r i a l while exposed to under saturated waters 
(55,56). T h i s conclusion i s c o n f i r m e d by the fact that the l y s o -
c l i n e , the depth at which c a l c a r e o u s tests f i r s t show signs of d i s 
solution, i s w e l l above the carbonate compensation depth, which 
m a r k s a sudden decrease in the carbonate content of sediments 
(57, 58). M o r s e and B e r n e r (59) concluded f r o m their k inet ic 
r e s u l t s that the large i n c r e a s e in disso lut ion rate at the c o m p e n 
sation depth c o r r e s p o n d s to a change i n the m e c h a n i s m of 
solution. 

D i s s o l u t i o n of carbonates at depth led to studies of the c a r 
bon d ioxide -carbonate cyc les within and through the oceans as 
w e l l as to studies of the factors which contro l the carbon dioxide 
components and the p H ( 5 , 8 , 9 , 6 0 ) . 

Other m i n e r a l s with so lubi l i t ies that have been d e t e r m i n e d 
i n seawater a r e c a l c i u m phosphates (61), s i l i c a (62, 63), the least 
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8 MARINE CHEMISTRY 

soluble compounds of a s e r i e s of t race metals (64), and clays 
(65). 

In so lubi l i ty w o r k as w e l l as i n the case of d i s s o c i a t i o n 
constants i t i s i m p o r t a n t , before applying equi l ibr ium data ob
tained i n seawater to estuaries and to pore waters to ascertain 
that there have been no large changes i n the major ion proportions . 

Ion A s s o c i a t i o n 

T h i s i s an important topic because the format ion of i o n -
p a i r s , by affecting the dis tr ibut ions of solute s i zes and c h a r g e s , 
modif ies most p h y s i c o - c h e m i c a l p r o p e r t i e s of seawater , i n c l u d 
ing so lubi l i ty e q u i l i b r i a . 

G a r r e l s and T h o m p s o
tion of i o n - p a i r s i n seawater. T h e y were f o r c e d to make a large 
number of assumptions because needed data was not avai lable to 
them. E v e n so , some features of their resul ts were c o n f i r m e d 
by subsequent invest igat ions . K e s t e r and P y t k o w i c z (67) and 
P y t k o w i c z and H a w l e y (68) u s e d potent iometr ic methods to d e t e r 
mine the concentrations of free ions and of i o n - p a i r s in seawater 
and were able to a v o i d most of the assumptions made by G a r r e l s 
and T h o m p s o n (66). 

T h e r e s t i l l a r e some contradict ions i n the r e s u l t s of d i f f e r 
ent invest igators r e g a r d i n g the interact ions among the major ions 
of seawater. In addit ion , further w o r k i s needed to c h a r a c t e r i z e 
poss ib le tr ip le ions and the effects of t e m p e r a t u r e , s a l i n i t y , and 
p r e s s u r e upon i o n - p a i r i n g (68). 

A c t i v i t y Coeff ic ients 

We w i l l dwel l at some length upon this topic because m u c h 
of the m a t e r i a l presented h e r e has not been publ ished before . 
A c t i v i t y coefficients are valuable because they provide insights 
into s o l v e n t - i o n and i o n - i o n i n t e r a c t i o n s . A l s o , they are use fu l 
for s t o i c h i o m e t r i c computations made when apparent d i s s o c i a t i o n 
constants and s t o i c h i o m e t r i c so lubi l i ty products a r e not avai lab le . 

One m a y use free or total mean act iv i ty coefficients and 
free or total single ion act iv i ty coef f ic ients , depending upon the 
p r o b l e m under cons iderat ion . F r e e coefficients a r e those d e t e r 
m i n e d i n solutions which there a r e no speci f ic ionic i n t e r 
act ions . In seawater they a r e constructs which c o r r e s p o n d to the 
free ions i f the i o n - p a i r i n g m o d e l is u s e d (68) or to l o n g - r a n g e 
i o n i c i n t e r a c t i o n s , of the D e b y e - H u c k e l type (69), i f the speci f ic 
interact ion m o d e l of B r ^ n s t e d (70) and G u g g e n h e i m (71) i s 
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1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 9 

e m p l o y e d (72). T o t a l act iv i ty coefficients are those obtained i n 
solutions i n which i o n - p a i r s or s h o r t - r a n g e speci f ic interact ions 
occur and are r e l a t e d to the free ones by (12) 

a = f p ( F ) = f T ( T ) (4) 

a i s the a c t i v i t y , f the a c t i v i t y coeff icient , while (F) and (T) 
r e p r e s e n t the concentration of free ions and the s t o i c h i o m e t r i c 
(total) concentration. 

The mean free act iv i ty coefficient can be obtained f r o m 
data in chlor ide solutions i f such solutions a r e indeed u n a s s o c i -
ated (67). T h i s must be done at the same effective i o n i c strength 
as that of the seawater of interest . The effective ionic strength 
inc ludes the effects of
strength p r i n c i p l e for n o n - s p e c i f i c interact ions i n m o d e r a t e l y 
concentrated m u l t i - e l e c t r o l y t e solut ions , as was demonstrated 
by P y t k o w i c z and K e s t e r (73). Others p r e f e r to obtain mean 
free coefficients by a s s u m i n g that the D e b y e - H i i c k e l equation i s 
v a l i d at the i o n i c strength of seawater , with a h y d r a t i o n c o r r e c 
tion (74) or without it (72). 

T o t a l mean act iv i ty coefficients can be m e a s u r e d d i r e c t l y 
i n the a s s o c i a t e d solutions of interest or can be calculated f r o m 
free coefficients coupled to i o n - p a i r or speci f ic i n t e r a c t i o n 
t e r m s . 

C o r r e s p o n d i n g free and total act iv i ty coefficients of single 
ions are conventional quantities which depend upon n o n - t h e r m o -
dynamic assumptions and a r e , t h e r e f o r e , of unknown a c c u r a c y . 
S t i l l , they a r e usefu l for many of the oceanographic and geo -
c h e m i c a l computations which are based upon t h e r m o d y n a m i c 
e q u i l i b r i u m constants. 

Next , we w i l l calculate act iv i ty coefficients by the m e a n 
salt method coupled to i o n - p a i r models and w i l l c o m p a r e them 
to those obtained by other i n v e s t i g a t o r s . 

The free act iv i ty coefficients of single i o n s , shown i n 
Table II, were obtained by us in two steps. F i r s t , an i n t e r p o l a 
tion equation was used to obtain values of the mean act iv i ty coef
f ic ients intermediate to those c o m p i l e d by H a r n e d and Owen (75) 
and by R o b i n s o n and Stokes (76). T h e n , the act iv i ty coefficients 
of the single ions were obtained by the m e a n - s a l t method (66). 
T h i s method depends upon the v a l i d i t y of the M a c l n n e s (77) c o n 
vent ion , ( % ) p = ^Q\» which i s based upon transference n u m b e r s . 
T h i s convention cannot be v e r i f i e d unambiguously because the 
act iv i t ies of single ions cannot be m e a s u r e d . The mean salt 
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10 MARINE CHEMISTRY 

Table II. F r e e A c t i v i t y Coefficients of P o t a s s i u m , S o d i u m , 
C a l c i u m , M a g n e s i u m and C h l o r i d e V e r s u s the Ionic 
Strength at 25 ° C , Obtained by the M e a n - S a l t Method 

Ionic Strength + + 2+ 2+ 
(molal) K N a C a M g C l " 

0. 00 1. 000 1. 000 1. 000 1. 000 1. 000 
0. 05 0. 816 0. 826 0. 473 0. 486 0. 816 
0. 10 0. 769 0. 787 0. 392 0. 408 0.769 
0. 15 0.739 0.765 0. 351 0. 368 0.739 
0. 20 0.718 0.750 0. 325 0. 343 0.718 
0. 25 0.701 0.739 0. 307 0. 326 0. 701 
0. 30 0. 68
0. 35 0. 676 0. 726 0. 284 0. 305 0. 676 
0. 40 0. 666 0.721 0. 277 0. 298 0. 666 
0. 45 0. 657 0.718 0. 271 0. 293 0. 657 
0. 50 0. 650 0.716 0. 266 0. 290 0. 650 
0. 55 0. 643 0.714 0. 263 0. 288 0. 643 
0. 60 0. 637 0. 712 0. 260 0. 286 0. 637 
0. 65 0. 631 0.712 0. 258 0. 285 0. 631 
0.70 0. 626 0.711 0. 256 0. 285 0. 626 
0. 75 0. 622 0.711 0. 255 0. 286 0. 622 
0. 80 0. 618 0.711 0. 254 0. 286 0. 618 
0. 85 0. 614 0.711 0. 253 0. 288 0. 614 
0.90 0. 610 0.712 0. 253 0. 289 0. 610 
0.95 0. 607 0. 712 0. 253 0. 291 0. 607 
1. 00 0. 603 0.713 0. 253 0. 293 0. 603 

method should not be u s e d for anions unless they do not a s s o c i 
ate with p o t a s s i u m ions . 

M e a s u r e d mean a c t i v i t y coefficients re f lect two types of 
hydrat ion effects; the d i r e c t effect of i o n - s o l v e n t interact ions 
upon c h e m i c a l potentials and the changes i n concentrat ion and 
i o n i c strength due to the r e m o v a l of water of hydrat ion f r o m the 
bulk solution. The f i r s t effect is taken into account a u t o m a t i c a l 
l y i n the m e a n - s a l t method as the method is based upon m e a s 
u r e d m e a n coeff icients . We made a c o r r e c t i o n for the second 
effect by means of the equation 

I A = 1(1 + 0. 018h I A / n ) (5) 

1^ i s the c o r r e c t e d i o n i c strength, h i s the hydrat ion n u m b e r , 
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and n i s 1 for 1 -1 salts and 3 for 1 -2 salts . The effect of the 
change i n the i o n i c strength upon act iv i ty coefficients was found 
to be negl ig ible . 

The data i n Table II can be u s e d for estuarine and for pore 
waters as free act iv i ty coefficients at a given i o n i c strength a r e 
insens i t ive to the composi t ion of the solution (67, 68 ,73 ,78) . 
F u r t h e r m o r e , we ca lculated f r o m the H a r n e d rule coefficients 
of Robinson and Bower (79) that the mean act iv i ty coefficients of 
N a C l and C a C l 2 , i n going f r o m a pure N a C l to a pure C a C ^ s o 
lution at 0. 75 i o n i c strength, only change by 1. 8 and by 0. 1% 
r e s p e c t i v e l y . 

Bates et a l . (74) u s e d a hydrat ion equation to estimate the 
free act iv i ty coefficients of single i o n s . T h e y a s s u m e d 
that the D e b y e - H u c k e
effects of n o n - s p e c i f i c e l e c t r o s t a t i c interact ions for i o n i c 
strengths up to I = 6 and that chlor ide ions a r e not hydrated . 
O u r r e s u l t s , shown i n Table II, and those of Bates et a l . (74) 
differ by about 3% for p o t a s s i u m and sodium and by up to 16% 
for c a l c i u m and m a g n e s i u m at I = 1. 0. It i s not poss ib le to 
decide which set of r e s u l t s i s m o r e accurate because , as was 
mentioned e a r l i e r , the act iv i ty coefficients of single ions are 
conventional . 

M a r i n e chemists often need act iv i ty coefficients e x p r e s s e d 
as a function of the sal inity . The coefficients in Table II were 
e x p r e s s e d in t e r m s of the s a l i n i t y , as i s shown i n Table III, by 
means of the i o n i c s t r e n g t h - s a l i n i t y r e l a t i o n s h i p of L y m a n and 
F l e m i n g (80). We found that the use of the effective ionic 
strength (73) instead of the conventional one has a negl igible 
effect upon the act iv i ty coeff icients . 

The total act iv i ty coefficients of the single ions obtained i n 
this work for K + , N a + , C a 2 + and M g 2 + , and shown i n Table I V , 
were calculated f r o m the free ones , Equation 4 in the f o r m 
* T = ^ F ^ M ^ ) , a n c * ^ e speciat ion m o d e l of P y t k o w i c z and H a w -
l e y (68). The coefficient of sulfate was obtained by the method 
of K e s t e r and P y t k o w i c z (67) while those of bicarbonate and c a r 
bonate ions were ca lculated f r o m the rat ios of the apparent d i s 
soc iat ion constants of c a r b o n i c a c i d to the t h e r m o d y n a m i c ones , 
the act iv i ty coefficient of c a r b o n i c a c i d , and the act iv i ty of 
water i n seawater. The total mean act iv i ty coefficients were 
then ca lculated f r o m those for the single ions and a r e shown in 
Table V . The r e s u l t s of B e r n e r (81_) and of van B r e e m e n (82) 
were es t imated by p r o c e d u r e s akin to those of G a r r e l s and 
T h o m p s o n (66). 

Whit f ie ld (72) a s s u m e d that n o n - s p e c i f i c i o n i c interact ions 
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Table III. F r e e A c t i v i t y Coeff icients of Single Ions at 25 ° C 
V e r s u s the Sal in i ty 

Sal ini ty (%<>) K + N a * 
^ 2+ C a M g 2 + C l " 

25 0. 648 0.715 0. 265 0. 289 0. 648 
26 0.646 0. 714 0. 264 0. 288 0. 646 
27 0. 643 0.714 0. 263 0. 288 0. 643 
28 0. 641 0. 713 0. 261 0. 287 0. 641 
29 0.637 0. 712 0. 260 0. 286 0. 637 
30 0. 635 0. 712 0. 259 0. 286 0. 635 
31 0. 633 0.712 0. 258 0. 285 0. 633 
32 0. 630 0.711 0. 257 0. 285 0. 630 
33 0. 62
34 0. 626 0.711 0. 256 0. 285 0. 626 
35 0. 625 0.711 0. 255 0. 285 0. 625 
36 0. 623 0.711 0. 255 0. 285 0. 623 
37 0. 620 0.711 0. 254 0. 286 0. 620 
38 0. 618 0.711 0. 254 0. 286 0. 618 
39 0. 617 0. 711 0. 254 0. 287 0. 617 
40 0. 615 0. 711 0. 254 0. 287 0. 615 

Table IV. T o t a l A c t i v i t y Coeff icients of Single Ions at about 
35%o Sal ini ty and 25 °C 

Reference K + N a + 
^ 2+ C a M g CI *>.*-

T h i s w o r k 0. 618 0. 695 0. 225 0. 254 0. 625 0. 084 
(8j_) 0. 624 0.703 0. 237 0. 252 0. 630 0. 068 
(82) 0. 620 0. 695 0. 228 0. 254 0. 630 0. 090 
(72) 0. 617 0. 650 0. 203 0. 217 0. 686 0. 122 
(83) 0. 630 0. 680 0. 214 0. 234 0. 658 0. 108 

H C G 3 ~ C 0 3
2 " 

T h i s work 0. 501 0.030 

can be d e s c r i b e d by the modi f ied D e b y e - H u c k e l equation with 
B a = 1. He did not introduce a h y d r a t i o n c o r r e c t i o n even though 
both h y d r a t i o n effects mentioned e a r l i e r should be taken into 
cons iderat ion . The speci f ic short range interact ions were 
accounted for by additive i n t e r a c t i o n t e r m s between cations and 
anions. The good agreement between h is ca lculated mean coef-
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f ic ients and e x p e r i m e n t a l data indicates that h y d r a t i o n enters 
inadvertent ly into the i n t e r a c t i o n t e r m s . L e y e n d e k k e r s (83) 
i n c l u d e d interact ions between ions of the same charge types. 

The total act iv i ty coefficients ca lculated by the v a r i o u s 
methods a r e i n rough agreement . A c o m p a r i s o n of Tables IV 
and V shows that the low value of ( f iNazSO^ T obtained i n this 
w o r k re lat ive to that of Whit f ie ld (72) i s p r i m a r i l y due to the 
contribution of sulfate i o n s . O u r value of ( f s o ^ x w a s ° ° ta ined 
without r e s o r t to the m e a n - s a l t method and i s e s s e n t i a l l y b a s e d 
upon potent iometr ic m e a s u r e m e n t s . T h i s indicates an i n c o m 
pat ib i l i ty between the e x p e r i m e n t a l r e s u l t of K e s t e r and P y t k o 
w i c z (67) obtained with g lass and ion-exchange e lectrodes and 
that of P l a t f o r d (87) which was m e a s u r e d with a m a l g a m e l e c 
trodes . Robinson and
i t y coefficients by an extension of the method of F r i e d m a n (85). 

Other E q u i l i b r i a 

The e q u i l i b r i a involv ing the complexation of trace metals 
have r e c e n t l y been r e v i e w e d by S t u m m (88) and a r e further 
examined e lsewhere i n this v o l u m e . K e s t e r (89) p r e s e n t e d a 
r e v i e w of g a s - s e a w a t e r i n t e r a c t i o n s . M a n y other aspects of 
m a r i n e c h e m i s t r y and g e o c h e m i s t r y have been d e s c r i b e d i n 
H o m e (90), R i l e y and Chester (6J, B e r n e r (81), G a r r e l s and 
M a c k e n z i e (91), B r o e c k e r (92), G o l d b e r g (93), and P y t k o w i c z 
(5). We w i l l , t h e r e f o r e , l i m i t this w o r k to the topics a l r e a d y 
d e s c r i b e d and to a look at the e q u i l i b r i u m c h e m i s t r y of estuarine 
waters fol lowed by a b r i e f examinat ion of the c o n t r o l of the 
oceanic composi t ion . 

E q u i l i b r i u m i n E s t u a r i e s 

L i t t l e appears to have been done concerning e q u i l i b r i a i n 
e s t u a r i e s . We w i l l e x a m i n e , t h e r e f o r e , how one m a y a s c e r t a i n 
whether e q u i l i b r i u m constants m e a s u r e d in seawater can be 
appl ied to e s t u a r i e s . T h i s w i l l be i l l u s t r a t e d by c o n s i d e r i n g the 
d i s s o c i a t i o n react ions of c a r b o n i c a c i d . 

The composi t ion of r i v e r s depends upon the geologica l 
nature of their drainage bas ins (91). F o r i l l u s t r a t i v e p u r p o s e s 
we w i l l , t h e r e f o r e , d i s c u s s the effects of m i x i n g seawater with 
a hypothetical r i v e r of a w o r l d - a v e r a g e composi t ion which i s 
shown i n Table VI . The re lat ive composi t ion of r i v e r water 
dif fers f r o m that of seawater and their m i x i n g y ie lds in p r i n c i p l e 
estuarine waters in which the p r o p o r t i o n s of the major ions 
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Table VI . Concentrat ion P a r a m e t e r s for M i x t u r e s of R i v e r 

Water and Seawater. The Concentrat ions a r e E x p r e s s e d 

i n M o l a l i t y x 1 0 3 . i s the T o t a l Ionic Strength. 

Cl%o 19.0 15. 20 ] [ 1 1 . 4 0 2 7. 60^ 
4 

3 . 8 0 6 . 0078 

S W % 100 80 60 40 20 0 

N a + 476.0 378. 1 281.7 186. 6 92.78 . 274 

K + 10. 37 8. 247 6. 157 4. 096 2. 063 . 0588 

M g + 2 54. 06 42.98 32. 05 21. 27 10. 65 . 1687 

C a 10. 44 8. 37

C l " 544.4 440.4 328. 1 217. 3 108. 0 . 2200 

28. 68 22. 80 17. 01 11. 30 5. 671 . 1166 

H C Q 3 - 2. 122 1.883 1. 646 1.414 1. 184 .9575 

.7078 . 5626 .4196 . 2785 . 1393 . 002074 

differ f r o m those in the oceans. T h u s , estuarine waters cease 
to be ionic m e d i a of constant c o m p o s i t i o n , the s i m p l i f y i n g f e a 
ture which r e n d e r s apparent constants useful . F o r t u n a t e l y , 
h o w e v e r , r i v e r water is so dilute that estuarine waters tend to 
r e t a i n the major ion p r o p o r t i o n s of seawater down to f a i r l y low 
c h l o r i n i t i e s . 

The extent of m i x i n g in an e s t u a r y depends upon a large 
number of factors such as the seasonal ly v a r i a b l e r i v e r f low, 
the t ida l c y c l e , the wind state, the topography, and the re lat ive 
temperatures of the r i v e r water and the seawater. One must 
a l so consider i n actual e s t u a r i e s the inflow of ground and melt 
w a t e r s . The conventional sa l ini ty depends upon the re la t ive 
composit ion of seawater a n d , t h e r e f o r e , the c h l o r i n i t y and the 
total salt content a r e better c o m p o s i t i o n a l v a r i a b l e s than the 
sa l ini ty to a s c e r t a i n the extent of m i x i n g at any given locat ion . 

In Table VII we present the r a t i o s of the concentrations of 
the major ions in seawater and in estuarine water at the same 
c h l o r i n i t i e s . It can be seen that the concentrations r e m a i n 
s i m i l a r in the two m e d i a down to low values of the ch lor in i ty . 

N e x t , let us consider by how m u c h e q u i l i b r i u m constants 
d e t e r m i n e d in seawater m a y differ f r o m those in estuarine 
waters at the same c h l o r i n i t i e s . The example w i l l be hypothet i 
c a l because we are c o n s i d e r i n g a w o r l d - a v e r a g e r i v e r and 
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80 60 40 20 

1.0000 .9999 .9997 .9993 

.9981 .9964 .9919 .9786 

.9993 .9781 . 9958 . 9889 

.9909 .9742 .9478 . 8721 

.999

• 999 .9982 .9961 .9897 

Table VII. Rat ios of Concentrat ions and of the Ionic Strength i n 
Seawater to Those in the E s t u a r i n e Water at the 

Same C h l o r i n i t y 

% SW 100 

N a + 1. 00 

K + 1.00 

M g + 2 1.00 

C a + 2 1. 00 

C l " 1. 00 

S O / 2 1.00 
4 

I T L O O 

because apparent d i s s o c i a t i o n constants have not yet been 
d e t e r m i n e d at the low c h l o r i n i t i e s which m a y be found near the 
heads of e s t u a r i e s . 

A p p a r e n t d i s s o c i a t i o n constants a r e r e l a t e d to the c o r r e s 
ponding t h e r m o d y n a m i c constants by total act iv i ty coeff icients . 
These coefficients i n turn a r e r e l a t e d to the free ones by f*p = 
f F ( F ) / ( T ) where f p ref lects the i o n i c strength effect and ( F ) / ( T ) 
r e p r e s e n t s the i o n - p a i r effect. 

The i o n i c strength effect can be calculated f r o m the data 
i n Table II and f r o m the free a c t i v i t y coefficients of bicarbonate 
and carbonate ions (94). The effect of i o n - p a i r i n g can be c a l c u 
lated f r o m the equations of P y t k o w i c z and H a w l e y (68) which 
re late apparent d i s s o c i a t i o n constants to s t o i c h i o m e t r i c a s s o c i a 
tion constants and free cation concentrations . F o r K \ , for 
e x a m p l e , the equations y i e l d 

# c+ 
( K 1>EW 1 + S K M H C O , ( M >F(EW) 

= 2 _ ( 6 ) 

( K ' l > S W 1 + S K M H C 0 3
( M W ) 

where K i s the s t o i c h i o m e t r i c a s s o c i a t i o n constant, M r e p r e -
sents cat ions , E W r e f e r s to estuarine waters and SW r e f e r s to 
seawater . The r e s u l t s of the combined effects are shown i n 
Table VIII. 

The a s s o c i a t i o n constants and the free ion concentrations 
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Table VIIL Rat ios of K ' j and K ^ , the A p p a r e n t D i s s o c i a t i o n 
Constants of C a r b o n i c A c i d , i n Seawater to Those 

i n E s t u a r i n e W a t e r s at the Same C h l o r i n i t i e s 

% Seawater ( K ^ ^ / ( K ^ ^ <K' 2 >SW / ( K V E W 

100 1.000 1.000 
80 0.9994 0.9981 
60 0.9986 0.9943 
40 0.9977 0.9877 
20 0.9953 0.9670 
10 0.9914 0.9290 

a r e w e l l known only a
the m a x i m u m and the m i n i m u m effects of c o m p o s i t i o n a l d i f f e r 
ences upon the apparent d i s s o c i a t i o n constants by us ing values of 

in Equat ion 6 at 19%o c h l o r i n i t y and at infinite di lution r e s p e c 
t ively . The a s s o c i a t i o n constants at infinite di lution a r e c o n s i d 
e r a b l y l a r g e r than those at 19%o and enhance the effect of c o m 
p o s i t i o n a l v a r i a t i o n s . O n l y the m a x i m u m effects a r e shown i n 
Table VIIL 

It can be seen f r o m the r e s u l t s i n Table VIII that K ^ and K ^ 
d e t e r m i n e d for oceanic waters can be u s e d in e s t u a r i e s suppl ied 
by a hypothetical w o r l d - a v e r a g e r i v e r down to estuarine waters 
which contain only 20% seawater. T h i s can be done with an 
e r r o r of l ess than 4%, which i s within the l i m i t s of uncertainty 
of m e a s u r e d apparent constants (20). 

C o n t r o l of the O c e a n i c C o m p o s i t i o n 

A n understanding of the c o n t r o l m e c h a n i s m s for the c h e m i 
c a l composi t ion of the oceans i s important because i t helps us 
understand the g e o c h e m i c a l h i s t o r y of the oceans and the i m p a c t 
of perturbat ions upon the c h e m i c a l nature of seawater. T h i s 
subject was e x a m i n e d c r i t i c a l l y by P y t k o w i c z (5J and w i l l only be 
mentioned b r i e f l y h e r e . 

The contro l of the composi t ion of seawater can be approached 
f r o m two points of view; that of v a r i a t i o n s in time and space 
within the oceans and the b r o a d g e o c h e m i c a l view i n which the 
oceans are but one of s e v e r a l l i n k e d r e s e r v o i r s . The f i r s t 
a p p r o a c h consists b a s i c a l l y i n d e t e r m i n i n g the p a r a m e t e r s for 
and solving the equation 
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dN ^ d A . o N 

TT = ) ^ < — " v - N > + R <7> 
ot £j d i p o i 1 

i 
A i 

N i s the concentration of a non - conservat ive constituent, — i s 
the eddy diffusion coeff ic ient , and V - i s the advective ve loc i ty . 
R r e p r e s e n t s the effects of s o u r c e s and sinks such as uptake by 
the biota and the sediments and gas exchange (95). C o n s i d e r a b l e 
work has been done with v a r i o u s f o r m s of Equation 7 i n the open 
ocean and in e s t u a r i e s (5). 

The g e o c h e m i c a l d e s c r i p t i o n of the oceans i s not as straight
f o r w a r d because of th
i n g and sedimentat ion
d i s c u s s i o n (5J. Some of the m a i n sinks for n a t u r a l l y o c c u r r i n g 
and m a n - p r o d u c e d c h e m i c a l s brought into the oceans by r i v e r s , 
w i n d s , and submarine v o l c a n i s m a r e adsorpt ion and exchange 
react ions on the surface of settling d e t r i t a l p a r t i c l e s , authigenie 
p r e c i p i t a t i o n of oxides and su l f ides , diffusion into the s e d i m e n t s , 
biogenic set t l ing , and the diagenetic a l terat ion of sediments . 

One aspect of r e m o v a l m e c h a n i s m s , n a m e l y , s e a w a t e r - c l a y 
i n t e r a c t i o n s , has r e c e i v e d cons iderable attention be cause S i l l e n 
(7) p r o p o s e d that the e q u i l i b r i a for such interact ions m a y c o n t r o l 
the concentrations of the major ions and the p H of seawater. 
C l a y s p r o b a b l y do exert a m e a s u r e of contro l by adding and 
r e m o v i n g some seawater ions . It i s doubtful, however , that 
e q u i l i b r i a a r e achieved i n the open oceans and it i s l i k e l y that 
the m a j o r ion composi t ion of seawater , which m a y have 
r e m a i n e d somewhat constant for a long t i m e , has done so as the 
r e s u l t of steady states rather than of e q u i l i b r i a (5 ,8 -10) . A l s o , 
it has been shown that the p r i m a r y controls of the p H and of the 
buffering capacity of seawater i n the recent oceans r e s u l t f r o m 
the act ion of the c a r b o n dioxide s y s t e m . S t i l l , a l u m i n i u m s i l i 
cates do p l a y a r o l e because their weathering contributes about 
15% of the p r i m a r y buffering agent, bicarbonate i o n s , to the 
oceans ( 5 , 8 , 9 , 60). 

T h e r e i s some p o s s i b i l i t y that c l a y - s e a w a t e r e q u i l i b r i a m a y 
be r e a c h e d within the pore waters of sediments (11). T h i s 
should l e a d , i f f i r s t order models are used as guidelines for 
thought (5) , to solutions of the type 

B = ( k A B / k e ) A + B e (8) 
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A and B a r e the contents of a given constituent i n the weathering 
and i n the oceanic r e s e r v o i r s , B e i s the value of B at e q u i l i b r i 
u m , and k ^ B and k e r e p r e s e n t the rate constants for the r i v e r 
and the exchange f luxes. It can be seen f r o m Equat ion 8 that 
e q u i l i b r i u m i n pore waters would lead to an eventual steady state 
B in the oceans different f r o m the e q u i l i b r i u m value B e unless 
the r i v e r input was m u c h s m a l l e r than the flux into the s e d i 
ments . It can a lso be seen that the t e r m B e would be absent i f 
the pore waters were not at e q u i l i b r i u m with the s e d i m e n t s . Thus 
equations governing the removal of pol lutants could be quite 
different i n the p r e s e n c e or in the absence of e q u i l i b r i a . 

It i s important for the m o d e l l i n g of fluxes in the p r e s e n c e of 
m a n - m a d e perturbat ions to determine and use actual rate laws 
for the transfer of c h e m i c a l
e x a m p l e , Donaghay, S m a l l and P y t k o w i c z (unpublished resul ts ) 
made p r e l i m i n a r y l a b o r a t o r y studies of the transfer of i n c r e a s 
ing amounts of carbon dioxide in seawater to m a r i n e phytoplank-
ton. T h i s i s a v i t a l topic because the oceanic biota can take up a 
considerable f ract ion of the carbon dioxide r e l e a s e d to the 
atmosphere and the oceans by the combustion of f o s s i l fuels a n d , 
thus, attenuate the greenhouse effect. 

The exper iments w e r e p e r f o r m e d i n chemostats , with an 
I s o c h r y s i s galbana c u l t u r e , while bubbling a i r containing v a r i o u s 
amounts of carbon dioxide through the s y s t e m . The b i o m a s s 
went f r o m 7 m g / 1 for a seawater with a n o r m a l c a r b o n dioxide 
content to 16 mg /1 at five t imes n o r m a l to 13 mg /1 at ten t imes 
n o r m a l carbon dioxide. T h u s , a tenfold i n c r e a s e in carbon d i o x 
ide can double the b i o m a s s . The decrease f r o m 16 to 13 mg /1 
m a y perhaps re f lect the effect of the d e c r e a s i n g p H upon b i o l o g i 
ca l a c t i v i t y , a hypothesis that i s under study. B y g e n e r a l i z i n g 
the equations and the extrapolations of P y t k o w i c z (96) to include 
the m a r i n e phytoplankton, one finds that the a t m o s p h e r i c c a r b o n 
dioxide m a y i n c r e a s e i n a century by a factor of ten instead of 
fourteen, the value obtained in the absence of the m a r i n e biota . 
Of c o u r s e , this i s only a p r e l i m i n a r y r e s u l t s ince a s ingle phyto
plankton species was u s e d Also nutr ient l i m i t a t i o n , the land b i o t a , 
and biot ic adaptation were not c o n s i d e r e d , and the p r e d i c t i o n of 
the future consumption of f o s s i l fuels (96) was p e s s i m i s t i c . It 
i l l u s t r a t e s , h o w e v e r , the i m p o r t a n c e of determining rate laws 
for the c h e m i c a l fluxes in nature . 
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Abstract 

Concurrent chemical, biological and geological processes, 
in addition to the presence of the gravitational potential and of 
temperature and pressure gradients must be taken into consider
ation in the study of chemical equilibria in the oceans. A simpli
fying feature occurs because the approximate constant ratios of 
the concentrations of th
ionic medium of constant relative composition. Estuarine waters 
differ from normal seawater be cause of time and spacial varia
tions in composition due to the input of river water. The equi
librium chemistry of estuarine waters has not been studied to 
any significant extent but it will be shown that equilibrium data 

for open ocean waters are often applicable to estuaries. 
Literature Cited 
1. Pytkowicz, R. M., Kester, D. R., "Oceanogr. Mar. Biol. 

Ann. Rev., "H. Barnes, ed., Vol. 9, pp. 11-60, Allen 
and Unwin, London, 1971. 

2. Culkin, F., "Chemical Oceanography," J. P. Riley and G. 
Skirrow, eds., Vol. 1, pp. 121-161, Academic, New 
York, 1965. 

3. Barth, T. F. W . , "Theoretical Petrology," Wiley, New York, 
1952. 

4. Goldberg, E. D. , "Chemical Oceanography," J. P. Riley and 
G. Skirrow, eds., Vol. 1, pp. 163-196, Academic, New 
York, 1965. 

5. Pytkowicz, R. M., Earth Sci. Rev., Vol. 11, p. 1, 1975. 
6. Riley, J. P., Chester, R., "Introduction to Marine Chemis

try," Academic, New York, 1971. 
7. Sillen, L. G., "Oceanography," M. Sears, ed., Am. Assoc. 

Adv. Sci. , Washington, D. C., 1961. 
8. Pytkowicz, R. M., "The Changing Chemistry of the Oceans," 

D. Dyrssen and D. Jagner, eds., pp. 147 -152, Almqvist 
and Wiksell, Stockholm, 1972. 

9. Pytkowicz, R. M., Schweizer. Zeitsch. Hydrol. (1973) 35, 8. 
10. Broecker, W. S., Quatern. Res. (1971) 1, 188. 
11. Siever, R., Earth Planet. Sci. Letters (1968) 5, 106. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 21 

12. Pytkowicz, R. M., Duedall, I. W . , Connors, D. N., Science 
(1966) 152, 640. 

13. Buch, K . , Harvey, H. W . , Wattenberg, H., Gripenberg, 
S., Rapp. Cons. Int. Explor. Mer (1932) 79, 1. 

14. Pytkowicz, R. M., Ingle, S. E., Mehrbach, C . , Limnol. 
Oceanogr. (1974) 19, 665. 

15. Hansson, I., Deep-Sea Res. (1973) 20, 46. 
16. Hansson, I., Deep-Sea Res. (1973) 20, 479. 
17. Culberson, C . , Pytkowicz, R. M., Hawley, J. E., J. Mar. 

Res. (1970) 28, 15. 
18. Buch, K . , Acta Acad. Aeboensis Mat. Phys. (1938) 11, 1. 
19. Lyman, J . , Ph. D. Dissertation, University of California, 

Los Angeles, 1956. 
20. Mehrbach, C., Culberson

wicz, R. M., Limnol. (1973) 18, 897. 
21. Disteche, A., Disteche, S., J. Electrochem. Soc. (1967) 

114, 330. 
22. Culberson, C . , Kester, D. R., Pytkowicz, R. M., Science 

(1967) 157, 59. 
23. Culberson, C . , Pytkowicz, R. M., Limnol. Oceanogr. 

(1968) 13, 403. 
24. Park, P. K . , Limnol. Oceanogr. (1969) 14, 179. 
25. Dyrssen, D. , Sillen, L. G., Tellus (1967) 19, 113. 
26. Manheim, F., Stockholm Contrib. Geol. (1961) 8, 27. 
27. Grasshoff, K . , Bull. Cons. Int. Explor. Mer (1964) 123, 1. 
28. Kester, D. R., Pytkowicz, R. M., Limnol. Oceanogr. 

(1967) 12, 246. 
29. Goldhaber, M. B . , Ph.D. Dissertation, University of Cali

fornia, Los Angeles, 1974. 
30. Culberson, C. H., Pytkowicz, R. M., Mar. Chem. (1973) 

1, 309. 
31. Bates, R. G., Macaskill, J. B . , "Analytical Methods of 

Oceanography, " R. F. Gould, ed., American Chemical 
Society, Washington, D. C., in press. 

32. Wattenberg, H., Wiss. Ergebn. Dt. Atlant. Exped. 'Mete
or' (1933) 8, 1. 

33. Mclntire, W. G., Bull. Res. Bd. Canada No. 200, 
Ottawa, 1965. 

34. Ingle, S. E., Culberson, C. H., Hawley, J. E., Pytkowicz, 
R. M., Mar. Chem. (1973) 1, 295. 

35. Pytkowicz, R. M., Connors, D . N . , Science (1964) 144, 840. 
36. Pytkowicz, R. M., Limnol. Oceanogr. (1965) 10, 220. 
37. Pytkowicz, R. M., Disteche, A., Disteche, S., Earth 

Planet. Sci. (1967) 2, 430. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



22 MARINE CHEMISTRY 

38. Pytkowicz, R. M., Fowler, G. A., Geochem. J. (1967) 1, 
169. 

39. Hawley, J. E. , Pytkowicz, R. M., Geochim. Cosmochim. 
Acta (1969) 33, 1557. 

40. Berner, R. A. , Geochim. Cosmochim. Acta (1965) 29, 947. 
41. Millero, F. J., Berner, R. A. , Geochim. Cosmochim. 

Acta (1972) 36, 92. 
42. Duedall, I. W., Geochim. Cosmochim. Acta (1972) 36, 729. 
43. Pytkowicz, R. M., J. Geol. (1965) 73, 196. 
44. Chave, K. E. , Suess, E. , Limnol. Oceanogr. (1970) 15, 

633. 
45. Pytkowicz, R. M., Am. J. Sci. (1973) 273, 515. 
46. Berner, R. A. , Geochim
47. Weyl, P. K., Stud. Trop. Oceanogr. Miami (1967) 5, 178. 
48. North, N. A., Geochim. Cosmochim. Acta (1974) 38, 1075. 
49. Kitano, Y., Bull. Chem. Soc. Japan (1962) 35, 1973. 
50. Kitano, Y., Kanamori, N., Tokuyama, A. , Am. Zool. 

(1969) 9, 681. 
51. Bischoff, J. L., Fyfe, W. S., Am. J. Sci. (1968) 266, 65. 
52. Peterson, M. N. A. , Von Der Borch, C. C., Bien, G. S., 

Am. J. Sci. (1966) 264, 257. 
53. Clayton, R. M. , Jones, B. F., Berner, R. A. , Geochim. 

Cosmochim. Acta (1968) 32, 415. 
54. Chave, K. E. , Deffeyes, K. S., Weyl, P.K., Garrels, R. 

M., Thompson, M. E. , Science (1962) 137, 33. 
55. Edmond, J. M., Deep-Sea Res. (1974) 21, 455. 
56. Pytkowicz, R. M., Geochim. Cosmochim. Acta (1970) 34, 

836. 
57. Berger, W. H., Mar. Geol. (1970) 8, 111. 
58. Heath, G. R., Culberson, C. H., Geol. Soc. Amer. Bull. 

(1970) 81, 3157. 
59. Morse, J. W., Berner, R. A. , Am. J. Sci. (1972) 272, 

840. 
60. Pytkowicz, R. M., Geochim. Cosmochim. Acta (1967) 31, 

63. 
61. Roberson, C. E. , M.S. Thesis, University of California, 

San Diego, 1965. 
62. Krauskopf, K. B., Geochim. Cosmochim. Acta (1956) 10, 

1. 
63. Jones, M. M., Pytkowicz, R. M., Bull. Soc. Royale Sci. 

Liege (1973) 42, 125. 
64. Krauskopf, K. B., Geochim. Cosmochim. Acta (1956) 9, 1. 
65. Siever, R., Woodford, N., Geochim. Cosmochim. Acta 

(1973) 37, 1851. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



1. PYTKOWICZ ET AL. Chemical Equilibrium in Seawater 23 

66. Garrels, R. M., Thompson, M. E., Am. J. Sci. (1962) 
260, 57. 

67. Kester, D. R., Pytkowicz, R. M., Limnol. Oceanogr. 
(1969) 14, 686. 

68. Pytkowicz, R. M., Hawley, J. E., Limnol. Oceanogr. 
(1974) 19, 223. 

69. Debye, P., Hückel, E., Physik. Z. (1923) 24, 185. 
70. Brønsted, J. N., J. Am. Chem. Soc. (1922) 44, 877. 
71. Guggenheim, E. A. , Philos. Mag. (1935) 19, 588. 
72. Whitfield, M., Mar. Chem. (1973) 1, 251. 
73. Pytkowicz, R. M., Kester, D. R., Am. J. Sci. (1969) 267, 

217. 
74. Bates, R., Staples, B. R., Robinson, R. A. , Analyt. 

Chem. (1970) 42
75. Harned, H. S., Owen, B. B., "The Physical Chemistry of 

Electrolytic Solutions," Am. Chem. Soc. Monogr. 137, 
Reinhold, New York, 1958. 

76. Robinson, R. A. , Stokes, R. H., "Electrolyte Solutions," 
Butterworths, 2nd ed., London, 1965. 

77. MacInnes, D. A. , J. Am. Chem. Soc. (1919) 41, 1086. 
78. Gieskes, J. M., Z. Physik. Chem. (Frankfurt) (1966) 50, 

78. 
79. Robinson, R. A. , Bower, V. E. , J. Res. NBS (1966) 70A(4), 

313. 
80. Lyman, J., Fleming, R. H., J. Mar. Res. (1940) 3, 135. 
81. Berner, R. A. , "Principles of Chemical Sedimentology, " 

McGraw-Hill, New York, 1971. 
82. van Breemen, N., Geochim. Cosmochim. Acta (1973) 37, 

101. 
83. Leyendekkers, J. V., Mar. Chem. (1973) 1, 75. 
84. Robinson, R. A. , Wood, R. H., J. Solut. Chem. (1972) 1, 

481. 
85. Friedman, H. L., "Ionic Solution Theory," Inter science, 

New York, 1962. 
86. Platford, R. F., J. Mar. Res. (1965) 23; 55. 
87. Platford, R. F., Dafoe, T., J. Mar. Res. (1965) 23, 63. 
88. Stumm, W., "Chemical Oceanography," J. P. Riley and 

G. Skirrow, eds., 2nd ed., Vol. pp. , Academic 
New York, 

89. Kester, D. R., "Chemical Oceanography," J. P. Riley 
and G. Skirrow, eds., 2nd ed., Vol. , pp. , 
Academic, New York, . 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



24 MARINE CHEMISTRY 

90. Horne, R. A. , "Marine Chemistry: The Structure of Water 
and the Chemistry of the Hydrosphere," Inter science, 
New York, 1969. 

91. Garrels, R. M. , Mackenzie, F. T., "Evolution of Sedimen
tary Rocks," Norton, New York, 1971. 

92. Broecker, W. S., "Chemical Oceanography," Harcourt 
Brace Jovanovich, New York, 1974. 

93. Goldberg, E. D., ed., "The Sea: Ideas and Observations 
on Progress in the Study of the Sea," Vol. 5, Interscience, 
New York, 1974. 

94. Walker, A. C., Bray, V. B., Johnston, J., J. Am. Chem. 
Soc. (1927) 49, 1235. 

95. Redfield, A. C., Ketchum, B. H., Richards, F. A. , "The 
Sea: Ideas and Observation
the Sea," M.N. Hill, ed., Vol. 2, pp. 26-77, Inter
science, New York, 1963. 

96. Pytkowicz, R. M., Comments on Earth Sci. : Geophys. 
(1972) 3, 15. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



2 

The Physical Chemistry of Estuaries 

FRANK J. MILLERO 
Rosenstiel School of Marine and Atmospheric Science, University of Miami, 
Miami, Fla. 33149 

In recent years, there have been a number of major advances 
made on the interpretatio
ponent electrolyte solutions (1-8). A number of chemical models 
have been developed from these recent studies. The models have 
been applied to seawater solutions in an attempt to understand 
how the physical chemical properties of seawater are related to 
the ion-water and ion-ion interactions of the major constituents 
of seawater (8-21) and how the medium of seawater affects the 
state of metal ions in seawater (8,9,22-39). In the present 
paper these models and methods will be briefly reviewed and ap
plied to river water and estuarine water (mixtures of river and 
seawater). In the next two sections the application of these 
methods to seawater will be reviewed. 

Physical Chemical Properties of Seawater 

One of the most useful generalizations to be developed for 
multicomponent electrolyte solutions is Young's rule (40,41) and 
its modifications by Wood and coworkers (42-44) and Millero (8, 
9-19). Young's rule for a multicomponent electrolyte solution 
is given by 

• - E E 1 * 1 (1) 

where $ is any apparent equivalent property (such as volume, ex
pansibility, compressibility, enthalpy and heat capacity), is 
the equivalent ionic fraction of species î  (Ê  • e /̂e^ where 
ê  is the equivalent molality of species i, and eT = Z ê ) and 
<|>i is the apparent equivalent property of species î  at the ionic 
strength of the solution. The apparent equivalent property of 
the solution is related to the measured property (P) of seawater 
by 

• - (P - P°)/eT (2) 

25 
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26 MARINE CHEMISTRY 

where P° is the physical property of pure water and e- is the 
total equivalents of sea salt. (Equation 1) essentially states 
that as a f i r s t approximation the excess properties of mixing 
sea salts at a constant ionic strength can be neglected. This 
relationship is a very useful f i r s t approximation and has been 
shown to be applicable to many multicomponent electrolyte solu
tions. For a solution that contains a number of ionic components 
i t i s possible to use Young1s rule, in terms of the constituent 
salts, a number of ways. For example, for the major sea salt 
ions (Mg2+, Na+, CI and SO^2"), we have 

# * ^ a C l *NaCl + ĝSÔ , *MgS(>4
 ( 3 ) 

# = ENa 2S0 4 *Na2S04
 + V 2 ***gCl2

 ( 4 ) 

# * ENaCl *NaC

^ g C ^ *MgCl2
 + ^gSO^, *MgS04

 ( 5 ) 

Wood and Anderson (42) have suggested that (equation 5) is 
the better of the forms to use since i t includes a l l the possible 
plus-minus interaction pairs which make up the major ionic inter
actions . More recent work by Reilly and Wood (44) has indicated 
a more general form for Young1s rule 

* • ^ EX *MX ( 6 ) 

where E^ is the equivalent fraction of cation M and E x is the 
equivalent fraction of anion X. This equation was arrived at by 
f i r s t mixing a l l the salts of one cation at constant ionic 
strength in such a manner as to yield the anion composition of 
the final mixture. This step is repeated for each cation and 
then a l l of the resulting cation solutions were mixed to give the 
final mixture. Millero (8,9) has elaborated on the application 
of this procedure to seawater. By making the summation for each 
cation over a l l i t s possible salts, one obtains the equivalent 
weighted cation contribution 

*(MDC.) - V a W + ^ + W ( ) 3 ^ 

+ V t e W + V o 0 3 *MC03
 + EMEB(OH)4 *MB(OH)4 

+ W r *MF (7> 
The total ionic component for seawater is given by 

1 \ M̂X " • < N a ZV + *CMgZX±) + •(CaZX±) 

+ <f> (KEX±) + <f>(Sr£X±) (8) 
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By determining the ionic term with this method one essentially 
eliminates excess cation-anion interactions (possibly due to 
ion pair formation). Since seawater contains the nonelectrolyte 
boric acid as one of its major components (i.e., a dissolved 
solute greater than one part per million; by weight), Millero 
(8,9) has used a revised form for Young's rule 

* = ^ h *MX + EB *B (9> 
where ^ is the apparent molal property for boric acid and Efi 

is the equivalent fraction of boric acid in seawater. This ex
tension of Young's rule to electrolyte-nonelectrolyte solutions 
has been shown to be reliable for the volume of boric acid -
NaCl solutions over a wide concentration range (45). Because 
salts such as CaSO^ ar
of seawater, one must
an additivity method 

<KCaS04) - 4>(CaCl2) + <f>(MgS04) -

<KMgCl2) (10) 

and the apparent properties of soluble salts. 
By dividing the apparent property into an infinite dilution 

term ($°) and one or more concentration terms (b is an empirical 
constant), 

$ - ^ + S + b + . . . (ll) 

i t is possible to simplify the use of Young's rule at various 
concentrations (L. is the molar ionic strength). Since $° = 
I E M E (f)^, S - I E M E S are independent of specific ion-
ion interactions in seawater, Young's rule need only be applied 
to b (and higher order terms i f needed). 

b = Z E M b(MX) + E v b(B) (12) 

Since the apparent equivalent property of seawater is related 
to the physical properties by (equation 2), i t is possible to 
determine the physical properties of seawater from the estimated 
$ 

P = P° + $ e T (13) 

By combining this equation with (equation 11) and noting that 
e_ = k C l v and I v = k' Cly (where the volume chlorinity Cly = 
CI( /oo) x d, the density, we have 

P = P° + A Cly + B C l v
3 / 2 + C Cly 2 (14) 

where A = k$°, B = k(k') 1 > f 2S, C = k k' b. This equation 
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predicts the concentration dependence of seawater solutions d i 
luted with pure water. Since $° is related to ion-water inter
actions, S and b are related to ion-ion interactions, any 
physical property of seawater can be visualized as being equal to 

P = P° + E ion-water interactions + 

E ion-ion interactions (15) 

The ion-ion interaction term can be split up into a theoretical 
Debye-Htickel limiting law term and a term due to deviations from 
the limiting law 

E ion-ion interactions = Debye-Htickel term + 

E deviations fro

(equations 11 to 14) have been shown to be valid for predicting 
and representing the concent rat ion dependence of the thermodyna
mic (8-19) and transport (8) properties of seawater. Recently 
we have applied these methods to lakes (46), rivers (47) and 
estuaries (47)• 

The application of these methods to the physical chemical 
properties of seawater can be demonstrated by examining the den
sity. The apparent equivalent volume of seawater is related to 
the density (d) by 

$ v - 1000 (d°-d) / e Td° + M/d° (17) 

where d° is the density of water, e is the normality (equiva
lents/liter) and M is the mean equivalent weight of sea salt. 
By combining this equation with the concentration dependence of 
0 (equation 11), we obtain (noting that e = 0.0312803 CI and 
1̂  = 0.0360145 Cly) 

d - d 0 + Ay d y + ^ C l ^ H" ^ (18) 

where A^ - (M - d° * °) x 3.12803 x 10"5, By - S d° x 5.93621 x 
K T 6 and Cy - - byd° x 4.78277 x 10"7. The calculations of the 
#y° and by values for sea salt using the molal volume data given 
elsewhere (8,48,50) is demonstrated in Table I. 

TABLE I 

CALCULATION OF 3>v° AND by FOR SEA SALT AT 25 °C 

Solute E. <j>v°(i) E ±cj) v
0(i) by E ±b v(i) 

0.77268 - 1.21 - 0.935 1.078 0.833 
0.17573 -10.59 - 1.861 -0.197 -0.035 
0.03390 - 8.93 - 0.303 0.242 0.008 
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TABLE I continued 

Solute 

K + 

Sr 
C 1~2-SO, 
HCO ~ 
Br 
B(OH), 
CO 2-3 

B(0H) ~ 
F~ 

h •v°(i). V v ° ( i ) E ± V i ) 
0.01684 9.03 0.152 1.129 0.019 
0.00030 - 9.08 - 0.003 0.569 o.ooo9 

0.90078 17.83 16.061 -1.030 -0.928Z 

0.09318 6.99 0.651 0.134 0.013 
0.00318 24.28 0.077 0.302 -0.010 
0.00139 24.71 0.034 -1.107 -0.001 
0.00054 39.22 0.021 1.300 0.001 
0.00067 - 1.89 - 0.001 -0.780 -0.001 
0.00014 21.84 0.003 3.630 0.001 
0.00011 - 1.16 - O.OOOĵ  -0.538 -o.ooo1 

Combining these values of $ v° and b v with » 2.150 and M • 
58.034 (51), we obtain the equation 

-3 -5 3/2 d - 0.997075 + 1.38192 x 10 Cly - 1.27255 x 10 C l y
J / 

+ 4.82143 x 10"3 C l y
2 (19) 

The densities calculated from (equation 19) from 5 to 35°/oo 
salinity are compared to the measured values (52) in Table II. 

TABLE II 
COMPARISON OF THE CALCULATED AND MEASURED DENSITIES OF 

SEAWATER SOLUTIONS AT 25°C 

Salinity Meas ( d" d° 
3 

)io , 
Calc 

A, ppm 

5°/oo 2.770 3.765 3.769 - 4 
10 5.561 7.511 7.518 - 7 
15 8.372 11.254 11.261 - 7 
20 11.205 15.002 15.007 - 5 
25 14.058 18.757 18.756 1 
30 16.932 22.523 22.512 11 
35 19,827 26.300 26.276 24 

mean + 8 

The agreement is very good when one considers that the single salt 
density data at high concentrations is only good to + 10 x 
10"6g cm"-*. At present i t is not possible to state with certain
ty that the deviations at high concentrations are due to un
reliable single salt data or a failure of Young's rule. Further 
studies are needed to examine the excess volumes of mixing the 
major sea salts, 
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A¥ m - [ $ v ( m e a s ) - §v(calc)]/eT ( 2 0 ) 

In the low s a l i n i t y range the estimated d e n s i t i e s are i n e x c e l 
l e n t agreement with the measured values since the higher order 
terms ( B ^ C l y 3 ' and C l ^ 2 ) are not of great importance. 

Properties of Ionic Solutes i n Seawater 

To obtain an understanding of how the medium of seawater or 
any multicomponent e l e c t r o l y t e a f f e c t s an i o n i c chemical reaction 

A + B C + D ( 2 1 ) 

i t i s necessary to examin
act ant species. This non-idea
amining the a c t i v i t y c o e f f i c i e n t (y ) of the reactant species as 
w e l l as i t s pressure V - V ° = RT(91n yT/<*P) and temperature 
H - H ° = RT^Sln Y t/8 T ) dependence. The thermodynamic a c t i v i t y 
of the solute i _ i s r e l a t e d to the concentration and a c t i v i t y 
c o e f f i c i e n t by 

a i * [ i ] T Y T ( i ) ( 2 2 ) 

where the subscript T i s used to denote t o t a l concentrations. 
There are three types of models that have been used to examine 
the non i d e a l behavior of an e l e c t r o l y t e ( 1 ) The s p e c i f i c i n t e r 
a c t i o n model ( 2 ) The i o n p a i r i n g model ( 3 ) The c l u s t e r model. A 
thorough discussion of these and other models i s given elsewhere 
(4,8,21,29,37-39). The s t a r t i n g point f o r a l l of the discus
sions of i o n i c i n t e r a c t i o n s i s the Debye-Huckel theory. The 
theory predicts that the mean a c t i v i t y c o e f f i c i e n t s of an e l e c 
t r o l y t e i s given by ( 5 5 - 5 7 ) 

-ln Y +(MX) - A Z M Z x I 1 / 2 / ( l + B I I 1 / 2 ) ( 2 3 ) 
where A and B are constants r e l a t e d to the d i e l e c t r i c constant 
of the pure water and the temperature (A « 0 . 5 0 9 , B « 0 . 3 2 9 at 
25°C), Z^ and are the e l e c t r o s t a t i c change on cation M and 
anion X , and a i s the i o n s i z e parameter. The c l a s s i c a l methods 
(8) that have been used to examine the non-ideal behavior of an 
e l e c t r o l y t e i s to examine the deviations from the Debye-Htickel 
l i m i t i n g law ( i n various extended forms i n v o l v i n g one or more 
a r b i t r a r y constants). The difference between t h i s form and the 
experimental data i s a t t r i b u t e d to non-coulombic e f f e c t s . 

The S p e c i f i c I n t e r a c t i o n Model. In using the s p e c i f i c i n 
t e r a c t i o n model developed by Guggenheim ( 5 3 ) the following eq
uation i s used 
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-log Y+(MX) - log Y (elect) + v f l ^ (24) 

where log y (elect) is given by equation (23) with Bl • 1.0, v = 
(2v M/v x)/(v M , (v. is the number of species i ) , 3 ^ is a con
stant and m is the molality. To use the specific interaction 
model to estimate total activity coefficients, the following 
equations are used (39) 

log Y T ( M X ) - log Y (elect) + (vM/v) E B ^ I X ] 
X 

(25) 

log Y t ( M ) = ( V

+ Z 3 ^ [ X ] (26) 

log Y t ( X ) = ( ^ V log Y (elect) 

(27) 

The total activity coefficients calculated by using the specific 
interaction model for the major sea salts and ions of seawater 
are given in Tables III and IV (37). The estimated values for 
Y T for the ions given in Table IV (37) are in excellent agree
ment with the measured values. Pitzer (58) has recently 

TABLE III 
COMPARISON OF THE CALCULATED STOICHIOMETRIC ACTIVITY 

COEFFICIENT FOR THE MAJOR SEA SALTS 
AT 25°C AND 0.7 IONIC STRENGTH 

Salt 
HC1 
H SO 
NaCl 
Na2S0, 
Mg C l J 
MgS0/ 
KC1 
K2S0, 
CaClt 
CaSO^ 
NaHCO. 
CaC0o 

Ionic Ion Specific 
Strength Pairing Interaction Cluster 
0.774 0.683 0.683 0.696 
0.201 0.379 0.386 
0.666 0.664 0.668 0.668 
0.349 0.366 0.370 0.374 
0.480 0.463 0.466 0.463 
0.121 0.158 0.157 0.160 
0.624 0.624 0.647 0.641 
0.336 0.337 0.350 0.345 
0.460 0.444 0.455 0.448 

0.148 0.157 0.159 
0.549 0.612 
0.066 0.069 
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TABLE IV 
COMPARISON OF THE CALCULATED AND MEASURED 
TOTAL ACTIVITY COEFFICIENT (y ) FOR THE 

MAJOR IONS OF SEAWATER AT25°C 
AND I = 0.7 Specific AND I = 0.7 Specific 

Ionic Ion Inter actii 
Measured Strength Pairing Model Model 

0.74 0.85 0.74 0.74 
0.68 0.71 0.70 0.68 
0.23 0.29 0.25 0.23 
0.21 0.26 0.22 0.21 
0.64 0.63 0.62 0.63 — — 
0.68 
0.11 0.22 0.10 0.11 
0.55 0.68 0.43 0.59 
0.02 0.21 0.02 0.03 — 0.68 0.31 --— 0.65 0.11 0.56 
0.26 0.68 0.38 — 

Ion 

« +
+ 

Na 

so, 
HC0 • 
co« 
F~ J 

OH" 
B(0H)4" 

developed a set of equations that extend the specific inter
action model to higher concentrations and also account for plus-
plus and minus-minus ionic interactions. These equations, how
ever, do not improve the estimates made with the more simpler 
form developed by Guggenheim (53). 

Robinson and Stokes (57) have developed a hydration model 
to examine the differences between log y + ( m e a s ) and log y (elect) 

log y+(MX) = log y (elect) -(h/v) In a^ + 

In {[1 - (h - v)m]/55.51} (28) 

where a^ is the activity of water (a^ = p/pQ where p and p are 
the vapor pressure of solution and water). °Recently Elgqu?st 
and Wedborg (60) have used this method to estimate activity 
coefficient of SO^- at high ionic strengths. 

Ion Pairing Model. The most popular method of treating 
the deviations from the Debye-Htlckel theory in concentrated 
solutions is the ion pairing method. This method assumes that 
short range electrostatic interactions can be represented by 
the formation of ion pairs 

M+ + X*~ = MX° (29) 

which has a characteristic association constant 
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KA - W V X " <[MX°]/[M+] [X-]} ( Y ^ O / Y ^ ) (30) 

In i t s original formulation by Bjerrum (61) the ion pairing 
model was applied by treating the solvent as a continuum. In 
recent years four classes of structural ion pairs have been 
distinguished: 1. complexes - when the ions are held in con
tact by covalent bonds, 2. contact ion pairs - when the ions 
are in contact and linked electrostatically (with no covalent 
bonding), 3. solvent-shared ion pairs - when the ions are linked 
electrostatically and separated by a single water molecule and 
4. solvent-separated ion pairs - when the ions are linked elec
trostatically are separated by more than one water molecule. 
In applying the ion pairing model one makes the assumption that 

where [M +] F is the free metal concentration and Y«(M + ) i s the 
activity coefficient of the free ion. Combining this relation
ship with (equation 22), we have upon rearranging 

Y T ( M + ) = ( [ M + ] F / [ M + ] T ) y F ( M + ) (32) 

Y T ( X " ) = ([X~y[X"] T) Y F ( X " ) (33) 

The fraction of free ions, [M+] /[M+] and [X~]/[X~] , are de
termined from 

[M +] F/[M +] T = 1/(1 + I K A*(i) [X" ±] F) (34) 

[X"] F/[X"] T = 1/(1 + I K A*(i) [M +
±] F) (35) 

where K * is the stoichiometric association constant A 
V = KA (YMYX/YMX0) = [ M X ° ] / [ M + ] F [X"] F (36) 

The K̂ * can be determined in an ionic medium or estimated by us
ing infinite dilution K

A ' s - both methods should agree providing 
reasonable values can be determined for y and the ionic medium 
is non-reacting. The values of y determined by using the ion 
pairing model for the major sea salts and ions are given in 
Table III and IV. The ion pairing method predicts values for 
Y T that are in good agreement with the specific interaction 
model as well as the experimental results. When applying the 
ion pairing model i t is assumed that various types of ion pairs 
exist in solution. This so-called speciation of various cation 
and anion forms is determined by using the equations 

[MXi]/[M+]T = K A*(i) [X±"]F/(1+ Z K£(i) (37) 
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[ M X ± ] / [ X " ] T - K A*(i) [M ±
+] F/(1 + Z K A*(i) [M ±

+] F) (38) 

For the major ions of seawater the forms determined by various 
workers from these equations are in reasonable agreement (9). 
The speciation of the major cations in seawater are given in 
Figure 1. Most of the cations are predominately in the free ion 
form and the major ion pairs are formed with sulfate. The 
speciation of the maior anions in seawater are given in Figure 
2. About 50% of SO^-f HCO3" and B(0H)^~ are complexed in sea
water mainly with Na + and Mg 2 + ions; for C0^2~ about 90% is 
complexed mostly with Ca 2 + and Mg2+; for F~ and 0H~ the major 
ion pairs are formed with Mg 2 + ions. It should be pointed out 
that although the examination of the speciation of ions in sea
water is a convenient way of examining interaction parameters 
between cations and anions
existence by using thermodynami
chemical measurements (for example, Raman Spectra - and ultra
sonic absorption) are needed to confirm the existence of ion 
pairs. 

Recently, there have been two studies (31,32) made on the 
speciation of heavy metals in seawater (Cu, Zn, Cd and Pb). Al
though the speciation of the heavy metals are quite different 
(37,61), the fraction of free metals are in reasonable agreement 
(see Table V). Since i t is this fraction that is necessary to 
calculate Y t for the metal ions, the speciation calculations 
yield similar (low values) for the total activity coefficient 
(see Table V). 

TABLE V. 
CALCULATED TOTAL ACTIVITY COEFFICIENTS (Y t) FOR 

SOME MINOR IONS IN SEAWATER 
AT 25°C AND I = 0.7 

(°/oo) Free Y^OO 

0.0025 O.OOlg 

Ion a b 1 3 , 0 0 

Cu 1.0 0.7 0.253 
Zn 17.0 16.1 0.268 
Cd 2.5 1.7 0.012 
Pb 2.1 4.5 0.328 

0.046" 0.043" 
0.000. 0.000. 
0.007 0.0U 

a) Zirino and Yamamoto (31) 
b) Dyrssen and Wedborg (32) 

The Cluster Expansion Model. The more recent cluster theory 
of Friedman (1) makes no attempt to separate the electrical and 
non-electrical interactions. It also considers the importance 
of a l l possible interactions (plus-plus, plus-minus and minus-
minus). For example, for the major sea salts (NaCl + MgSÔ ) 
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there are a number of possible interactions to consider 

Interactions 
© 
e 
© 

© 
© 
© 

Possible Types 
Na-Na, Mg-Mg, Na-Mg 
ci-ci , so4-so4, ci-so4 Na-Cl, Mg-S047 Mg-Cl, Na-S04 

These interactions can be represented by the cross square diagram 

NaCl NaoS0, 2 4 

By studying the mixtures along the side of this diagram, one can 
obtain some information about the 0 - © and 0 - 0 inter
actions, by studying the individual salts and the sum around the 
sides of the diagram (MgSC>4 « MgCl2 + Na2S04 - 2NaCl) one can 
study 0 - 0 interactions. The cross mixtures represent the 
mixture of simple sea salts. The total activity coefficient of 
an electrolyte is given by 

log YT(MX) « log y°(MX) + 2 0 - 0 terms 
+ E Q - 0 terms (39) 

where log Y (MX) is the value for MX in its e l f at the ionic 
strength of the mixture and the other terms are related to the 
excess mixing terms. For example, for NaCl in seawater 

£ © - © = (Na - Mg) + (Na - K) + 
(Na - Ca) + . . . 

£ © - © - (CI - S0 4) + (CI - HC0 3) + 
(CI - Br) + . . . 

(40) 

(41) 

where the terms in parenthesis are weighted according to the 
composition of the mixture• Wood and coworkers have applied the 
cluster theory to the major constituents (20) and some minor con
stituents of seawater (62). The results for the major constitu
ents shown in Table III are in excellent agreement with the values 
obtained using the specific interaction model and the ion pairing 
model. This is not surprising since the 0 - 0 and 0 - 0 
interaction terms are small for free energies of mixing. 

In conclusion, a l l of the methods yield comparable results 
for the Yx °f the major sea salts. It should be pointed out that 
due to the lack of thermodynamic data, the specific interaction 
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Europe Africa 

Figure 3. The major constituents of various rivers 

Average Worfd River Natural Seawater 

K + 

Figure 4. The equivalent fraction of the cations and anions for world river and sea salts 
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model and the cluster model cannot be used to estimate the y_ 
for trace constituents in seawater. Even though reliable data 
is available for the chloride and sulfates of trace metals, the 
interaction parameters for hydroxide and carbonate salts are 
nonexistent due to solubility limitations at high ionic strengths. 
Although i t is difficult to determine y^ for trace_ constituents 
at high ionicjstrengths, the effect of pressure (V - V ) and 
temperature (H - H°) can be determined in various ionic media 
or estimated with reasonable accuracy (9, 34-36). 

The Composition of Estuarine Waters 

An estuary is defined by Pritchard (63) as "a semi-enclosed 
coastal body of water which has a free connection with the open 
sea and within which seawate
water derived from lan
river draining into an estuary can be different, we must fir s t 
examine the composition of various rivers. Livingstone (64) has 
tabulated the composition of the major constituents and a com
parison of the equivalent fraction of these major constituents 
are shown in Figure 3. As is quite apparent from Figure 3, a l 
though the total solid input of various rivers vary from 70 to 
200 parts per million, the equivalent fraction of most rivers 
are similar. The major cations are Ca 2 +, Mg 2 + and Na+ and the 
major anions are HC0g~, SO,2" and Cl~. Most of the Na + and Cl~ 
is the result of recycled NaCl from seawater aerosols. The Si0£ 
is predominately in the unionized form Si(0H)# at the pH of most 
rivers (7.3 to 8.0). A comparison of the equivalent fraction of 
the major constituents in 1 "world" river water (a weighted input 
from a l l the continents(64)) and seawater are shown in Figure 4. 
The equivalent fraction of the major cations and anions for 
'"world" river water (64) are compared to seawater in Figure 5. 
This comparison demonstrates that the major constituents of most 
rivers (Ca 2 + and HCO3") are quite different from the major con
stituents of seawater (Na+ and Cl~). One might expect from this 
comparison that the physical properties of rivers and seawaters 
(diluted with pure water) and an estuary formed by mixing river 
water with seawater to be quite different. The composition for 
one l i t e r of world or average river water is given in Table VI. 

Species 

Na + 

Mg2+ 
Ca2+ 
1+ 

TABLE VI 
THE COMPOSITION OF ONE LITER OF WORLD OR 

AVERAGE RIVER WATER 
1 n6 a g 1 10 n ± 10 e i 1 ( ) 3 

3 
I 4 K T 

6.5 0.283 0.283 
'"""•X 
0.283 

4.1 0.169 0.337 0.674 
15.0 0.374 0.749 1.496 
2.3 0.059 0.059 0.059 
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TABLE VI continued 

Species g ± 106 b 10 3 
3 

I 10J 

Cl~ 7,8 0.220 
1 
0.220 

iL 
0.220 

S042- 11.2 0.117 0.233 0.466 
HCO3- 58.4 0.950 0.950 0.950 
C03

 2 " 0.002 0.004 0.008 
NO3- 1.0 0.016 0.016 0.016 
Si(OH)30" 0.005 0.005 0.005 

1/2Z = 1.086 1/2E - 1.428 1/21 - 2.089 
Si(OH)4 20.5 0.213 0.213 Si(OH)4 

g T - 126.8 n T - 1.299 eT - 1.641 I T - 2.089 

a) Taken from Livingston
justed slightly (6.3 to 6.5) by making the sum of I equivalents 
of the cations = the sum of E equivalents of the anions. -
b) The value for [C0 3

2~] was determined from K2 • 4.69 x 10 
(65) using a pH of 7.7 - [HC03-]/[C03

2~] - 425.43. The value 
for [Si(OH)30~] was determined from K = 5 x 10" 1 0 (66) using 
a pH of 7.7 - [Si(OH)30-]/[Si(OH)4] = 0.025. 

g = 126.8 x 10"6g l"or 127 x 10~6g kg" 1 (since the density of 
the river is approximately equal to the density of water, d° • 
0.997075 g ml" 1 at 25°C (67)). The molarity of the river equals 
1.299 x J0~6mol l"And the molar ionic strength equals 2.089 x 
10"6mol l " 1 •Since the grams of water are equal to ^ 1000.00, the 
molality and molal ionic strength are equal to the molar values. 

In the next section we w i l l examine the use of the methods 
described earlier to examine the densities of river waters and 
an estuary formed by mixing river water with seawater (47). 

The Density of River and Estuarine Waters 

As was discussed earlier, the physical chemical properties 
of multicomponent electrolyte solutions, like seawater, can be 
estimated from binary electrolyte data. Recently, we have used 
these methods to estimate the physical chemical properties of 
rivers (47), estuaries (47) and lakes (46). In this section 
we shall examine the density of rivers and estuarine waters de
termined by using Young's rule. To determine the density for 
rivers, one must determine the 4> °, Ŝ  and b v as well as Hj, 
the mean equivalent weight for river salts. A sample calculation 
of Sy 0, b v and MT for "world" river water is shown in Table VII. 
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TABLE VII 
CALCULATION OF $ v°, AND b y FOR 

RIVER SALTS AT 25°C 

Solute 

Mg 2 + 

Na + 

HCO3-
SO* 2-
CI 
NO3" 
Si(OH) 4 

ft 0 

V 
E.M. 
i 1 

b y(i) E . b v ( l ) 

- 8.93 -4.077 20.0400 9.150 0.242 0.110 
-10.59 -2.175 12.1525 2.496 -0.197 -0.040 
- 1.21 -0.202 22.9898 3.839 1.078 0.180 
9.03 0.325 39.1020 1.408 1.129 0.041 
24.29 14.171 61.0172 35.597 2.122 1.238 
6.99 0.993 48.0288 6.820 0.134 0.019 
17.83 2.391 35.4530 4.754 -1.030 -0.138 
26.20 0.257 62.0049 0.608 -1.000 -0.010 
60.0 a 7.97

*V 19.65 v 
a) Taken from reference (68). 

A summary of the values of # v°, Ŝ , b„ and M̂, for various rivers 
as well as seawater are given in Table VIII. 

TABLE VIII 

SEA SALTS AT 
FOR RIVER AND 
25°C 

Source S„ K V V V T 
North America 14.934 2.612 1.417 74.672 
South America 25.168 2.055 1.339 80.734 
Europe 14.512 2.739 1.523 76.407 
Asia 18.723 2.432 1.572 77.151 
Africa 22.226 2.104 1.006 75.856 
Australia 23.008 2.276 1.273 78.540 
World 19.657 2.371 1.400 77.446 
Seawater 13.896 2.150 -0.101 58.034 

The infinite dilution $> ° and the mean equivalent weight for 
rivers are a l l larger than the sea salt values. By combining 
(equation 17) and 

V V \ + b v I (42) 

we have an equation that can be used to estimate the density of 
the rivers 

d = d° + l O " 3 ^ -

- 10 - 3 S yd° e T I v 

- 10"3 b d ° e L 
V eT v 

d° $ °) e V T 
1/2 

(43) 
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Since e T and I„ are very small, the last two terms are not needed 
and the densities can be estimated from infinite dilution appar
ent molal volumes, $ v° = Z E^y 0. The relative densities of 
various rivers determined from (equation 43) are given in Table 
IX. 

TABLE IX 
THE RELATIVE DENSITIES OF VARIOUS RIVERS AT 25°C 

Source 8T» PPm Rivir" " d Seawater Af ppm 

North America 147.8 118.3 111.8 6.5 
South America 75.1 51.7 57.0 -5.3 
Europe 185.4 150.3 149.6 0.7 
Asia 148.8 112.8 112.5 -0.3 
Africa 133.
Australia 61.
World 126.8 94.9 96.0 -1.1 

mean + 3.4 

Also given in Table IX are the densities of seawater solutions d i 
luted with pure water calculated at the same total solid concen
tration, related to the salinity by (8,9,51) 

gT(SW) = 1.004847 S(°/oo) (44) 

The calculated densities of the various rivers are in good agree
ment with those determined from seawater at the same total solid 
concentration (on the average to + 3.4 x 10"** g cm"3). Thus, the 
densities (as well as other physical chemical properties) of most 
rivers are equal to seawater at the same total dissolved solids. 

The density of mixtures of river salts and sea salts can be 
estimated from the $ v for the mixture by using Young's rule 

* v(Estuary) = E R <f>y(R) + E g ^(S) (45) 

where E R and Eg are the equivalent fractions of river and sea 
salts, <f>v(R) and 4>V(S) are the apparent equivalent volume at 
the ionic strength of the mixtures ( I T - E R I + E I g ) . The 
values of $ v(Est) for the estuary determined trom ^equation 45) 
at various weight fractions of seawater are given in Table X. 
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TABLE X 
THE APPARENT EQUIVALENT VOLUME, MEAN MOLECULAR WEIGHT AND 

TOTAL NORMALITY OF ESTUARY SALTS AT VARIOUS 
WEIGHT FRACTIONS OF SEA SALT 

XSW h * v(Est) i 
0 0 19.768 77.446 0.00164 
0.02 0.8827 14.866 63.310 0.01370 
0.04 0.9392 14.644 59.215 0.02576 
0.06 0.9594 14.608 58.822 0.03785 
0.08 0.9698 14.617 58.620 0.04995 
0.10 0.9762 14.641 58.496 0.06207 
0.20 0.9893 14.806 58.242 0.12280 
0.30 0.9937 
0.40 0.9960 
0.50 0.9973 15.217 58.086 0.30694 
0.60 0.9982 15.323 58.069 0.36895 
0.70 0.9988 15.418 58.057 0.43127 
0.80 0.9993 15.508 58.047 0.49393 
0.90 0.9997 15.590 58.040 0.55689 
1.00 1.0000 15.671 58.034 0.62019 

Also given in this Table are the mean equivalent weight of the 
estuary salt 

" t • \ \ + Es Ms ( 4 6 ) 

and total normality 

N T - E R N R + E S N S ( 4 7> 
The relative densities of the estuary have been calculated from 
the $y, M̂, and N given in Table X, using the equation 

d - d° - (Hj - d° * y) N T (48) 

and are given in Table XI. Also given in this Table are the 
densities of seawater diluted with pure water (52) calculated 
at the same total solid concentration. Over the entire weight 
fraction of sea salt the densities calculated from the seawater 

TABLE XI 
THE DENSITIES OF ESTUARINE WATERS AT 

VARIOUS FRACTIONS OF SEA SALT 
(d — d^)10^ 

XS gT Estuary " ' Seawater A, ppm 
"0 0.127 0.095 0.096 - 1 
0.02 0.827 0.622 0.622 0 
0.04 1.529 1.149 1.148 1 
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TABLE XI continued 

Xg g^ Estuary Seawater A, ppm 

0.06 2.229 1.675 1.672 3 
0.08 2.931 2.200 2.197 3 
0.10 3.631 2.725 2.720 5 
0.20 7.136 5.339 5.335 4 
0.30 10.640 7.951 7.947 4 
0.40 14.144 10.560 10.558 2 
0.50 17.649 13.172 13.172 0 
0.60 21.153 15.788 15.789 - 1 
0.70 24.657 18.408 18.410 - 2 
0.80 28.161 21.034 21.035 - 1 
0.90 31.666 23.66
1.00 35.170 26.30

mean +1.9 

equation of state are in excellent agreement with the values es
timated from (equation 48). Recently, we have made direct 
measurements on mixtures of a r t i f i c i a l river water and standard 
seawater (47) and found that the measured values agreed with 
those calculated from the seawater equation at the same total 
solid concentration to + 3 x 10"^g cm~3 from 0 to 35°/oo salinity. 
From these comparisons, i t is clear that the densities (as well 
as other physical chemical properties) of seawater diluted with 
pure water can be used in rivers and estuaries as well as lakes 
and seas (46). 

By knowing the river water input of total dissolved solids, 
the solids of the estuarine salt can be determined from 

gT(Estuary) = g T(River) + b S(°/oo) (49) 

where S(°/oo) is the conductivity salinity and the constant b 
is given by 

b - [35.170 - g T(River)] / 35.000 (50) 

Recently, we have used these equations to examine the densities 
of Baltic Sea waters (52). We have found that (see Table XII) 

TABLE XII 
COMPARISONS OF THE MEASURED DENSITIES OF THE BALTIC 

WITH THOSE OF SEAWATER DILUTED WITH PURE WATER 
Ours-Cox, et.al., 0°C 

S( /oo) Uncorr Corr 
9.579 -53 17 
15.541 -45 9 
20.130 -51 -10 

Ours-Kremling, 0.36°C 
S(°/oo) Uncorr Corr 
15.247 -57 - 2 
20.083 -44 - 3 
25.013 -38 -10 
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TABLE XII continued 
Ours-Cox, et.al., 0°C Ours-Kremling, 0.36°C 

S( /oo) Uncorr Corr 
20.154 -32 9 
25.439 -29 - 2 
29.698 -25 -10 
35.004 - 4 - 4 
39.232 8 - 3 
40.288 9 - 5 

S(°/oo) Uncorr Corr 
29.839 -13 1 
31.191 - 9 2 
31.920 -11 - 3 
32.319 - 4 4 
35.495 3 2 
39.232 - 3 -14 

+ 7 . 7 + 4.5 

the density measurements of Cox, et.al., (69) and Kremling (70) 
are in good agreement (+ 7 ppm) with our measurements on sea
water diluted with pur
This value for the rive
the value determined from the composition data of Kremling (71). 
It is interesting to note that the earlier measurements of 
Knudsen (72) give a value of g (River) = 0.073 g kg" which is 
in agreement with earlier composition data of Lyman and Fleming 
(73). It, thus, appears that the river input or the evaporation 
to precipitation has increased in the Baltic Sea i n the last 60 
years. 

The densities of the Mediterranean and Red Seas were also 
found (52) to be in agreement with evaporated seawater at the 
same g T as determined from (equation 49) with g T(River) = 
0.120 g kg" 1. Thus, these seas behave as an evaporated estuary, 
not evaporated seawater. 

The fact that the densities of rivers, estuaries, lakes, 
seas and seawater are in good agreement at the same total dis
solved solid concentration, brings up a problem concerning the 
new definition of salinity (74) 

This new definition causes a difference between the physical 
chemical properties of seawater diluted with pure water and d i 
rect measurements made on natural waters (due to the lack of a 
river water input term). By using (equation 49) (or its equi
valent expressed in chlorinity using (equation 51), or the 
earlier definition of salinity by Knudsen, these problems could 
have been avoided. Since the conductivity of seawater diluted 
with pure water are nearly equivalent to the conductivity of 
natural water at the same g (52), the redefinition of the 
conductivity ratio (R-_) in terms of weight diluted or evaporated 
seawater will yield weight salinities S(°/oo)T valid for a l l 
natural waters (52). 

S(°/oo) = 1.80655 Cl(°/oo) (51) 
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S(°/oo)T = 27.25860610 R 1 5 + 19.0618570 R^ 2 

- 27.23834557 R 1 5
3 + 27.09960846 R^ 4 

- 14.19791134 R^ 5 + 3.01618532 R 1 5
6 (52) 

Due to the sensitivity of conductivity measurements, the con
ductivities of estuaries at low salinities w i l l deviate con
siderably from seawater diluted with pure water. The equivalent 
conductivity of solutions unlike the thermodynamic properties 
approach values at infinite dilution that are dependent upon the 
composition. For example, i f we estimate the infinite dilution 
equivalent conductance (A • 10^ L g /e^, where L g is the speci
f i c conductance) of river salts a n l sea salts ffBm 

A
2 —1 —1 

we obtain (see Table XIII) A 0 = 97.34 and 127.85 cm ft" eq 
TABLE XIII 

CALCULATION OF THE INFINITE DILUTION EQUIVALENT 
CONDUCTANCE OF RIVER AND SEA SALTS AT 25°C 

River Salt Sea Salt 
Ion A° 4

 a E. A° 4 E. A°, i i i i i 
N a2+ 
M g o I 

50.10 8.367 38.711 N a2+ 
M g o I 53.05 10.896 9.322 
Ca 2 + 59.50 27.168 2.017 

S r 2 + 
73.50 2.646 1.238 

S r 2 + 59.47 0.018 
Cl~ 76.35 10.239 68.775 
SO 2- 80.02 11.363 7.457 
HCO," 
B r ~ f 
CO.2" 
B(0H) " 

44.50 25.961 0.142 HCO," 
B r ~ f 
CO.2" 
B(0H) " 

78.14 0.109 
HCO," 
B r ~ f 
CO.2" 
B(0H) " 

69.3 0.047 

HCO," 
B r ~ f 
CO.2" 
B(0H) " 65.0 0.009 
F" 4 55.4 0.006 
NO," 71.46 0.700 

97.340 127.850 

a) From Robinson and Stokes (57). The value for B(0H)^ has 
been estimated. 

respectively, for river and sea salts (using values of A given 
in reference (57)). If i t is assumed that (equation 53) is valid 
over a wide concentration range, i t is possible to estimate the 
A of an estuary formed by mixing river and sea salts. These 
values of A(Estuary) are shown in Figure 6 (75). At concentra
tions of e greater than 0.122 or g = 7.13 g kg" the 
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Figure 6. The equivalent conductance of river water, seawater, 
and estuarine waters as a function of the square root of normality 

at25°C 
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Cations Anions 

Figure 7. The speciation of the major cations and anions of river salt at 
25°C 

An:;r::i C'.:::iical 
Society Library 
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A(Estuary) is approximately equal to the A of seawater diluted 
with pure water. Further experimental conductance studies are 
needed to see i f these calculations are correct. 

The Speciation of Major and Minor Ions in River Waters 

Since the composition of river waters and seawater are 
quite different, one might expect chemical reactions in estuaries 
to be affected by the mixing of the two waters. One of the 
easiest ways of examining how the composition of rivers affects 
the properties of ionic solutes is to compare the speciation of 
the ionic solutes in river waters and seawaters• Since the ionic 
strength of river water is very low, i t is possible to estimate 
the activity coefficient of free ions and charged ion pairs by 
using the equation (55-57

log Y F =-(0.509) Z 2 [ I 1 / 2 / ( l + I 1 / 2 ) - 0.31] (54) 

This equation yields values of = 0.951 for monovalent ions or 
ion pairs and 0.817 for divalent ions or ion pairs at I = 2.095 x 
10"3 mol kg" 1. The stoichiometric association constants deter
mined from thermodynamic association constants (9) for the major 
river salts are given in Table XIV. 

TABLE XIV 
THE STOICHIOMETRIC ASSOCIATION CONSTANTS 

FOR THE MAJOR RIVER SALTS AT 25°C 

Na 
Mg; 
3 

2+ 
2+ 

V 
so,2"" HC0 3~ 

4.3 1.3 2.9 
108 13.2 1272 
137 14.5 5552 
7.4 
78 

0.2„ 

1.5c 
0.5: 

0.5 
54 
9.0 

OH 

0.2 
310 
15.2 

The speciation of the major ionic components of river salt are 
given in Table XV, and shown in Figure 7. As in seawater, the 

TABLE XV 
THE SPECIATION OF THE MAJOR CATIONS AND 

ANIONS IN RIVER WATER AT 25°C 

Cation % M % M S0# %MHC0 o %M_C0o % M OH — 4 3 3 

H 99.98 0.02 
Na;+ 99.83 0.05 0.12 
Mg 2 + 97.54 1.15 1.21 0.08 0.01 
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TABLE XV continued 

Cation % M % M SO, %MHCO 0 %MCO 0 % M OH — — 4 3 3 
CaZi^ 96.89 1.45 1.32 0.33 0.01 
K + 99.92 0.08 

Anion 
C 1~2-
H C O 3 -
C 0 3 2-
N O 3 -
0 H ~ 
F-

% X % Na X % Mg X % Ca X % K X 
100.00 
93.55 0.11 1.66 4.64 0.04 
99.23 0.04 0.21 0.52 
31.03 0.03 6.50 62.44 
99.93 0.01 0.06 
94.64 0.01 4.83 0.52 
98.79 

major river cations are predominately in the free form. The 
anions with the exception of CO^ are also predominately in the 
free ion form. The total activity coefficients for river ions 
determined from (equations 32 and 33) are given in Table XVI. 

TABLE XVI 
THE TOTAL ACTIVITY COEFFICIENTS OF THE 

MAJOR RIVER IONS 
Ion 

« +
+ 

Na 
M g2+ 
Ca2+ 

C 1~2-
H c 8 3 i -CO J Z 

no;t 
0HJ 

F" 

% Free I F I T 
99.98 0.951 0.951 
99.83 0.951 0.949 
97.54 0.817 0.797 
96.89 0.817 0.792 
99.92 0.951 0.950 
100.00 0.951 0.951 
93.55 0.817 0.764 
99.23 0.951 0.944 
31.03 0.817 0.254 
99.93 0.951 0.950 
94.64 0.951 0.900 
98.79 0.951 0.939 

It should be pointed out that values of Y t f° r river ions de
termined from the specific interaction moael are in good agree
ment with the values given in Table XVI. The difference between 
using values of y p and Y t for ionic equilibria in river waters 
can be demonstrated by examining the value y + (CaCO^) = y(Ca) x 
y(CO^); which can be used to examine the sol-ability of CaC0«. 
The value of y+ (CaCO^) determined from free ion activity coef
ficients (0.667) is 3.3 times larger than the value determined 
from the total activity coefficients (0.201). 

The speciation of the heavy metals Cu, Zn, Cd and Pb in 
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river waters can also be made by using free ion activity coef
ficients determined from (equation 54) and the thermodynamic 
constants tabulated by Zirino and Yamamoto (32). The speciation 
of these metals in river and seawater are shown in Figure 8. 
The predominate form of a l l the heavy metals in river waters is 
the carbonate complex, while in seawater hydroxide> chloride and 
carbonate complexes are important. It is interesting to note 
that a greater percentage of free heavy metal ions exist in 
seawater than in river waters. The total activity coefficients 
of the heavy metals in river water are given in Table XVII. 

TABLE XVII 
THE TOTAL ACTIVITY COEFFICIENTS OF 

HEAVY METALS IN RIVER WATERS 

0.817 0.0002 
0.817 0.0096 
0.817 0.0077 
0.817 0.0001 

The importance of examining a l l of the interaction parameters 
for heavy metal ions is clearly demonstrated by these calcula
tions. The ratio of the free ion activity coefficients for Cu, 
Zn and Pb in river and seawaters is 2.5 to 3.2, while the value 
for the total activity coefficients is 0.01 to 0.2. The cadium 
calculations do not show these effects since the y_ in seawater 
determined by using the mean salt method from Y+(CaCl2) is quite 
low (0.012). This is due to the strong interactions between 
Cd 2 + and CI" ions. If the y F for Cd in seawater had been esti
mated from (equation 54) (y F = 0.34 (32)), the results would have 
been similar [y (River)/ Yp(SW) = 2.4 and y T(River)/ YT(SW) = 
0.9] to the ratios for Cu, Zn and Pb. These results point out 
the importance of using the same methods to determine y p at 
both low and high concentrations,if one is going to compare 
values of y^ or ionic equilibria in fresh and saline waters. Al
though the mean salt method yields more reliable values for ŷ , at 
high concentrations, i t cannot easily be used at low concentra
tions (below 0.1 m) since tabulations of experimental data are 
not available. These differences occur, however, only for the 
few metals that form complexes with CI" ions. 

Since organic ligands of unknown concentrations present in 
river waters could also complex these heavy metals, these calcu
lations must be considered as a f i r s t approximation. The calcu
lations do show, however, that large changes in the state of 
metal ions can occur at the interface between rivers and sea-
waters. Further work is necessary to examine how the state of 
ionic solutes influences chemical processes (such as solubility 
and ion-exchange) that occur in estuaries. 

Metal % Fre

Cu2* 0.0197 
Znf1" 1.1691 
Cd 2 + 0.9367 
Pb 2 + 0.0077 
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Abstract 
In recent years a great deal of progress has been made in 

developing models to examine the physical chemistry of multicom-
ponent electrolyte solutions like seawater. These models have 
been used to examine the physical chemical properties of seawater 
and the state of ionic solutes in seawater. In the present paper 
these models will be briefl
The physical chemical properties of estuaries have been estimated 
by mixing river water with seawater and assuming that the excess 
properties of the resulting mixture are equal to zero. These 
calculations demonstrate that at the same total solid concentra
tion the physical chemical properties of estuaries are equal to 
those of seawater diluted with pure water. The state of metal 
ions in estuaries have also been examined by using the ion pair
ing model for ionic interactions. 
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Redox Reactions and Solution Complexes of Iron in 
Marine Systems 
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The chemistry of iro  i l  ha  considerabl
effect on a variety of
unique role in many biological systems due to its abi1ity to form 
porphyrin molecules which participate in biochemical oxidation-
reduction react ions. Changes in the oxidation state of iron in 
response to environmental changes in redox potential is a signif
icant factor for geochemical processes such as the formation of 
pyrite ores and ferro-manganese nodules. The chemical behavior 
of iron in natural waters is also important because of its prev
alent use in structural materials and its subsequent deteriora-
tion through corrosion reactions. The tendency of iron to form 
colloidal and part iculate phases provides a mechanism for the 
remova1 of dissolved trace elements from natural waters by ad
sorption and coprecipitation. Due to this diverse range of 
chemical processes, it is important to establish a reliable under
standing of the redox reactions of iron in marine waters. 

Analytical measurements of the concentration of iron in 
natural waters provides a basis for evaluating the significance 
of this element in various chemical systems. The distinction 
between dissolved and particulate iron has general1y been made 
on the basis of filtration using a 0.5 μm pore size filter. This 
procedure leads to an operationally defined separation of iron 
into soluble and sol id phases which can be difficult to relate 
to chemically defined forms such as aqueous ions, solution 
complexes, and colloidal part icles. 11 is important for this 
reason to qual? fy analyt ical observat ions accord ing to the sepa-
rat ion techn iques employed. Table I provides a brief example of 
the concentrations of iron found in some natural waters. These 
results do not show the var iabi1ity which occurs in the amount of 
i ron in natural waters, but they represent the magn itudes which 
are encountered and they suggest the significance of a remova1 
mechan ism for i ron as waters pass from fresh to estuarine to 
oceanic environments. 

A second step in def in ing the chemica1 processes involving 
iron is to distinguish between Fe(ll) and Fe(lll) and to deter-
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Tabl e I . C o n c e n t r a t i o n s o f i r o n i n some n a t u r a l w a t e r s . 

Environment Iron Form Reference 
(mol/kg) 

R i v e r 1.2 x 10" 5 D i s s o l v e d and (1) 
pa r t i c u l a t e 
not s p e c i f i e d 

E s t u a r i n e 5 x 10~ 6 P a r t i c u l a t e (2) 

E s t u a r i n e 3 x 10" 6 D i s s o l v e d (3) 
( l ° / o o S a l i n i t y ) 

E s t u a r i n e 6 x 1 ( T  D i s s o l v e d (3) 
( 2 0 % o S a l i n i t y ) 

Oceanic 2 x 10" 8 D i s s o l v e d (4) 

Oceanic 3 x 10~ 9 P a r t i c u l a t e (5) 

mine the tendency o f these two o x i d a t i o n s t a t e s t o form s o l u t i o n 
complexes and s o l i d phases. At the present time t e c h n i q u e s do 
not e x i s t which can r e v e a l the s p e c i f i c chemical forms i n aqueous 
samples c o n t a i n i n g l e s s than 10*"6 mol/kg i r o n . I t i s t h e r e f o r e 
n e c e s s a r y t o pursue a l e s s d i r e c t approach i n which a chemical 
model f o r i r o n i n n a t u r a l waters i s developed from thermodynamic 
and k i n e t i c i n f o r m a t i o n . Some o f the general c h a r a c t e r i s t i c s o f 
chemical models and t h e i r r e l a t i o n s h i p t o n a t u r a l systems were 
c o n s i d e r e d by Morgan (6). P r e v i o u s c o n s i d e r a t i o n s o f i r o n 
c h e m i s t r y i n marine systems have examined the importance o f hy
d r o x i d e , phosphate, and o r g a n i c 1igands (7-13). In t h i s paper 
we w i l l i n c o r p o r a t e d a t a r e c e n t l y o b t a i n e d i n our l a b o r a t o r y 
i n t o a c o n s i d e r a t i o n o f i r o n i n marine waters g i v i n g p a r t i c u l a r 
a t t e n t i o n t o the e f f e c t s o f s a l i n i t y and pH. It i s p o s s i b l e t o 
i d e n t i f y from t h i s model the most s i g n i f i c a n t forms and r e a c t i o n s 
o f i r o n , and t e c h n i q u e s may then be d e v i s e d t o c h a r a c t e r i z e these 
chemical systems under n a t u r a l c o n d i t i o n s . A chemical model i s 
l i m i t e d by i t s i n a b i l i t y t o account f o r the e f f e c t s o f bio c h e m i 
c a l p r o cesses on the c h e m i s t r y o f a c o n s t i t u e n t such as i r o n . 
N e v e r t h e l e s s , d e v i a t i o n s between the p r e d i c t i o n s from chemical 
models and the environmental o b s e r v a t i o n s can i n d i c a t e the e x i s t 
ence o f a d d i t i o n a l f a c t o r s which r e q u i r e c o n s i d e r a t i o n . 

T h i s paper p r e s e n t s a chemical model f o r i r o n i n marine 
systems based on thermodynamic and k i n e t i c i n f o r m a t i o n . Emphasis 
w i l l be p l a c e d on the redox r e a c t i o n s o f i r o n because o f t h e i r 
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unique importance i n t h i s metal 1 s e n v i ronmental c h e m i s t r y . An 
Eh-pH d iagram ( F i g u r e 1) p r o v i d e s a u s e f u l o r i e n t a t ion f o r the 
mater i a l t o be p r e s e n t e d . The two broken 1ines d e l i n e a t e the 
s t a b i 1 i t y range f o r water m o l e c u l e s r e l a t i v e t o oxygen and hy
drogen gases; a l 1 s t a b l e aqueous systems f a l l w i t h i n these bounds. 
The redox potent i a l (Eh) o f mar ine systems appears t o be con
t r o l l e d by e i t h e r oxygen o r s u l f i d e . Thermodynamical1 y, the 
oxygen-water r e a c t ion should c o n t r o l the Eh o f a e r a t e d systems 
( 1 i n e ABC i n F i g u r e 1 ) , but due to k i n e t i c f a c t o r s i t i s p o s s i b l e 
t h a t the oxygen-hydrogen p e r o x i d e r e a c t ion r e g u l a t e s the Eh i n 
these systems (14, 15)» For mar ine e n v i ronments d e v o i d o f oxygen 
the s u l f a t e - s u l f i d e r e a c t ion ( 1 i n e DEF i n F i g u r e 1) c o n t r o l s the 
Eh. A chemical model f o r f e r r o u s i r o n wi11 be developed which 
appl i e s a l o n g 1ine DEF. A s i m i l a r model f o r f e r r i c i ron a p p l i 
c a b l e t o 1ine ABC wi11  wi1
s i b l e t o examine the redo
t i o n s t a t e s , and f i n a l l y  o x y g e n a t i o
n a t u r a l waters wi11 be c o n s i d e r e d . 

S o l u t i o n E q u i 1 i b r i a o f F e r r o u s Ions 

The f i r s t s t e p i n f o r m u l a t ing a chemical model i n n a t u r a l 
waters i s t o c o n s i d e r the c o m p o s i t i o n o f the mediurn and the 
tendency f o r these components t o form metal complexes. T a b l e I I 
1 i s t s the m o l a l i t i e s o f the major c o n s t i t u e n t s i n r i v e r water 
( 0 , ocean water (16, 17) and m i x t u r e s o f these two w a t e r s . T h i s 
informat ion may be combined w i t h d a t a on the format ion o f s o l u -
t ion complexes (18, 19) t o obta i n a chemical model f o r a c o n s t i t -
u ent. The l a c k o f knowledge about the organ i c c o n s t i t u e n t s i n 
mar ine waters and o f t h e i r a b i 1 i t y t o form i ron-organ i c complexes 
i s a 1 i m i t ing f a c t o r i n d e v e l o p i n g a quant i t a t i v e model. One 
approach t o t h i s problem i s t o cons i d e r the inorgan i c s p e c i a t ion 
o f i r o n and then a s s e s s the p o s s i b l e s i g n i f i c a n c e o f o r g a n i c 
1igands r e l a t i v e t o the i n o r g a n i c ones. There a r e two a r e a s i n 
which the present knowledge o f i n o r g a n i c i r o n complexes i s i n 
adequate f o r marine systems: the p o s s i b l e format ion o f b i c a r b o n 
a t e , c a r b o n a t e , and s u l f i d e complexes can not be i n c o r p o r a t e d 
i n t o the model w i t h e x i s t ing d a t a ; and the p o s s i b l e s i g n i f i c a n c e 
o f mixed 1igand complexes has not been e s t a b l i s h e d . The r o l e o f 
mixed 1igand complexes such as c h l o r o - h y d r o x y spec i e s i s a chem
i c a l problem o f s p e c i a l importance t o multicomponent n a t u r a l 
waters which c h e m i s t s s t u d y i n g s i n g l e s a l t s o l u t ions have a v o i d e d . 
Some c o n s i d e r a t ions have ind i c a t e d t h a t mixed 1 igand complexes 
may be important f o r copper, z i n c , and mercury i n seawater ( 2 0 ) . 
A chemical model f o r i r o n can be developed w i t h i n these 1 i m i t a 
t i o n s . 

S t a b i 1 i t y c o n s t a n t s f o r h y d r o x i d e , c h l o r i d e , and s u l f a t e 
complexes o f f e r r o u s i r o n were s e l e c t e d i n the f o l l o w i n g manner. 
These e q u i 1 i b r i u m c o n s t a n t s have been measured i n a v a r i e t y o f 
i o n i c med i a such as sod i urn p e r c h l o r a t e s o l u t ions w i t h ion i c 
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T a b l e I I . M o l a l i t y o f c o n s t i t u e n t s and i o n i c s t r e n g t h ( i ) 
parameters i n m i x t u r e s o f s u r f a c e o c e a n i c seawater 
and w o r l d average r i v e r water (RW). 

S a l i n i t y 

C o n s t i t u e n t RW W o o IOV00 20°/oo 35°/oo 

N a + 0.00027 0.05426 0.13731 0.27574 0.48614 
M g 2 + 0.00017 0.00623 0.01556 0.03110 0.05473 
C a 2 + 0.00037 0.00151 0.00327 0.00620 0.01065 
K + 0.00006 0.0106 
c r 0.00022 
SOi, 2- 0.00011 0.00335 0.00833 0.01664 0.02926 
HCO3- 0.00096 0.00113 0.00139 0.00182 0.00247 
F" 0.00001 0.00002 0.00003 0.00004 0.00007 

I 0.0021 0.0820 0.2051 0.4102 0.7218 
/ F / ( i + / i ) 0.0434 0.2226 0.3H7 0.3904 0.4593 

s t r e n g t h s ( i ) between 0.1 and 3.0 molal (18, 19)* In some cases 
these e q u i l i b r i u m c o n s t a n t s were e v a l u a t e d a t i n f i n i t e d i l u t i o n 
o r z e r o i o n i c s t r e n g t h . A p l o t o f t h e l o g a r i t h m o f the s t a b i l i t y 
c o n s t a n t f o r each complex v e r s u s / f / ( 1 + / i ) was c o n s t r u c t e d i n 
o r d e r t o examine the c o n s i s t e n c y o f the v a r i o u s v a l u e s and t o 
o b t a i n t h e i r i o n i c s t r e n g t h dependence. The f u n c t i o n a l form 
/T/(1 + / i ) p r o v i d e s a c o n v e n i e n t means o f i n t e r p o l a t i n g between 
d i f f e r e n t i o n i c s t r e n g t h s and o f e x t r a p o l a t i n g d a t a t o i n f i n i t e 
d i l u t i o n (21_, 2 2 ) . 

The r e s u l t i n g s t a b i l i t y c o n s t a n t s a r e summarized i n T a b l e 
I I I . The v a l u e s which have been r e p o r t e d f o r l o g *&2(^e(^)l) 
range from -17.6 t o -5.85 f o r 0 < I 1 1. Such wide d i s c r e p 
a n c i e s may occur between d i f f e r e n t s t u d i e s when i n one case t he 
f o r m a t i o n o f r e l a t e d complexes such as Fe0H + i s taken i n t o a c 
count w h i l e i n another case t h e s e complexes a r e not c o n s i d e r e d 
and t h e i r e f f e c t s thus become a s s o c i a t e d w i t h the F e ( 0 H ) 2 ° . 
A l t e r n a t i v e l y , measurements o f t h i s c o n s t a n t may be p a r t i c u l a r l y 
d i f f i c u l t due t o the tendency o f Fe(ll) t o o x i d i z e t o F e ( l l l ) 
which undergoes much more e x t e n s i v e h y d r o l y s i s . The s y s t e m a t i c 
s e l e c t i o n o f f r e e energy d a t a by Langmuir (23) p r o v i d e s a con
s i s t e n t s e t o f v a l u e s f o r hydroxy s p e c i e s a t i n f i n i t e d i l u t i o n . 
Other d a t a f o r * & 2(Fe(0H) 2 ° ) would r e q u i r e t h a t t h i s c o n s t a n t 
i n c r e a s e by s i x t o twel v e o r d e r s o f magnitude between 1 = 0 and 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Ta
bl

e 
II

I.
 

St
ab

il
it

y 
co

ns
ta

nt
s 

se
le

ct
ed
 
f
o
r 
th

e 
ca

lc
ul

at
io

n 
of

 f
er

ro
us

 
co

mp
le

xe
s 

in
 n

at
ur

al
 

wa
te

rs
. 

Co
ns

ta
nt

 
Va

lu
e 

Re
fe

re
nc

e 

[F
eO

H+]
 [
H+

] 
*B

l(
Fe

OH
+
) 

= 
lo

g 
*e

x 
= 

-8
.3

0
 

+
 

3
-5

8
 

vT
/(

l 
+ 

/i
) 

(2
3

, 
2k

) 

[F
e(

0H
) 2
°]

[H
+
]2

 
*e

2
(F

e(
0H

) 2
°)

 -
 

lo
g 
*
$

2 -
 -

17
.6

 
(2

3)
 

[F
e2

+
] 

— 

[F
eC

l+
] 

e!
(F

eC
l+

) 
- 

lo
g 
6j

 =
 0

.7
9 

- 
0.

73
 /

f/
(l
 

+ 
/i

) 
(2

5)
 

[F
e2

+]
[C

1"
] 

— 

[F
eC

1 2
°]

 
B 2
(F

eC
l 2
°)

 =
 

to
g 
B 2
 -

 0
.2

1 
- 

0.
29

 /
T/

(l
 +

 /
i)

 
(2

5)
 

[F
e2

+]
[C

l-
]2
 

— 

[F
eS

O^
0
] 

MF
e
S°

«t
°)

 
lo

g 
@i
 =

 2
.1

2 
- 

2.
1»
7 

/F
/0

 
+ 

/i
) 

(2
6)

 
[F

e2
+
] 

[S
O^

-]
 

[H
SO

^-
] 

Bi
tH

SO
^-
) 

= 
lo

g 
Bi

 =
 1

-9
9 

- 
1.

06
 v

T/
(l
 +

 /
i)

 
(2

7-
30

) 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



3. KESTER ET AL. Iron in Marine Systems 61 

1, which i s t o t a l l y c o n t r a r y to the I o n i c s t r e n g t h dependence 
which can be a s s o c i a t e d w i t h the v a r i o u s s p e c i e s . For example: 

9 F e 2 + 

*B 2(Fe(0H) 2°, I - 0.7) - *B 2(Fe(0H) 2°, I - 0) (1) 
9Fe(0H) 2° 9 H + 

where the g f a c t o r s r e p r e s e n t the f r e e a c t i v i t y c o e f f i c i e n t s o f 
each s p e c i e s a t I = 0 . 7 . Even though a c c u r a t e v a l u e s can not 
be a s s i g n e d t o i n d i v i d u a l i o n i c a c t i v i t y c o e f f i c i e n t s , l i m i t s 
can be p l a c e d on t h e i r v a r i a t i o n w i t h I such t h a t t h e q u o t i e n t 
o f g-values i n e q u a t i o n (1) can not be expected t o v a r y by s i x 
o r d e r s o f magnitude between 1 * 0 and 1. In f a c t M r u l e o f 
thumb" v a l u e s f o r thes
*3 2(Fe(0H) 2°) should b
I ; t h i s r a t i o n a l e y i e l d e d the v a l u e f o r t h i s c o n s t a n t s e l e c t e d 
i n T a b l e I I I . The e q u i l i b r i u m c o n s t a n t s f o r f e r r o u s c h l o r i d e 
and s u l f a t e complexes were not a v a i l a b l e over a range o f i o n i c 
s t r e n g t h s , so t h e i r i o n i c s t r e n g t h dependences were e s t i m a t e d 
a l s o from a r e l a t i o n s h i p analogous t o e q u a t i o n (1) and from 
i n f o r m a t i o n on the t y p i c a l b e h a v i o r o f a c t i v i t y c o e f f i c i e n t 
v a r i a t i o n s between 1 = 0 and 1 ( 3 1 ) . 

The c a l c u l a t i o n o f f e r r o u s i r o n s p e c i a t i o n i s based on the 
e x p r e s s i o n f o r t o t a l F e ( l l ) : 

T ( F e ( l l ) ) = [ F e 2 + ] + [ F e C l + ] + [FeCl 2°] + [FeSOi, 0] + 

[Fe0H +] + [Fe(0H)2°] (2) 

Due t o the low c o n c e n t r a t i o n o f i r o n i n n a t u r a l waters i t i s 
not n e c e s s a r y to c o n s i d e r p o l y n u c l e a r complexes o f i r o n . The 
f r a c t i o n o f Fe ( l l ) which i s uncomplexed may be d e r i v e d from 
e q u a t i o n (2) w i t h the d e f i n i t i o n o f s t a b i l i t y c o n s t a n t s con
t a i n e d i n T a b l e I I I : 

[ F e 2 + ] / T ( F e ( l l ) ) = 1/(1 + B x ( F e C l + ) [CI"] + B 2(FeCl 2°)[Cl~] 2 

+ 3 i ( F e S 0 i f
o ) [ S 0 i +

2 " ] + * 3 i ( F e 0 H + ) / [ H + ] + *B 2(Fe(0H) 2°)/[H +] 2) (3) 

and s i m i l a r l y the f r a c t i o n o f Fe ( l l ) which o c c u r s as the g e n e r i c 
s p e c i e s F e L n i s g i v e n by: 

[ F e L n ] / T ( F e ( l l ) ) = B n ( F e L n ) [ L ] n / ( l + B i ( F e C l + ) [ C I " ] + 

3 2(FeCl 2°)[Cl"] 2 + B i t F e S O i / H S O i , 2 - ] + * B i ( F e 0 H + ) / [ H + ] + 

*& 2(Fe(0H) 2°)/[H +] 2) (k) 

The square b r a c k e t s d e s i g n a t e the m o l a l i t y o f the e n c l o s e d 
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spec i e s ( e . g ., u n a s s o c i a t e d o r f r e e 1igands) and the s p e c i e s i n 
parentheses f o l l o w i n g each beta i d e n t i f i e s the p a r t i c u l a r 
s t a b i l i t y c o n s t a n t as d e f i n e d i n T a b l e III. 

The m o l a l i t y o f f r e e 1igands was based on an i o n - p a i r i n g 
model f o r seawater i n which the f r e e c h l o r i d e was assumed t o be 
equal t o the t o t a l c h l o r i d e ( 3 2 ) . The f r e e s u l f a t e was 33% o f 
the t o t a l s u l f a t e a t 3 5 ° / o o s a l i n i t y ( 3 2 ) and t h i s percentage 
i n c r e a s e d t o 100% i n r i v e r water i n p r o p o r t i o n t o t h e decrease 
i n s a l I n i t y . The decrease i n [SOi* 2*] a t low pH due t o the 
format ion o f HSOi*" was accounted f o r i n the c a l c u l a t i o n s . For 
the purpose o f t h i s chemical model o f i ron a pH s c a l e was used 
such t h a t pH - - l o g [H +] so t h a t t h e pH y i e l d s the f r e e H + 

d i r e c t l y . T h i s pH s c a l e has a number o f advantages f o r t r e a t i n g 
seawater e q u i l i b r i a , and i t d e p a r t s from the c o n v e n t i o n a l 
N a t i o n a l Bureau o f Standard  ( 3 3 , 3 J 0 . 

The r e s u l t s o f t h e s
pH range o f 3.0 t o 10.0 f o r r i v e r w a t e r , 4 ° / 0 o s a l i n i t y , and 
3 5 ° / o o s a l i n i t y seawater a r e shown i n F i g u r e 2 . In r i v e r water 
below pH 7 the F e ( l l ) e x i s t s p r i m a r i l y as F e 2 + whereas between 
pH 7 and 10 the h y d r o x i d e complexes o f F e ( l l ) become s i g n i f i c a n t . 
At 3 5 ° / o o s a l i n i t y c h l o ro-complexes a r e a major form o f F e ( l l ) 
up t o a pH o f 7 , beyond which the Fe0H + s p e c i e s i s the predom
in a n t form. The e f f e c t o f s a l in i t y on the F e ( l l ) spec i e s d i s 
t r i b u t i o n a t pH 8 i s i l l u s t r a t e d i n F i g u r e 3 . There a r e two 
f a c t o r s i n v o l v e d i n the e f f e c t o f s a l i n i t y on F e ( l l ) : one i s the 
change i n concent r a t ion o f the c h l o r i d e and s u l f a t e complexing 
1igands; t h e second i s the change i n s t a b i 1 i t y c o n s t a n t s w i t h 
ion i c s t r e n g t h . T a b l e IV p r o v i d e s a more conven i e n t quant i t a -
t i v e r e p r e s e n t a t i o n o f t h e net e f f e c t o f these two f a c t o r s a t 
pH 7 and pH 8. These r e s u l t s p r o v i d e an i n o r g a n i c chemical 
model f o r i r o n which i s a p p l i c a b l e t o 1ine DEF i n F i g u r e 1 a t 
v a r i o u s s a l i n i t i e s . 

I t i s p o s s i b l e t o e v a l u a t e the p o t e n t i a l s i g n i f i c a n c e o f 
organ i c 1igands i n complexing f e r r o u s i ron. Mar ine waters 
t y p i c a l l y c o n t a i n a maximum o f 1 -5 mg o f d i s s o l v e d o r g a n i c c a r 
bon (DOC) per 1 i t e r (]_, 35_> 3 6 ) • Assuming a p p r o x i m a t e l y one 
f u n c t i o n a l group c a p a b l e o f complexing F e 2 + per s i x carbon atoms 
and an average DOC c o n c e n t r a t ion o f 2 mg/1 y i e l d s an e f f e c t i v e 
concent r a t ion o f 2.8 x 10" 5 molal f o r t h e o r g a n i c 1igands. In 
o r d e r f o r t h e s e 1igands t o complex 20% o f the F e ( l l ) i n 3 5 ° / o o 
s a l i n i t y seawater a t pH 8.0 they must have a s t a b i 1 i t y c o n s t a n t 
on the o r d e r o f 2 . 2 x 1 0 5 whereas i n r i v e r water a t pH 7 an 
F e ( l l ) - o r g a n i c s t a b i 1 i t y c o n s t a n t o f 9 . 6 x 10 3 would be s u f f i -
c i e n t t o complex 20% o f t h e F e ( l l ) . S t a b i 1 i t y c o n s t a n t s f o r the 
format ion o f F e 2 + complexes w i t h the f u n c t i o n a l groups o f amino 
a c i d s , a c e t a t e , c i t r a t e , and q u i n o l i n e c a r b o x y l a t e a r e g e n e r a l 1y 
i n the range 1 - 6 x 10 3 (18, 19) which i n d i c a t e s t h a t t h ese t y p e s 
o f 1igands c o u l d not compete w i t h the inorgan i c ones f o r F e ( l l ) 
i n seawater, but they c o u l d be s i g n i f i c a n t i n r i v e r water. 

A second f a c t o r to cons i d e r i n e v a l u a t ing the e f f e c t i veness 
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Figure 1. Eh—pH diagram for natural wa
ters. Line ABC shows the relationship be
tween Eh and pH when the 02/H20 con
trols the Eh. Line DEF is the relationship 
for the SOf~/S2~ reaction in marine systems. 
The intermediate line shows control by the 

02/H202 reaction. 
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Figure 2. Distribution of Fe(II) species as a 
function of pH at three salinities. The vertical 
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T a b l e IV. Percentage d i s t r I b u t ion o f F e ( l l ) s p e c i e s o v e r t h e 
e s t u a r i n e range o f s a l i n i t y a t c o n s t a n t pH. 

pH = 7 

S a l i n i t y RW W o o 1 0 ° / o o 2 0 ° / o o 3 5 ° / o , 

F e 2 + 92.2 59.1 41.7 28.3 18.8 

FeCl + 0.1 15.8 24.3 29.0 30.3 

FeCl2° — 0.3 1.4 3.6 7.2 

FeSOV 1.0 

FeOH + 6.6 18.5 27-3 35.4 41.6 

Fe(0H) 2° — 0.01 0.01 -- — 

pH = 8.0 

S a l i n i t y RW W o o 1 0 ° / o o 2 0 ° / o o 3 5 % , 

F e 2 + 57.0 22.0 12.0 6.7 4.0 

FeCl + 0.07 5.9 7-0 6.9 6.4 

FeCl 2° — 0.1 0.4 0.9 1.5 

FeSOij 0 0.6 2.3 1.6 0.8 0.4 

Fe0H + 40.9 69.1 78.7 84.4 87.6 

Fe(0H) 2° 1.4 0.6 0.3 0.2 0.1 
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o f o r g a n i c 1igands i n complexing Fe ( l l ) i s the c o m p e t i t i o n 
between F e 2 + and M g 2 + o r C a 2 + f o r the o r g a n i c f u n c t i o n a l groups 
(37, 38). The a v a i l a b i l i t y o f f u n c t i o n a l groups f o r these 
d i v a l e n t ions i s l i k e l y t o depend on the hydrogen ion d i s s o c i a 
t i o n e q u i l i b r i u m f o r a c i d groups. The e s t i m a t e o f o r g a n i c metal 
complexing w i l l be maximized by c o n s i d e r i n g t h a t a l l the f u n c 
t i o n a l groups a r e a v a i l a b l e f o r the metal ions a t pH 7.0 and 8.0. 
T a b l e V i l l u s t r a t e s t h a t most o f the o r g a n i c 1igands c a p a b l e o f 
complexing F e 2 + w i l l be complexed by the much more abundant M g 2 + 

and C a 2 + ions i n seawater. T h i s e f f e c t f u r t h e r decreases the 
l i k e l i h o o d o f s i g n i f i c a n t F e ( l l ) - o r g a n i c complexes a t pH 8 i n 
seawater. In r i v e r water a t pH 7 the F e 2 + can compete e f f e c t i v e 
l y w i t h the M g 2 + and C a 2 + and about 10% o f the Fe ( l l ) c o u l d be 
complexed by o r g a n i c 1igands w i t h a 6 x 10 3 s t a b i l i t y c o n s t a n t . 
A d e f i n i t i v e e v a l u a t i o ( l l )
complexes w i l l r e q u i r e
d e r i v e d o r g a n i c matter from marine systems. N e v e r t h e l e s s the 
present a n a l y s i s shows that u n l e s s the n a t u r a l o r g a n i c matter 
has a much g r e a t e r s e l e c t i v i t y f o r F e 2 + r e l a t i v e t o M g 2 + i t w i l l 
not be s i g n i f i c a n t f o r Fe ( l l ) i n seawater, but i t c o u l d be impor
t a n t f o r Fe ( l l ) i n r i v e r water and i n c o a s t a l waters o f low 
s a l i n i t y . 

T a b l e V. E v a l u a t i o n o f the c o m p e t i t i o n between f e r r o u s , 
magnesium, and c a l c i u m ions f o r o r g a n i c 1igands 
i n 35° /oo s a l i n i t y seawater and i n r i v e r water. 

T(org) - [Fe-org] + [Mg-org] + [Ca-org] + [org] 

[Fe-org] 3 ( F e - o r g ) [ F e 2 + ] 

T(org) 1 + 3(Mg-org)[Mg 2 +] + 3 ( C a - o r g ) [ C a 2 + ] + 3 ( F e - o r g ) [ F e 2 + ] 

Seawater, pH = 8.0 R i v e r Water, pH - 7.0 

Metal (M-org) [M] % T(org) [M] % T(org) 

F e 2 + 6 x 1 0 3 k x 1 0 ~ 8 k x 10" 3 1 x 1 0 " 5 5.5 
Mg 2+ 1 x 1 0 2 5 x 10" 2 81 2 x l O " " 1.8 
Ca 2+ 20 1 x 10" 2 3 k x 10 - l t 0.7 

S o l u t i o n E q u i l i b r i a o f F e r r i c Ions 

An a n a l y s i s f o r f e r r i c i r o n i n n a t u r a l waters may be made 
s i m i l a r t o the p r e c e d i n g one f o r F e ( l l ) . P r e l i m i n a r y c a l c u l a 
t i o n s o f t h i s t ype c o n s i d e r i n g a wide range o f 1igands ( C l ~ , 
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SO^ 2", B r " , F", B v O H K " , H P O I* 2 " , H2P0k', and O H " ) showed the 
predominant i n f l u e n c e o f h y d r o x i d e s p e c i e s a t pH v a l u e s g r e a t e r 
than 5 ( 3 9 )« During the past s e v e r a l years a program has been 
c a r r i e d out i n our l a b o r a t o r y t o measure the s t a b i l i t y c o n s t a n t s 
f o r f e r r i c h y d r o x i d e s p e c i e s which a r e a p p r o p r i a t e t o e q u i l i b r i u m 
c a l c u l a t i o n s i n a seawater medium ( 4 0 - 4 3 ) . S t a b i l i t y c o n s t a n t s 
f o r t h e p r i n c i p a l i n o r g a n i c f e r r i c s p e c i e s were o b t a i n e d as a 
f u n c t i o n o f i o n i c s t r e n g t h i n the same manner as f o r F e ( l l ) . The 
r e s u l t s a r e summarized i n T a b l e V I . The r e l a t i v e amounts o f 
f e r r i c s p e c i e s were c a l c u l a t e d u s i n g e x p r e s s i o n s analogous t o 
eq u a t i o n s (3 ) and ( 4 ) . The f r e e f l u o r i d e 1igand was taken t o be 
50% o f the t o t a l f l u o r i d e i n 3 5 ° / o o s a l i n i t y seawater ( 5 3 ) i n 
o r d e r t o account f o r f l u o r i d e i o n - p a i r i n g by Mg 2 +, C a 2 + , and Na +. 
T h i s percentage i n c r e a s e d t o 100% i n r i v e r water i n p r o p o r t i o n t o 
the decrease i n s a l i n i t y
F" was accounted f o r b

The r e s u l t s o f F e ( l l l ) s p e c i e s d i s t r i b u t i o n s a r e shown i n 
F i g u r e 4 . One o f the major d i f f e r e n c e s between the F e ( l l l ) and 
F e ( l l ) s p e c i a t i o n models i s t h a t F e ( l l l ) i s not s u b s t a n t i a l l y 
a f f e c t e d by s a l i i t y changes f o r pH v a l u e s g r e a t e r than 4 due t o 
the predominance o f hy d r o x i d e over the o t h e r i n o r g a n i c 1igands. 
T a b l e V I I i l l u s t r a t e s the c o m p e t i t i o n which e x i s t s between hy
d r o x i d e and the o t h e r a n i o n s a t pH 4 as s a l i n i t y i n c r e a s e s from 
r i v e r water t o o c e a n i c v a l u e s . 

T a b l e V I I . Percentage d i s t r i b u t i o n o f F e ( l l l ) s p e c i e s over the 
e s t u a r i n e range o f s a l i n i t y a t pH = 4 . 0 . 

S a l i n i t y RW 4 ° / o o 1 0 ° / o o 2 0 ° / o o 3 5 ° / o o 

F e 3 + 1.3 1.8 2.1 2.5 2.7 
F e C l 2 + — 1.0 2.0 3.0 4.1 

F e C l 2
+ -- — — 0.2 0.4 

F e F 2 + 9-4 10.5 10.9 10.0 11.2 
FeSOi/ 1.0 7.1 7.4 6.4 4.9 
FeOH 2 + 79.0 65.9 60.8 57.6 53.0 

F e ( 0 H ) 2
+ 9.1 13.6 16.7 20.4 23.6 

Fe(0H) 3° 0.03 0.05 0.05 0.06 0.07 

The requirements f o r s i g n i f i c a n t o r g a n i c complexes o f 
F e ( l l l ) r e l a t i v e t o the hy d r o x i d e s p e c i e s a t pH 8 can be formu
l a t e d i n a manner s i m i l a r t o t h a t f o r F e ( l l ) . T h i s c o n s i d e r a t i o n 
w i l l be made f o r 3 5 ° / o o s a l i n i t y , because i t i s e s s e n t i a l l y 
independent o f the i o n i c s t r e n g t h and the a n i o n c o n c e n t r a t i o n s 
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Figure 4. Distribution of Fe(III) species as a 
function of pH for three salinities 
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o t h e r than 0H~. Organic 1igands such as amino a c i d s ( g l u t a m i c , 
a s p a r t i c , and a l a n i n e ) , hydroxy a c i d s ( c i t r i c ) , and c a r b o x y l i c 
a c i d s ( p r o p i o n i c ) have s t a b i l i t y c o n s t a n t s w i t h F e 3 + o f l e s s 
than 1 x 1 0 1 2 . Due t o the e x t e n s i v e h y d r o x i d e complexing o f 
F e 3 + a t pH 8 the i r o n can not compete w i t h the magnesium and 
c a l c i u m ions i n seawater f o r the o r g a n i c 1igands (Table V I I I ) . 

T a b l e V I I I . E s t i m a t i o n o f the a b i l i t y o f f e r r i c ions t o compete 
w i t h the magnesium and c a l c i u m ions i n seawater a t 
pH = 8.0 f o r t y p i c a l o r g a n i c 1igands. The [ F e 3 + ] 
i s based on a T ( F e ( l I l ) ) = 1 x 1 0 " 7. 

Metal (M-org) [M] % T(org) 

F e 3 + 1 x 1 0
M g 2 + 1 x 1 0 2 5 x 1 0 " 2 81 
C a 2 + 20 1 x 1 0 " 2 3 

These e s t i m a t e s i n d i c a t e t h a t 3-5 x 1 0 ~ 8 % o f the T ( F e ( l I l ) ) c o u l d 
be complexed by o r g a n i c m a t t e r . In o r d e r f o r F e ( i l l ) - o r g a n i c 
complexes t o be s i g n i f i c a n t i n seawater i t would r e q u i r e t h a t 
the n a t u r a l o r g a n i c matter in seawater has a s t a b i l i t y c o n s t a n t 
w i t h i r o n which i s 1 0 1 8 times g r e a t e r than i t s s t a b i l i t y c o n s t a n t 
w i t h magnesium. 

The c a l c u l a t i o n o f f e r r i c i r o n complexes i n seawater and i n 
r i v e r water p r o v i d e s a d e s c r i p t i o n o f the s o l u t i o n e q u i l i b r i a o f 
i r o n a l o n g l i n e ABC i n F i g u r e 1. The r e s u l t i n g c o n c l u s i o n s a r e 
t h a t f e r r i c h y d r o x i d e complexes predominate f o r pH v a l u e s g r e a t e r 
than 4 and t h a t these s p e c i e s a r e i n s e n s i t i v e t o changes i n 
s a l i n i t y . Other f e r r i c complexes a r e important o n l y under ex
treme c o n d i t i o n s such as a c i d i c mine waters o r the m i c r o e n v i r o n -
ments near s u r f a c e s where the pH may decrease below 4. The un
charged Fe(0H)3° s p e c i e s has been t r e a t e d as a s o l u t i o n complex 
in t h i s a n a l y s i s . The experiments used t o determine i t s s t a b i l 
i t y c o n s t a n t (40, 42) p r o v i d e d an o p e r a t i o n a l c h a r a c t e r i z a t i o n 
o f t h i s s p e c i e s such as the f a c t t h a t i t passed through a 0.45 
urn pore s i z e f i l t e r ; i t was r e t a i n e d on a 0.05 urn f i l t e r (pos
s i b l y by a d s o r p t i o n ) ; i t passed through a d i a l y s i s membrane; and 
i t was much more r a p i d l y c o n v e r t e d t o a f i l t e r a b l e form than the 
b u l k p o r t i o n o f p r e c i p i t a t e d hydrous f e r r i c o x i d e when the pH 
was reduced from about 8 t o 4. These p r o p e r t i e s a r e c o n s i s t e n t 
w i t h what would be expected f o r an uncharged complex, but they 
may a l s o r e p r e s e n t f e a t u r e s o f v e r y small c o l l o i d a l p a r t i c l e s as 
i n d i c a t e d i n u l t r a c e n t r i f u g a t i o n experiments ( 5 4 ) . Even though 
the m o l e c u l a r n a t u r e o f t h i s FefOH)! s p e c i e s has not been e s t a b 
l i s h e d , i t i s p o s s i b l e t o d i f f e r e n t i a t e i t c h e m i c a l l y and phys
i c a l l y from o t h e r s o l u t i o n complexes and from b u l k p a r t i c u l a t e 
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phases ( p a r t i c l e s i z e g r e a t e r than 0.1-0.5 ym). 

Redox E q u i l i b r i a o f Fe ( l l ) and F e ( l l l ) 

The p r e c e d i n g c o n s i d e r a t ions o f Fe ( l l ) and F e ( l l l ) spec i a -
t ion prov ide a b a s i s f o r examining the redox e q u i 1 i b r ium between 
these two o x i d a t ion s t a t e s . These r e a c t ions f r e q u e n t l y a r e 
expressed i n terms o f stan d a r d e l e c t r o d e potent i a l s ( r e l a t i v e t o 
the convent i o n a l hydrogen s c a l e ) i n which case t he parameter Eh 
and the f o l l o w i n g e x p r e s s i o n s a r e u s e f u l : 

F e 3 + + e ~ ^ F e 2 + E° = +0.771 v o l t (5) 

a ( F e 2 + ) 

F a l F e 3 + ) a(e
E° = ^ In RT/

a ( F e 2 + ) E° - Eh 

a ( F e 3 + ) RT/F F 

In where Eh - - ~r In a(e) (7) 

The a ( i ) r e p r e s e n t s the a c t i v i t y o f the i c o n s t i t u e n t . 
Equat ion (7) p r o v i d e s the b a s i s f o r c a l c u l a t ing the r e l a 

t i v e thermodynamic s t a b i 1 i t y o f Fe ( l l ) and F e ( l l l ) as a f u n c t ion 
o f Eh. In o r d e r t o r e l a t e such a c a l c u l a t ion t o a n a l y t i c a l ob
s e r v a t i o n s i t i s more u s e f u l t o c o n s i d e r T ( F e ( l l ) ) and T ( F e ( l I l ) ) 
than a ( F e 2 + ) and a ( F e 3 + ) . These q u a n t i t i e s a r e r e l a t e d t o the 
ac t i v i t y c o e f f i c i e n t s o f f r e e metal i o n s , g, and t o the spec i a -
t i o n o f the metal by the f o l l o w i n g : 

a ( F e 2 + ) - g ( F e 2 + ) [ F e 2 + ] and a ( F e 3 + ) - g ( F e 3 + ) [ F e 3 + ] (8) 

a ( F e 2 + ) / g ( F e 2 + ) a ( F e 3 + ) / g ( F e 3 + ) 
T ( F e ( l l ) ) = and T ( F e ( l I l ) ) - (9) 

[Fe 2 +]/T(Fe(H» [ F e 3 + ] / T ( F e ( l I l ) ) 

The r a t i o s [Fe]/T(Fe) f o r each o x i d a t ion s t a t e a r e obta ined from 
the two preced ing s e c t ions o f t h i s paper, and f o r the purpose o f 
these c a l c u l a t ions i t i s s u f f i c i e n t t o a s s i g n " r u l e o f thumb" 
v a l u e s t o g ( F e 2 + ) and g ( F e 3 + ) on the b a s i s o f s o l u t i o n i o n i c 
s t r e n g t h and i o n i c charge (31). For 35°/©o s a l i n i t y seawater 
g ( F e 2 + ) = 0.25, g ( F e 3 + ) = CTOkk and f o r r i v e r water g ( F e 2 + ) = 
0.915, g ( F e 3 + ) = 0.819. 

The r e s u l t ing c a l c u l a t ion o f t h e r e l a t i v e magnitudes o f 
T( F e ( l I l ) ) and T ( F e ( l l ) ) based on e q u a t i o n s (7) and (9) i s shown 
by the s o l i d l i n e s i n F i g u r e 5. The redox e q u i l i b r i u m between 
F e ( l l ) and F e ( l l l ) does not change much w i t h s a l i n i t y , but a pH 
change from 8 t o 6 a l t e r s the r a t i o o f F e ( l l l ) t o Fe ( l l ) by f i v e 
o r d e r s o f magn i t u d e . 

It i s n e c e s s a r y t o e s t a b l i s h a v a l u e f o r t h e Eh o f n a t u r a l 
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waters i n o r d e r t o r e l a t e F i g u r e 5 t o marine systems. For a n o x i c 
environments c o n t a i n i n g hydrogen s u l f i d e t h e r e i s general agree
ment between thermodynamic c a l c u l a t i o n s and Eh measurements u s i n g 
a p l a t i n u m e l e c t r o d e . The s u l f a t e / s u l f i d e r e a c t i o n r e g u l a t e s Eh 
under these c o n d i t i o n s and i t s e f f e c t on the F e ( l l l ) and Fe ( l l ) 
e q u i l i b r i u m i s shown by the h o r i z o n t a l diamonds i n F i g u r e 5. 

For waters c o n t a i n i n g d i s s o l v e d oxygen, thermodynamic con
s i d e r a t i o n s p r e d i c t t h a t Eh should be c o n t r o l l e d by the 0 2/H 20 
r e a c t i o n , but measurements w i t h a p l a t i n u m e l e c t r o d e y i e l d v a l u e s 
which a r e not w e l l - d e f i n e d but which a r e s e v e r a l t e n t h s o f a v o l t 
lower than p r e d i c t e d . One p o s s i b l e e x p l a n a t i o n f o r t h i s o b s e r 
v a t i o n i s t h a t the O2/H2O r e a c t i o n does not o c c u r r e v e r s i b l y on 
a p l a t i n u m s u r f a c e . Another p o s s i b l e f a c t o r i s t h a t the b r e a k i n g 
o f the 0=0 bond i n the O2/H2O r e a c t i o n k i n e t i c a l l y p r e vents the 
at t a i n m e n t o f e q u i l i b r i u
O2/H2O2, may s e t the E
c l e a r t o what e x t e n t these f a c t o r s o f Eh c o n t r o l a t e l e c t r o d e 
s u r f a c e s by d i s s o l v e d oxygen r e f l e c t the mechanism o f Eh c o n t r o l 
f o r the homogeneous s o l u t i o n r e a c t i o n between f e r r o u s ions and 
oxygen. R e g a r d l e s s o f which oxygen r e a c t i o n c o n t r o l s the F e ( l l ) / 
F e ( l l l ) c o u p l e , these c a l c u l a t i o n s i n d i c a t e thermodynamically 
t h a t f e r r o u s i r o n should y i e l d f e r r i c i r o n i n oxygenated n a t u r a l 
waters having pH v a l u e s g r e a t e r than 6 and s a l i n i t i e s r a n g i n g 
from r i v e r t o ocean w a t e r s . 

K i n e t i c s o f Ferrous Oxygenation i n N a t u r a l Waters 

The k i n e t i c s o f the r e a c t i o n between F e ( l l ) and oxygen w i l l 
d etermine the e x t e n t to which the p r e c e d i n g e q u i l i b r i u m c o n s i d e r 
a t i o n s r e f l e c t the forms o f i r o n i n oxygenated w a t e r s . In NaHC0 3 

s o l u t i o n s w i t h pH = 6.0 to 7.5 Stumm and Lee (55) found t h a t the 
r a t e o f f e r r o u s o x y g e n a t i o n v a r i e d a c c o r d i n g t o : 

d T ( F e ( l l ) ) g k T ( F e ( n ) ) P 0 2 [ 0 H - ] 2 (10) 

The f i r s t o r d e r dependence o f the r a t e on the p a r t i a l p r e s s u r e o f 
oxygen, P, and on T ( F e ( l l ) ) appears t o be a c h a r a c t e r i s t i c f e a 
t u r e o f the r e a c t i o n except i n h i g h l y a c i d i c s o l u t i o n s (pH < 2) 
where the r a t e i s second o r d e r w i t h r e s p e c t t o [ F e 2 + ] (56). The 
second o r d e r dependence on [OH"] p e r s i s t s t o a pH = 5, "Put t h i s 
pH e f f e c t d i m i n i s h e s below t h i s v a l u e so t h a t f o r pH < 3 t h e r e 
i s v e r y l i t t l e change i n the r a t e w i t h a f u r t h e r decrease i n pH 
(57). The pH dependence o f t h i s r e a c t i o n i s h i g h l y s i g n i f i c a n t 
f o r n a t u r a l w a t e r s . At pH = 6.0 about a week i s r e q u i r e d t o 
o x i d i z e 35% o f an i n i t i a l q u a n t i t y o f F e ( l l ) , whereas a t pH - 8.0 
the r e a c t i o n i s 35% complete i n one minute (3 1 ) . 

E v idence has been a c q u i r e d which shows t h a t the r a t e o f 
f e r r o u s o x i d a t i o n d i f f e r s f o r v a r i o u s s o l u t i o n complexes o f F e 2 + 
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(55). The r a t e Increases In the o r d e r o f the f o l l o w i n g a n i o n s : 
ClOt*", SOi* 2", C I " , POi* 3", and OH". There a r e s e v e r a l p o s s i b l e 
mechani sms f o r the f e r r o u s o x y g e n a t i o n r e a c t i o n . The Haber-Wei ss 
mechanism has r e c e i v e d the most a t t e n t i o n (15) and i t i n v o l v e s 
the f o l l o w i n g r a t e d e t e r m i n i n g s t e p : 

FeOH + + 0 2 + H + —• FeOH 2 + + H0 2 (11) 

T h i s r e a c t i o n would account f o r the f i r s t o r d e r dependence on 
F e ( l l ) and 0 2 , but i t p r e d i c t s a z e r o o r d e r pH dependence. The 
H0 2 s p e c i e s formed by r e a c t ion (11) would r e a c t r a p i d l y t o form 
H 2 0 2 and p o s s i b l y H 20 w i t h the subsequent e l e c t r o n t r a n s f e r 
r e a c t i o n s i n v o l v i n g e i t h e r a d d i t i o n a l F e ( l l ) o r another reduced 
substance i n the system. Goto e£ a l _ . (58) proposed the f o l low
ing r a t e determin ing s t e
on Fe ( l l ) , 0 2 , and OH*"

FeOH + + 0 20H" -> F e ( 0 H ) 2
+ + 0 2 " (12) 

The 0 2 ~ s p e c i e s would undergo r a p i d p r o t o n a t i o n t o H0 2 w i t h sub
sequent r e a c t i o n s as suggested i n the Haber-Weiss mechanism. 
R e a c t i o n (12) p o s t u l a t e s the e x i s t e n c e o f an 0 20H~ s p e c i e s which 
i s a h y d rated oxygen molecule t h a t has undergone p r o t o n d i s s o c i a -
t i o n s i m i l a r t o the h y d r o l y s i s r e a c t i o n s o f t r a n s i t i o n metal i o n s . 
The 0 20H~ s p e c i e s must be q u a n t i t a t i v e l y i n s i g n i f i c a n t compared 
to o r d i n a r y d i s s o l v e d oxygen even i n 2 N NaOH s o l u t i o n s , because 
the s o l u b i I i t y o f oxygen i n aqueous s o l u t i o n i s not pH dependent. 

We can suggest two p o s s i b l e r a t e d e t e r m i n i n g s t e p s which 
conform t o the r a t e law o f e q u a t i o n (10) w i t h o u t i n v o k i n g a 
s p e c i a l form o f d i s s o l v e d oxygen. The f i r s t one i s : 

Fe(0H) 2° + 0 2 F e ( 0 H ) 2
+ + 0 2 " (13) 

The c a l c u l a t i o n s o f F e ( l l ) s p e c i e s i n d i c a t e t h a t the Fe(0H) 2° 
complex i s l e s s than 0.02% o f T ( F e ( l l ) ) a t pH = 7.0, so t h a t 
r e a c t i o n (13) would r e q u i r e the r a t e c o n s t a n t f o r Fe(0H) 2° oxy
g e n a t i o n t o be s e v e r a l o r d e r s o f magni tude g r e a t e r than one f o r 
an FeOH + + 0 2 r e a c t i o n . The second p o s s i b i l i t y i s : 

FeOHH 20 + + 0 2 ~> F e ( 0 H ) 2
+ + H0 2 (14) 

i n which the r a t e d etermin ing s t e p i n v o l v e s the d e p r o t o n a t ion o f 
a hydrated water molecule a l o n g w i t h the e l e c t r o n t r a n s f e r be
tween Fe and 0 2 . Both the d e p r o t o n a t i o n and the c o n c e n t r a t i o n o f 
FeOH + would be f a v o r e d by an i n c r e a s e i n pH thereby l e a d i n g t o 
the second o r d e r dependence o f the r a t e on OH". R e a c t i o n (14) i s 
more c o n s i s t e n t than (13) w i t h the p r i n c i p a l F e ( l l ) s p e c i e s i n 
the n e u t r a l pH range. 

The r o l e o f d i s s o l v e d o r g a n i c matter i n n a t u r a l waters i s 
another f a c t o r which i s s i g n i f i c a n t i n the k i n e t i c s o f the F e ( l l ) -
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F e ( l l l ) r e a c t i o n . Experiments have shown t h a t o r g a n i c substances 
may have s e v e r a l e f f e c t s on i r o n r e a c t i o n s (59> 6 0 ) . T a n n i c 
a c i d , g a l l i c a c i d , and p y r o g a l l o l prevented the o x y g e n a t i o n o f 
F e ( l l ) . Other substances such as g l u t a m i c a c i d , t a r t a r i c a c i d , 
and g l u t a m i n e produced a slower r a t e o f o x y g e n a t i o n than was 
observed i n NaHC03 s o l u t i o n s a t the same pH = 6 . 3 . C i t r i c a c i d 
produced an i n i t i a l r a t e which was g r e a t e r than the one i n NaHC0 3. 
Thus d i f f e r e n t o r g a n i c m a t e r i a l s can i n h i b i t , r e t a r d , o r a c c e l e r 
a t e the r a t e o f f e r r o u s o x y g e n a t i o n . T h e i s and S i n g e r (60) a l s o 
found t h a t l O " 4 molar c o n c e n t r a t i o n s o f numerous o r g a n i c com
pounds c o u l d reduce 10" 6 t o 10~ 5 molar c o n c e n t r a t i o n s o f F e ( l l l ) 
t o F e ( l l ) i n t h e presence o f d i s s o l v e d oxygen. The humic a c i d 
p o r t i o n o f o r g a n i c m a t e r i a l e x t r a c t e d from f r e s h waters e x h i b i t s 
some o f the same c h a r a c t e r i s t i c s w i t h Fe ( l l ) and F e ( l l l ) as 
t a n n i c a c i d . These r e s u l t
r e q u i r e i n v e s t i g a t i o n o
marine systems. 

Some i n i t i a l s t u d i e s o f the r a t e o f f e r r o u s o x y g e n a t i o n i n 
n a t u r a l waters have been c a r r i e d out i n our l a b o r a t o r y . Two ex
p e r i m e n t a l approaches were used. A d i r e c t m o n i t o r i n g o f the 
Fe ( l I I ) product as a f u n c t i o n o f time was performed by r e c o r d i n g 
the absorbance a t 295 nm o f the r e a c t i o n s o l u t i o n c o n t a i n e d i n a 
10 cm c e l l . A p p r o x i m a t e l y 5 x 10~ 6 moles o f F e C l 2 was added t o 
the r e a c t i o n medium which had a pH between 7*9 and 8 . 3 . The 
i n c r e a s e i n absorbance a t 295 nm w i t h time i s due t o the forma
t i o n o f f e r r i c hydroxy complexes and the s c a t t e r i n g o f l i g h t by 
c o l l o i d a l and p a r t i c u l a t e hydrous f e r r i c o x i d e . Because the 
a t t e n u a t i o n o f l i g h t i n t e n s i t y due t o a b s o r p t i o n and s c a t t e r i n g 
may not have been d i r e c t l y p r o p o r t i o n a l to the F e ( l l l ) c o n c e n t r a 
t i o n a second t e c h n i q u e was used i n which s c a t t e r i n g was not a 
f a c t o r . Samples were a l l o w e d t o r e a c t f o r v a r i o u s p e r i o d s o f 
t i m e , and the r e a c t i o n was quenched by the a d d i t i o n of 1.1 N 
HClOi* t o reduce the pH t o 2 . 5 . The UV spectrum o f the quenched 
sample was c h a r a c t e r i s t i c o f F e ( l l l ) complexes over the wavelength 
range 240-400 nm. The absorbance a t 3 0 3 nm of the quenched 
samples v a r i e d l i n e a r l y w i t h the f e r r i c c o n c e n t r a t i o n over the 
range o f 1 -8 uM. 

An example o f the r e s u l t s o b t a i n e d by the d i r e c t m o n i t o r i n g 
o f absorbance a t 295 nm i s shown i n F i g u r e 6. For the r e a c t i o n : 

F e ( l l ) + 0 2 F e ( l l l ) 

the pseudo f i r s t o r d e r r a t e law may be w r i t t e n 

d [ d 6 [ H ) ] = k ' { [ F e ( l l ) ] o - [ F e ( l l l ) ] } (15) 

where [ F e ( l l ) ] and [ F e ( l l l ) ] a r e the c o n c e n t r a t i o n s o f reduced 
and o x i d i z e d i r o n a t time t and [ F e ( l l ) ] o i s the i n i t i a l concen
t r a t i o n o f f e r r o u s i r o n . The r a t e parameter k 1 w i l l be a c o n s t a n t 
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Figure 5. Variation in the ratio of total 
Fe(III) to total Fe(II) molality as a function 
of Eh for three natural water systems. A> 
Eh control by the 02/H20 reaction; Eh 
control by the 02/H202 reaction; the con

trol of Eh by the SOf~/S2~ reaction. 
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Figure 6. Rate of Fe(II) oxygenation in Nar-
ragansett Bay seawater at pH = 8.08. The 
upper curve shows the continuously recorded 
absorbance at 295 nm. The lower plot shows 
the logarithmic fit which is characteristic of a 
pseudo first order rate, the slope of which 

yields k'. 
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p r o v i d e d t h a t pH and P a r e c o n s t a n t (compare e q u a t i o n (15) w i t h 
( 1 0 ) ) . The p l o t o f In £ F e ( l l ) ] 0 / ( I F e ( l l ) ] 0 - [ F e ( l l l ) ] ) v e r s u s 
time y i e l d s a s t r a i g h t l i n e d u r i n g the i n i t i a l p o r t i o n o f the 
r e a c t i o n ( e . g . , the f i r s t 16 min i n F i g u r e 6 ) . D e v i a t i o n s from 
t h i s l i n e a r e observed over l o n g e r p e r i o d s of time which may be 
due t o d e p a r t u r e s i n a d i r e c t p r o p o r t i o n a l i t y between [ F e ( l l l ) ] 
and absorbance due t o c o a g u l a t i o n and s c a t t e r i n g e f f e c t s o f the 
hydrous f e r r i c o x i d e . The v a l u e o f k' was o b t a i n e d from the 
i n i t i a l l i n e a r p o r t i o n o f the d a t a . T h i s r a t e parameter was 
i n d i s t i n g u i s h a b l e from the v a l u e o b t a i n e d by the quenching t e c h 
nique i n which s c a t t e r i n g o f the l i g h t was not a f a c t o r . 

The r a t e c o n s t a n t k i n e q u a t i o n (10) was c a l c u l a t e d from k 1 , 
pH, and P. The r e s u l t s o f our measurements i n n a t u r a l seawater 
from N a r r a g a n s e t t Bay and s u r f a c e Sargasso Seawater a r e shown i n 
T a b l e IX a l o n g w i t h th
in sodium b i c a r b o n a t e s o l u t i o n s
f o r the c o n c e n t r a t i o n of F e ( l l ) to be d i m i n i s h e d by a f a c t o r of 
two. These p r e l i m i n a r y r e s u l t s show t h a t the r a t e o f t h i s r e 
a c t i o n i s much slower i n n a t u r a l marine waters than would be 
expected on the b a s i s o f measurements i n sodium b i c a r b o n a t e s o l u 
t i o n s . T h i s o b s e r v a t i o n c o u l d r e f l e c t the importance o f o r g a n i c 
matter as p o i n t e d out by T h e i s and S i n g e r (60) o r o f o t h e r con
s t i t u e n t s i n marine waters on the r a t e o f f e r r o u s o x y g e n a t i o n . 

T a b l e IX. The r a t e o f f e r r o u s o x y g e n a t i o n i n marine waters and 
i n sodium b i c a r b o n a t e s o l u t i o n s . 

t£ a t P Q - 0.2091* 

Medium UT pH - 7 pH = 8 Source 
(min) (min) 

NaHC0 3, pH = 2 - 6 8.0 x 1 0 1 3 4 0.04 ( 5 7 ) 

N a r r a g a n s e t t Bay 6 x 1 0 1 1 550 5 . 5 T h i s work 
S / o o = 31.2 /oOf 
pH = 7 . 9 - 8 . 3 

Sargasso Seawater 10 x 1 0 1 1 330 3 . 3 T h i s work 
S ° / o o = 3 6 . 0 ° / o o , 
pH - 8.2 

a: The u n i t s f o r k a r e l i t e r 2 m o l " 2 atm" 1 min 

Summary o f Iron R e a c t i o n s i n Marine Waters 

Four a s p e c t s o f the c h e m i s t r y o f i r o n have been c o n s i d e r e d 
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In t h i s paper. The format Ion o f f e r r o u s s o l u t i o n complexes v a r i e s 
s i g n i f i c a n t l y w i t h s a l i n i t y and pH over the range o f condi t i o n s 
encountered i n c o a s t a l r e g i o n s . Complexes o f f e r r i c i ron a r e 
p r i m a r ? l y h y d r o x i d e s p e c i e s which depend on pH and which appear 
not t o v a r y g r e a t l y w i t h s a l i n i t y . The redox e q u i 1 i b r i u m between 
Fe ( l l ) and F e ( l l l ) f a v o r s the predominance o f F e ( l l l ) i f the 
redox p o t e n t i a l i s s e t by e i t h e r the O2/H2O o r O2/H2O2 r e a c t i o n , 
but F e ( l l ) i s the s t a b l e o x i d a t i o n s t a t e when the redox p o t e n t i a l 
i s s e t by the S0\ 2"VS 2~ r e a c t i o n . The r a t e o f ox y g e n a t i o n o f 
Fe ( l l ) i n n a t u r a l waters depends g r e a t l y on pH, and p r e l i m i n a r y 
d a t a i n d i c a t e t h a t t h i s r e a c t i o n i s slower i n marine waters than 
i n sodiurn b i c a r b o n a t e s o l u t i o n s . Knowledge of these types o f 
chemical p r o c e s s e s under envi ronmental condi t i o n s p r o v i d e s a ba
s i s f o r p r e d i c t ing the b e h a v i o r o f d i s s o l v e d i ron i n mari ne 
systems. 

T h i s a n a l y s i s o f i r o
where a d d i t i o n a l i n f o r m a t i o n i s needed. Data a r e l a c k i n g f o r 
e v a l u a t i n g the s i g n i f i c a n c e o f b i c a r b o n a t e and car b o n a t e s p e c i e s 
o f i r o n and f o r p o s s i b l e s u l f i d e s p e c i e s o f F e ( l l ) . E q u i 1 i b r i u m 
cons i d e r a t ions i n d i c a t e t h a t i ron o r g a n i c complexes a r e not 1 i k e -
l y t o be s t a b l e i n marine systems, but t h i s c o n c l u s i o n should be 
t e s t e d by e x p e r i m e n t a l methods and i t should be r e c o g n i z e d t h a t 
b i o c h e m i c a l l y s y n t h e s i z e d i r o n o r g a n i c s p e c i e s may be k i n e t i c a l l y , 
i f not thermodynamically, s t a b l e . Addi t i o n a l work i s req u i red t o 
determi ne the k i n e t i c s o f f e r r o u s o x y g e n a t i o n i n mari ne systems. 
The r o l e o f d i s s o l v e d o r g a n i c matter appears t o be o f c o n s i d e r a b l e 
importance. O b s e r v a t i o n s by Lewin and Chen (61) i n d i c a t e the 
presence o f Fe ( l l ) i n c o a s t a l waters immediately a f t e r sampling 
and the q u a n t i t y o f Fe ( l l ) decreases over a p e r i o d o f 30-40 hours 
upon s t o r a g e . There may be a steady s t a t e c o n c e n t r a t i o n o f Fe ( l l ) 
i n marine waters due t o a balance between i t s r a t e o f p r o d u c t i o n 
by b i o l o g i c a l systems and i t s r a t e o f ox y g e n a t i o n t o F e ( l l l ) . 
The development o f a n a l y t i c a l t e c h n i q u e s t o determine 10" 8 molar 
c o n c e n t r a t i o n s o f organ i c and i n o r g a n i c forms o f Fe ( l l ) and 
F e ( l l l ) i n marine waters would be a g r e a t a s s e t t o f u r t h e r work 
on the marine c h e m i s t r y o f i ron. 
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Minor Element Models in Coastal Waters 

P E T E R G. B R E W E R and D E R E K W. S P E N C E R 

Woods Hole Oceanographic Institution, Woods Hole, Mass. 02543 

It is now almost twenty years since Richards (1) discussed 
the state of our knowledg
a brief, and somewhat pungent paper he pointed out that by 
1956 there had been no valid analyses of deep ocean water for 
Sb, Ba, Cd, Cs, Ce, Cr, Co, Ga, Ge, La, Pb, Hg, Mo, Ni, Sc, Se, 
Ag, T1, Th, W, Sn, V, Y and Zr; that the assumption of a single 
oceanic concentration level for these elements was doubtful, 
and that computed residence times for these elements were of 
limited use in assessing their oceanic chemistry. Since then 
a great deal of work has been carried out. Recently, one of 
us was obliged to review (2) what is now known of minor element 
concentrations in sea water. The task set was simply to review 
the observational data base; discussions of analytical methods, 
theoretical models, or calculations of chemical speciation were 
to be kept to a minimum. The result was disturbing, for it was 
soon apparent that we are still far from having an adequate 
set of analytical data on which to base extensive theoretical 
models of minor element chemical processes in the ocean (3, 4, 
5). In this paper, we briefly examine what is known of some 
minor element concentrations in sea water. We ask what chemical 
processes may be controlling their distribution, and inquire as 
to under what circumstances these processes may be revealed 
through direct observation. 

Analytical Data 

It is now true that, of the list of elements given above, 
some reasonable estimate of the deep water concentrations may 
be given. A listing of these data, and the calculated residence 
times are given in Table I.How accurate are these data, and 
what may be inferred from the residence time calculation? An 
inspection of the recent literature shows that, of the 
elements listed by Richards 0), we may now be sure of the deep 
water abundance of Ba, Cs, Mo, Sc (6, 7, 8, 9). Of these 
elements, Mo and Cs exhibit essentially conservative behavior, 
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though the c o n c e n t r a t i o n o f Mo may be perturbed i n anoxic 
systems; Sc shows a s m a l l , but s t a t i s t i c a l l y s i g n i f i c a n t , i n 
crease w i t h depth from 1.42 x l O " 1 1 M/l above 2000m. to 2.04 
x 1 0 " 1 1 M/l below 2000m; 8a e x h i b i t s a w e l l documented range 
o f values from c a . 3 x 1 0 " 8 M/l t o c a . 22 x 1 0 " 8 M / l . The 
covariance o f Ba w i t h Si i s s t r o n g and a good deal may be s a i d 
o f i t s oceanic d i s t r i b u t i o n and chemistry. For the r e s t , data 
on Sb, Cd, Ce, C r , Co, Ga, Ge, L a , Pb, Hg, N i , Se, A g , T l , Th, 
W, S n , V, Y and Zr are p o s s i b l y c o r r e c t to an order o f magnitude. 
Sampling problems are severe f o r Sb, C d , C r , Co, Pb, Hg, N i , Ag, 
S n , V, and sample contamination i s probably a l i m i t i n g f a c t o r 
a t the present t ime. Problems o f d e t e c t i o n l i m i t , and p a r t i c 
u l a r l y the p r e c i s i o n o f the d e t e r m i n a t i o n , are troublesome f o r 
Ce, Ga, Ge, L a , Se, T l , Th, W, Y and Z r . The goal o f a t t a i n i n g 
a t l e a s t one, a c c u r a t e , deep water value i s e x t r a o r d i n a r i l y 
l i m i t e d . A more productiv
o f a d e t a i l e d v e r t i c a l p r o f i l e i n a major ocean b a s i n . From 
t h i s , the c o r r e l a t i o n of the element w i t h w e l l known oceanic 
v a r i a b l e s (T, S % 0 , 0 2 , N 0 3 , POi,, S i ( 0 H K , z C 0 z , a l k a l i n i t y ) can 
be examined. This leads to estimates o f b i o l o g i c a l c y c l i n g , and 
important i n f o r m a t i o n on s o u r c e s , s i n k s and t r a n s p o r t mechanisms. 

There i s a general f e e l i n g t h a t t r a c e metal data are "get-
t i n g l o w e r a l l the time" as sampling and a n a l y t i c a l methods im
prove. Has t h i s i n f a c t occurred? Figure 1 shows data taken 
from references 2 and 10, f o r several t r a c e elements, p l o t t e d 
a g a i n s t y e a r o f p u b l i c a t i o n f o r the l a s t 40 o r so y e a r s . I t i s 
by no means c l e a r t h a t a d e f i n i t e trend towards lower concen
t r a t i o n i s observed. Rather, the data show e r r a t i c v a r i a t i o n s , 
o f t e n with a f a i r l y wide ( i . e . order o f magnitude) range o f 
values f o r any one author. This may be taken to mean: ( i ) t h a t 
the ocean contains inherent t r a c e metal v a r i a b i l i t y over s h o r t 
s c a l e s o f d i s t a n c e o r t i m e , ( i i ) t h a t a n a l y t i c a l problems e x i s t 
such t h a t the data presented are e s s e n t i a l l y n o i s e , or ( i i i ) t h a t 
sampling problems e x i s t to the extent t h a t even the most c a r e f u l 
a n a l y s i s w i l l see only a s i g n a l dominated by the l a r g e v a r i a t i o n s 
o f the metal ions coming from, or t o , the i n d i v i d u a l c o n t a i n e r 
s u r f a c e s . 

Hypotheses ( i i ) and ( i i i ) must c o n t r i b u t e g r e a t l y to the 
s c a t t e r apparent i n the d a t a . Not a l l samples have been s t o r e d 
i n the a c i d i f i e d c o n d i t i o n to minimize adsorbt ion (11) and 
sample contamination has been shown to e x i s t i n a number o f cases 
(12, 13). F i n a l l y , recent data on c a r e f u l l y taken oceanic 
samples (14, 15) do show a markedly lower abundance f o r Cu ( 1 - 3 x 
1 0 " 9 M/l) andPFor Mn (5 x 1 0 " 1 0 M/kg) than the mean concentra
t i o n reported over the l a s t 40 y e a r s . These d a t a , made p o s s i b l e 
by the remarkable s e n s i t i v i t y and s p e c i f i c i t y o f graphite f u r 
nace atomic absorption spectroscopy, provide the most convincing 
evidence so f a r of a h i s t o r y of a n a l y t i c a l or sampling problems 
over the l a s t few decades. 
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Figure 1. Estimates of the concentration of three trace 
elements in seawater with time. Data taken principally from 

references 2 and 10. No clear trend is apparent. 
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In s p i t e o f these caveats a s u b s t a n t i a l body o f evidence 
may be advanced i n favor o f hypothesis ( i ) . I f t h i s i s c o r r e c t 
then the concept o f a residence t i m e , as given i n Table I, i s 
not p a r t i c u l a r l y h e l p f u l . A residence time o f 10,000 years 
corresponds to approximat!ey 10 global oceanic s t i r s , s u f f i c i e n t 
to smear out a l l observable c o n c e n t r a t i o n g r a d i e n t s . An element 
with a h a l f - l i f e o f t h i s time s c a l e would be q u a s i - u n i f o r m l y d i s 
t r i b u t e d . However, small s c a l e regional v a r i a t i o n s have been 
shown to e x i s t (11) and to be c o r r e l a t e d with hydrographic 
f e a t u r e s , or l o c a l b i o l o g i c a l p e r t u r b a t i o n (16) f o r Cu, Zn, Fe 
and Mn. This demonstrates t h a t chemical or B i o l o g i c a l c o n t r o l s 
o f some kind may be o p e r a t i n g on a time s c a l e two o r three orders 
of magnitude s h o r t e r than the conventional residence time would 
suggest. 

MODEL CALCULATIONS 

How might we, even c r u d e l y , assess t h i s ? In the case o f 
b i o l o g i c a l e f f e c t s , we can o b t a i n average values f o r primary 
p r o d u c t i v i t y , and estimates o f the elemental composition o f marine 
phytoplankton are a v a i l a b l e Q 7 ) . Assuming t h a t primary p r o 
d u c t i v i t y i s ^ 100 g C/m2/yr., the depth o f the euphotic zone i s 
100 m, then the growth r a t e i s approximately 2.5 x 10*3 g dry 
weight of phytoplankton/l/yr. In Table II,we show estimates o f 
removal times o f some t r a c e elements i n s u r f a c e waters with 
respect to removal by phytoplankton, assuming e i t h e r complete 
uptake and removal by s i n k i n g , or 90% r e c y c l i n g o f the element 
i n a manner analogous to phosphate. The true r e s u l t probably 
l i e s somewhere between. The values range from < 1 to ^ 1 0 5 y e a r s . 
Some o f the data are m i s l e a d i n g ; f o r i n s t a n c e , the low values f o r 
Al and Ti are not due to pronounced metabolic a c t i v i t y . They 
probably r e f l e c t the i n c o r p o r a t i o n o f c l a y p a r t i c l e s i n t o the 
phytoplankton sample. 

Let us c o n s i d e r the s i m p l e s t p o s s i b l e case. I t i s i m p l i c i t 
i n the t r a d i t i o n a l residence time concept that the continents 
represent a constant s o u r c e , and the oceans a uniform s i n k . We 
i n c o r p o r a t e a c o a s t a l zone i n t e r f a c e connecting the two v i a 
h o r i z o n t a l d i f f u s i o n . Given what we know o f c o n c e n t r a t i o n 
gradients and uptake rates (Table I l h w o u l d non-conservative 
e f f e c t s be d i s t i n g u i s h a b l e from purely conservative t r a n s p o r t 
by d i f f u s i o n ? 

I f we c o n s i d e r a one dimensional model o f the s u r f a c e ocean 
w i t h d i s t a n c e from the c o a s t , a simple case could be given by 

dc _ „ 
dt " K (1) 

where c i s the concentrat ion o f a c o n s t i t u e n t , x i s d i s t a n c e from 
the c o a s t , t i s t i m e , x i s a f i r s t order removal rate c o n s t a n t , 
and K i s the h o r i z o n t a l eddy d i f f u s i v i t y . 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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TABLE I 

The Concentration and Residence Times o f Some 
Minor Elements i n Sea Water 

Element Concentration (M/l) *Residence Time (Years) 

Be 6 x 1 0 " 1 1 ? Short 

A l 7 x 1 0 " 8 1 x 1 0 2 

Sc 2 x 1 0 " 1 1 4 x 10* 

Ti 2 x 1 0 " 8 1 x 10* 

V 5

Cr 6 x 10" 9 6 x 1 0 3 

Mn 5 x l O " 1 0 2 x 1 0 3 

Fe 3 x 1 0 " 8 2 x 1 0 2 

Co 8 x 1 0 " 1 0 3 x 10* 

Ni 3 x 10" 8 5 x 10* 

Cu 8 x 10" 9 2 x 10* 

Zn 8 x 1 0 " 8 2 x 10* 

Ga 4 x 1 0 " 1 0 1 x 10* 

Ge 7 x 1 0 " 1 0 ? 

As 5 x 1 0 " 8 5 x 10* 

Se 3 x 10" 9 2 x 10* 

Rb 1.4 x 1 0 " 6 4 x 1 0 6 

Y 1 x 1 0 - l u ? 

Zr 3 x 1 0 " 1 0 ? 

Nb 1 x 1 0 " 1 0 ? 

Mo 1 x lO" 7 2 x 1 0 5 

Ag 4 x 1 0 " 1 0 4 x 1 0 H 

Cd 1 x 1 0 - 9 ? 

Sn 8 x 1 0 " 1 1 ? 

Sb 2 x 10" 9 7 x 1 0 3 

I 5 x 1 0 - 7 4 x 1 0 5 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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TABLE I (Continued) 

Element Concentration (M/1) *Residence Time (Years) 

Cs 3 x 10" 9 6 x 1 0 5 

Ba 1-3 x 10~7 4 x 10* 
La 2 x 1 0 " u 6 x 1 0 2 

Ce 1 x 1 0 " 1 0 ? 

Pr 4 x 1 0 " 1 0 ? 

ND 1.5 x 1 0 " 1 1 ? 

Sm 3 x 1 0 " 1 2 ? 

Eu 6
Gd 4 x 1 0 " 1 2 ? 

Tb 9 x 1 0 " 1 3 ? 

Dy 6 x 1 0 " 1 3 ? 

Ho 1 x 1 0 " 1 2 ? 

Er 4 x 1 0 " 1 2 1 

Tm 8 x 1 0 ' 1 3 ? 

Yb 3 x 1 0 " 1 2 1 

Lu ? ? 

Hf 4 x 1 0 " n ? 

Ta 1 x 1 0 " 1 1 

W 5 x 1 0 " 1 0 1 x 1 0 5 

Re 4 x 1 0 " 1 1 

Au 2 x 1 0 - 1 0 2 x 1 0 5 

Hg 1.5 x 1 0 " 1 0 8 x 10* 
Tl 5 x 1 0 " 1 1 

Pb 1 x 1 0 " 1 0 4 x 1 0 2 

Bi 1 x 1 0 " 1 0 ? 

Ra 3 x 1 0 " 1 6 ? 

Th 4 x 1 0 " u 2 x 1 0 2 

U 1 x 1 0 " 8 3 x 1 0 6 

* Residence Time ( T ) i s defined as 

T " A 
W3i 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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where A i s the t o t a l amount o f the element d i s s o l v e d i n the 
ocean, and dA/dt i s the amount introduced t o , o r removed from, 
the ocean each y e a r . A steady s t a t e i s assumed. 

TABLE II 

Concentration o f Some Minor Elements i n Phytoplankton and 
Estimated Residence Times i n Surface Waters With 

Respect to B i o l o g i c a l Removal 

Element *Concentratio
i n Phytoplankton 

(ug/ g dry A (complete removal) B (90% r e c y c l i n g ) 
weight) 

S r 100 _ 700 4 x 1 0 3 - 3 x 1 0 4 4 x 1 0 4 - 3 x 1 0 5 

Ba 20 - 300 13 - 200 130 - 2000 
A l 10 - 400 1 - 40 10 - 400 
Fe 200 - 1500 0 . 8 - 6 8 - 60 
Mn 5 - 15 26 - 80 260 - 800 
Ti- 0 - 30 t 13 130 
Cr 5 -v 40 400 
Cu 1 - 15 27 - 800 270 - 8000 
Ni 1 - 10 40 - 400 400 - 4000 
Zn 10 - 100 40 - 400 400 - 4000 
Ag 0.1 - 1 4 - 40 40 - 400 
Cd 1 - 5 15 - 80 150 - 800 
Pb 0 - 10 » 40 > 400 
Hg 0 - 0 . 2 > 40 40 

*Data taken from references 2 , 18 
tPrimary p r o d u c t i v i t y = 100 g c/nr/yr. 

Depth o f euphotic zone = 100 m ^ 
Growth r a t e = 1 x 10"3 g c/l/yr 2.5 x 1 0 " 6 g dry weight/l/yr. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Assuming a steady s t a t e c o n d i t i o n i s achieved then dc = g 
and a p a r t i c u l a r s o l u t i o n o f the equation ( 1 ) i s dt 
given by 

r _ ~ -Mx , e ^ - e ^ / r m ~ -MXnu 
C = C o e + MXm -MXm ( C m " C ° 6 } 

e - e 

where M j r . Co i s a f i x e d c o n c e n t r a t i o n a t X = 0 and Cm i s a 
f i x e d concentrat ion a t X = Xm. Figure 2 shows several s o l u t i o n s 
o f t h i s model where we assume the c o n c e n t r a t i o n a t the coast to 
be f i x e d at 10 u n i t s by r i v e r i n p u t and the c o n c e n t r a t i o n i n the 
open ocean, a t 200 km from the s h o r e , f i x e d a t a lower l e v e l o f 
0 . 1 u n i t s maintained by a d i f f u s i v e f l u x from below. The f i g u r e 
shows s o l u t i o n s f o r eddy d i f f u s i v i t i e s (K) o f 1 0 6 and 1 0 7 cm 2 

s e c ' l and removal r a t e constants g i v i n g residence times o f 0 . 5
1 and 5 y e a r s . With th
t r a c e element d e t e r m i n a t i o n s . i t i s apparent t h a t a t eddy 
d i f f u s i v i t i e s o f 1 0 7 cm 2 sec"' a residence time o f even 0 . 5 year 
could hardly be d i s t i n g u i s h e d from the s t r a i g h t d i f f u s i o n model. 
With a eddy d i f f u s i v i t y o f 1 0 6 cm 2 sec"' a residence time 
of one year should be d e t e c t a b l e but i t i s doubtful t h a t a f i v e 
year residence time could be seen. 

A somewhat more s o p h i s t i c a t e d model could consider the case 
o f a c o a s t a l zone i n which, i n a d d i t i o n to a f i x e d boundary con
c e n t r a t i o n maintained by r i v e r i n p u t , there occurs an a d d i t i o n a l 
input e i t h e r from an atmospheric f l u x o r f l u x from the bottom 
sediments. Such a case could be modelled by 

^ = K ^ 4 - XC + a = 0 ( 2 ) 
a t dx^ 

where X i s a f i r s t order removal r a t e constant and a i s an i n p u t 
f u n c t i o n which decreases w i t h d i s t a n c e from the coast according 
to 

- u x 
a =a e o 

so t h a t the maximum input i s i n the near c o a s t a l zone. 
A s o l u t i o n to equation ( 2 ) i s given by 

a o 
C = C G e " J l ' , . 2 

e - y X . e - J X 

where, a t i n f i n i t e X, C approaches z e r o . 
Such a model may be a simple approximation f o r Pb, and other 
heavy metals t h a t have a s i g n i f i c a n t atmospheric f l u x , however, 
we know o f no s t a b l e t r a c e element data s u i t a b l e to t e s t t h i s 
model. 2 2 8 

A p o s s i b l e a p p l i c a t i o n i s to the d i s t r i b u t i o n o f Ra 
Moore and Sackett ( J 8 ) and Moore Q 9 ) have suggested t h a t the 
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R a 228 distribution in the surface ocean is strongly influenced 
by input from the continental shelves. This conclusion has been 
adopted by Kaufman et a l . ( 2 0 ) who give substantial amounts of 
surface data for R a 2 2 8 , including a horizontal traverse from 
the near shore of Long Island into the Sargasso Sea. These 
authors modelled the data of this traverse using the simple 
f i r s t order decay - diffusive model given by equation ( 1 ) to 
suggest an eddy diffusion coefficient of about 2 x 1 0 6 cnr sec" 1 . 
However, of the 3 80 km represented by the traverse, about 2 00 km 
is on the continental shelf and one would expect that equation 
( 2 ) would be a more appropriate model. 

Figure 3 shows the R a 2 2 8 data from Kaufman et a l . ( 2 0 ) to
gether with three solutions of equation ( 2 ) . The f i r s t solution 
allows no input from the continental shelf ( i .e . sets a 0 = 0 ) . 
This would model the cas
by river input and a reasonabl
be obtained with this boundary concentration set at 2 5 dpm/100 
kg. The second solution arbitrari ly sets a 0 = 100 dpm/100 kg/ 
yr. and u = 0 . 0 5 . The boundary concentration, Co, necessary 
for a reasonable f i t to the observed data is about 1 8 dpm/ 
100 kg. The third solution sets the boundary concentration, 
Co, to zero and, in this case, a reasonable f i t to the data 
could be obtained with a = 1 3 0 0 e " ° - l x dpm/100 kg/yr. 

If Moore ( 2 1 ) is correct in his statement that the river 
concentration of R a 2 2 8 is extremely low 2 dpm/100 kg) then 
the third solution is the most appropriate. However, al l three 
models give an agreeable f i t to the data and, i f the last is 
most appropriate, then the flux of R a 2 2 8 from the bottom cannot 
be maintained over the whole shelf but must be restricted to 
the immeJiate 2 0 - 3 0 mile near shore area. 

In the shelf region off Long Island the existence of a 
stable "winter water" cold layer in the outer shelf region at 
about 5 0 meters depth may establish a sufficiently stable water 
column that vertical diffusion of the Ra 8 input from the 
sediments may be essentially restricted to the well mixed 
near shore zone. 

It should be pointed out that the f i t to the data given 
by the three models described above was obtained through the 
use of a radioactive decay constant appropriate to a hal f - l i fe 
of 5 . 7 5 years. This is the value gi ven in recent compilations 
of isotopic data (e.g. reference ( 2 2 ) ) , but i t differs by about 
20% from the older value ( 2 3 ) of 677"years quoted in many papers 
on the use of R a 2 2 8 as a geochemical tracer ( 1 8 , 1 9 , 2 0 , 2 1 ) . 
It is interesting to see how stable the models are to perturba
tions of this kind, since i t is certain that trace metal removal 
rates, as for instance those calculated in Table II, are subject 
to large errors. A f i t of the third model to the data, using a 
decay constant of 0 . 1 0 3 (t«j/2 = 6 . 7 years) gave a = 8 5 0 
e - 0 . i x dpm/100 kg/yr., with K = 1 x 1 0 6 cm2/sec. The result is 
numerically different, requiring a diffusion coefficient of 
about half the previous value, but the conclusions are substan-
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Co=10 

Figure 2. Simple model of diffusive transport of a non-
conservative tracer from a coastal source to an oceanic 
sink. X is distance from coast. The removal rate is first 
order, and the concentration gradient Co/Cm = 100. At 
a diffusion coefficient of 107 cm2/sec, a 1 year half-life 
would produce significant perturbation; at JO6 env/sec 

> 5 years half-life could be distinguished. 
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Figure 3. Application of Equation 2 to the Ra228 data of Kaufman et al. 
(20). X is distance from coast. Three solutions fit to the data: Q = Ra228 

data in dpm/100 kg; oao = 0,Co =25 dpm/100 kg; X a0 = 100 dpm/100 
H/yr-> — 0.05, Co = 18; + a = 1300 e-°lx dpm/100 kg/yr., Co — 0. 
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t i a l l y the same. I f r i v e r input i s s e t to z e r o , then the f l u x 
from the sediments i s s i g n i f i c a n t only i n the 2 0 - 3 0 mile near 
shore a r e a . 

Removal Processes o f S h o r t e r Time Scale 

Superimposed upon processes such as a c t i v e b i o l o g i c a l up
t a k e , and processes o f a time s c a l e o f months to y e a r s , are 
many s h o r t term e f f e c t s . P r e c i p i t a t i o n and adsorbtion f a l l 
i n t o t h i s category. I t i s commonly assumed t h a t these p r o 
cesses must take place i n the ocean and probably operate on a 
time s c a l e o f minutes to days. Under what circumstances could 
these processes by i n v e s t i g a t e d by d i r e c t observation? We 
must again c o n s i d e r the r a t e o f the process r e l a t i v e to the 
r a t e o f d i f f u s i o n . Equation
case i n which the d i f f u s i o n c o e f f i c i e n t was h e l d to be constant. 
This i s v a l i d over d istances o f the order o f several tens 
o f k i l o m e t e r s . However, h o r i z o n t a l d i f f u s i o n i n the ocean i s 
n o n - F i c k i a n ( 2 4 , 2 5 ) and over s h o r t e r d i s t a n c e s t h i s must be 
taken i n t o account. For F i c k i a n d i f f u s i o n the variance ( c r ) o f 
the c o n c e n t r a t i o n around a p o i n t source i s p r o p o r t i o n a l to time 
( t ) , p e r m i t t i n g the d e f i n i t i o n o f a constant d i f f u s i o n c o 
e f f i c i e n t . In the ocean the variance i s observed to increase 
f a s t e r than t ' , the p h y s i c a l reason being e s s e n t i a l l y t h a t l a r g e 
eddies c o n t a i n p r o p o r t i o n a t e l y more energy than small ones. 
Thus, the r a t e o f d i s p e r s i o n increases w i t h t i m e . Okubo ( 2 4 ) 
has prepared oceanic d i f f u s i o n diagrams, reducing the r e s u l t s 
o f many experiments, and one o f these i s reproduced i n Figure 4 . 
The s l o p e o f a l l the p o i n t s i s given by 

a2 = 0 . 0 1 8 t 2 - 3 4 

3 
Theory would p r e d i c t a dependence on t . The r e l a t i o n s h i p 

between the apparent d i f f u s i v i t y (Ka) and s c a l e length ( 1 ) , 
defined as 3 a , i s 

Ka = 0 . 0 1 0 3 l 1 ' 1 5 

A g a i n , theory would p r e d i c t a dependence on l ^ 3 . Okubo has 
shown t h a t the 4 / 3 power law may hold l o c a l l y . 

These data have been obtained from dye experiments, i n 
which a q u a n t i t y o f Rhodamine B dye i s r e l e a s e d , so as to r e 
semble as c l o s e l y as p o s s i b l e an instantaneous p o i n t source. 
The i n i t i a l v a r i a n c e , a Q

 2 , may be represented as 

where P i s a d i f f u s i o n v e l o c i t y (^ 1 cm sec"^) and % i s a 
c h a r a c t e r i s t i c growth time from a p o i n t source to s i z e o^. 
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Figure 4. Oceanic diffusion diagram showing the relation
ship between apparent diffusivity (Ka) and scale length (I), 

with the fit of the 4/3 power law locally 
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R e l i a b l e data on t u r b u l e n t d i f f u s i o n may only be obtained at 
some c r i t i c a l time > to. A time o f 10 to i s o f t e n chosen. 

In d e s c r i b i n g dye d i f f u s i o n experiments o f t h i s k i n d i t 
i s f requently s t a t e d t h a t they are o f p r a c t i c a l importance i n 
connection w i t h the d i s p e r s a l o f poi1utants o r chemical t r a c e r s . 
I f the r a t e o f removal o f a t r a c e r i s f i r s t order ( r a d i o a c t i v e 
decay, a d s o r b t i o n , p r e c i p i t a t i o n ) then a s o l u t i o n to the d i f 
f u s i o n equation can be found and, i n p r i n c i p l e , knowing the 
d i f f u s i o n c o e f f i c i e n t and measuring the d i s p e n s i o n , a removal 
r a t e may be c a l c u l a t e d from d i r e c t o b s e r v a t i o n . So f a r as we 
know, t h i s has not been attempted. We can enquire whether i t 
would be p o s s i b l e t o c o n s t r u c t an experiment i n which the con
t r o l l e d r e l e a s e o f a t r a c e m e t a l , or other t r a c e r s u b s t i t u t e 
f o r a dye, i n the ocean would provide i n f o r m a t i o n on the 
l o c a l removal processe
analogous to the problems posed by the d i s p e r s a l o f metals from 
waste water d i s c h a r g e s , o r a c a t a s t r o p h i c p o l l u t i o n event. 

The problem does not appear to be s i m p l e . F i r s t l y , the 
inherent s c a t t e r i n the oceanic d i f f u s i o n diagrams i s such t h a t 
i t would be i m p o s s i b l e to p r e d i c t the l o c a l d i f f u s i o n c o e f f i c i e n t 
to much b e t t e r than an order o f magnitude. This probably means 
t h a t measurements o f some conservat ive t r a c e r , r e l e a s e d s i m u l 
taneously w i t h the element of i n t e r e s t , would have to be made 
i n order to provide estimates o f l o c a l t u r b u l e n t d i f f u s i o n . (In 
f a c t , the measured variance o f a dye patch i s independent o f 
any f i r s t order decay, the measure o f removal being given by 
the change i n peak c o n c e n t r a t i o n and mass b a l a n c e . However, 
f o r a t r a c e r with a r a p i d removal r a t e , the d i s p e r s i o n would 
provide an i n f e r i o r estimate o f t u r b u l e n t d i f f u s i o n . ) An ob
vious candidate f o r such a conservat ive t r a c e r would be Rho-
damine B dye. I t has been widely used, i s harmless, and may be 
measured with great s e n s i t i v i t y . U n f o r t u n a t e l y , i t i s not c l e a r 
whether i t s behavior i s t r u l y c o n s e r v a t i v e . Mass balances o f 
50-70% are o f t e n reported ( 2 4 ) , the l o s s being a t t r i b u t e d to 
photochemical decomposition o r adsorbt ion on to p a r t i c l e s . I f 
the l a t t e r i s a s i g n i f i c a n t f a c t o r then the dye would compete 
f o r a d s o r b t i o n s i t e s w i t h the element o f i n t e r e s t . 

Secondly, f o r most mi nor elements i n seawater, there are 
problems of d e t e c t i o n 1 i m i t and severe problems i n generating a 
s i g n i f i c a n t c o n c e n t r a t i o n g r a d i e n t . The d e t e c t i o n l i m i t f o r 
Rhodamine B dye i s approximately 1 0 " 8 g/kg. For convenience 
i t i s customary to use a v i s u a l l i m i t o f about 10~ 5 g/kg f o r 
observing the spread o f the dye patch by eye and planning 
sampling s t r a t e g y . For d i f f u s i o n experiments o f the order o f 
one week i n time s c a l e perhaps 50 kg o f dye would be used. In 
t h i s manner c o n c e n t r a t i o n gradients o f 10-100 from the center 
o f the dye patch to the edge can be maintained. For many 
chemical elements t h i s would be i m p o s s i b l e . I t i s t rue t h a t the 
c o n c e n t r a t i o n o f mi nor elements i n seawater i s not maintained by 
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e q u i l i b r i u m w i t h t h e i r l e a s t s o l u b l e phase, but the natural 
l e v e l s may o f t e n not be exceeded g r o s s l y before s u p e r s a t u r a t i o n 
does occur. In Table I I I , we show a comparison o f the n a t u r a l 
l e v e l o f some t r a c e metals i n seawater with t h e i r l i m i t i n g con
c e n t r a t i o n w i t h respect to the formation o f a s o l i d phase ( 2 6 ) . 
The c a l c u l a t e d values f o r Co and Ni would suggest t h a t l o c a l 
concentrat ions c o u l d be r a i s e d d r a s t i c a l l y , but t h a t Cu, Zn and 
Ba occur n a t u r a l l y w i t h i n a f a c t o r o f 10 o f t h e i r maximum per
m i s s i b l e c o n c e n t r a t i o n . K i n e t i c f a c t o r s may, o f c o u r s e , i n h i b i t 
p r e c i p i t a t i o n , as i n the case o f Mn 2 where o x i d a t i o n and p r e 
c i p i t a t i o n as Mn02 i s slow below pH c a . 8.5 

Were p r e c i p i t a t i o n t o occur then our d i f f u s i o n experiment 
would simply reveal the r a t e o f d i s p e r s i o n of the p a r t i c l e s . 
For many problems o f p r a c t i c a l importance t h i s would be most 
v a l u a b l e , and s t u d i e s o f s o l i d phase formation and t r a n s p o r t 
dur ing s e t t l i n g are muc
f u s i o n diagram (Figure 3) shows t h a t i f p r e c i p i t a t i o n are s e t t l 
i n g and complete w i t h i n 24 hours, then the var iance o f the t r a c e r 
d i s t r i b u t i o n i n the sediments around the source would be o f the 
order o f one k i l o m e t e r . Local advection would elongate the d i s 
t r i b u t i o n p a t t e r n . The a c t u a l r a t e o f formation o f p a r t i c l e s 
must take place on a much s h o r t e r time s c a l e , and may be i m 
p o s s i b l e t o observe adequately i n s i t u . 

I f the r a t e o f removal by adsorbt ion i s o f i n t e r e s t then we 
are l i m i t e d by the q u a n t i t y o f the s o l i d phase n a t u r a l l y p r e s e n t , 
and our ignorance o f i t s s u r f a c e chemical c h a r a c t e r i s t i c s . The 
q u a n t i t y o f p a r t i c u l a t e matter i n c o a s t a l waters i s h i g h l y v a r 
i a b l e ; i t can range from > 1 mg/kg to c a . 100 ug/kg. The 
e f f e c t i v e s u r f a c e area o f t h i s m a t e r i a l i s unknown; a value o f 
100 m2/gram may be an approximate value f o r a c l a y mineral such 
as i l l i t e ( 2 6 ) . Let us assume a value o f 50 m2/gram f o r marine 
suspended matter. At a c o n c e n t r a t i o n o f 1 mg/kg we thus have 
0.05 m2/kg a v a i l a b l e f o r a d s o r b t i o n . The a d s o r b t i o n d e n s i t y o f 
var ious ions i n seawater on to marine p a r t i c u l a t e matter i s un
known. Taking Co as an example o f an elemental t r a c e r , then 
a t a c o n c e n t r a t i o n o f 10" 7 M/l i n seawater the adsorbtion den
s i t y on i l l i t e would be 1 0 " 1 0 moles/m 2, and on 6-Mn0 2 5 x 10" 7 

moles/m2 ( 2 6 ) . Using a h y p o t h e t i c a l value o f 1 0 " 8 moles/m2 f o r 
the adsorbtion density on marine p a r t i c u l a t e matter then we have 
5 x 1 0 " 1 0 moles Co adsorbed per kg o f seawater. I f we were to 
add 1 kg (17 moles) o f Co t o seawater t o i n i t i a t e a t r a c e r 
experiment, then under the c o n d i t i o n s described above, a patch 
1 m deep and approximately 10 km radius would form before 
complete removal by adsorbt ion c o u l d occur. The l i m i t i n g 
f a c t o r being the presence o f adsorbing s i t e s . A patch o f t h i s 
s i z e would form over the time s c a l e o f about one week and would 
be represented by an e f f e c t i v e d i f f u s i o n c o e f f i c i e n t o f * 1 0 5 

cm 2 s e c " 1 . Reference to a diagram such as Figure 1, w i t h 
appropriate s c a l e f a c t o r s , reveals t h a t w i t h an a n a l y t i c a l 
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TABLE I I I 

Natural and L i m i t i n g Minor Element Concentration i n Seawater 
w i t h Respect t o the Formation o f a S o l i d Phase (26). 

Element Natural Level Limi t i n g Concentration S o l i d Phase 
(M/l) 

Co 8 x 1 0 " 1 0 8.5 x 1 0 " 6 CaC0 3 

Ni 3 x 1 0 " 8 1.1 x 1 0 " 2 N i ( O H ) 2 

Cu 8 x 1 0 " 9 3.4 x 1 0 - 7 CuO 

Zn 8 x 1 0 " 8 4.4 x 1 0 " 7 ZnC0 3 

Ba 3 x 1 0 " 7 3.5 x 1 0 " 7 BaS0 4 
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p r e c i s i o n of 1% the removal r a t e would be s c a r c e l y d i s t i n g u i s h 
able from s t r a i g h t d i f f u s i v e t r a n s p o r t o f a conservative t r a c e r . 

Conclusions 

In w r i t i n g a simple review paper o f t h i s k i n d , we are 
f o r c i b l y reminded o f the acute lack o f accurate observat ional 
data on the ocean, and i n p a r t i c u l a r o f the c o a s t a l zone. The 
admittedly crude estimates o f uptake rates given here would tend 
t o suggest t h a t non-conservative e f f e c t s i n t r a c e element 
chemistry may w e l l be hard to d i s t i n g u i s h through d i r e c t observa
t i o n . This should i n no way deter good experimental work. I t 
i s c l e a r t h a t f u r t h e r advances w i l l not come from casual obser
v a t i o n , but from c a r e f u l l y planned expedit ions i n a defined 
oceanographic s e t t i n g wit
may have to reveal through h i s d a t a . 

Some o f the problems discussed h e r e , the c o a s t a l - t o - o c e a n i c 
elemental gradients and the adsorbt ive p r o p e r t i e s o f marine 
p a r t i c u l a t e matter, appear to be o f b a s i c importance and should 
y i e l d to experimental work. I f t h i s paper can s t i m u l a t e some 
work i n these f i e l d s , we w i l l count ourselves f o r t u n a t e . 
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A b s t r a c t 

The concept o f a t r a c e element residence time i n the ocean 
leads to estimates o f c a . 1 0 4 y e a r s . Were t h i s the only f a c t o r 
then t r a c e element gradients would be e f f e c t i v e l y e l i m i n a t e d . 
However, some d a t a , and simple uptake c a l c u l a t i o n s , show t h a t 
gradients i n s u r f a c e waters do occur. Attempts to evaluate t h i s 
by a simple d i f f u s i v e model o f t r a n s p o r t o f a non-conservative 
t r a c e r from a c o n t i n e n t a l source to an oceanic s i n k through a 
c o a s t a l zone, as i n 

2 

show t h a t a " h a l f - l i f e " o f >> 5 years can probably not be d i s 
t i n g u i s h e d from t r u l y conservative behavior. The model may be 
modif ied to i n c l u d e an e x p o n e n t i a l l y varying i n p u t f u n c t i o n , as 
from inshore sediments. This model i s a p p l i e d to publ ished 
data on R a 2 2 8 ( t 1/2 = 5.75 years) as an example. Estimates o f 
removal processes o f s h o r t e r time s c a l e are g i v e n . We conclude 
that b a s i c data on c o a s t a l to oceanic elemental g r a d i e n t s , and 
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the adsorptive properties of marine particulate matter, are 
sadly lacking. 
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5 
The Calculation of Chemical Potentials in Natural 
Waters. Application to Mixed Chloride-Sulfate 
Solutions 

G. MICHEL LAFON 
Department of Earth and Planetary Sciences, The Johns Hopkins University, 
Baltimore, Md. 21218 

A fundamental problem in the study of natural waters is 
ascertaining the chemica
The chemical potentials are of particular interest because they 
provide the most natural expression of equilibrium between the 
solution and other phases, their gradients are the driving forces 
of molecular diffusion, and they also characterize the free ener
gy available for non-equilibrium processes such as the precipita
tion and dissolution of minerals. Because many of the solid phases 
in contact with natural waters are reactive over relatively short 
periods of time, departures from equilibrium are often small. For 
example, the calcite saturation factor in the deep ocean is about 
0.6 to 0.7 and decreases below 0.5 only very rarely (1) . The 
barium concentrations of sediment pore waters from the eastern 
Pacific Ocean appear to be controlled by equilibrium with barite 
(2). To study equilibrium and non-equilibrium processes in natu
ral waters, we need to determine the chemical potentials of dissol
ved components with an accuracy sufficient to detect these small 
departures from equilibrium (say, 10 per cent or better). 

The chemical potentials of dissolved salts can be expressed 
either in terms of the activities of constituent ions, or more 
directly in terms of the activities of neutral components.These 
two approaches have recently been discussed by Leyendekkers (3, 
4) and Whitfield (5), and Millero (6) has reviewed their appli

cation to sea water. Results for metal ions, chloride and bicarbo
nate are in good agreement, but there are serious discrepancies 
for sulfate and carbonate. Ionic activities cannot be measured 
directly and must instead be estimated using some arbitrary non-
thermodynamic assumption.The models used to estimate ionic acti
vities in mixed-electrolyte solutions (e.g. ion-pairing or speci
fic interaction models) fail in some cases where there are strong 
interactions between ions (7). Thus, the choice of neutral compo
nents which can be investigated experimentally appears preferable. 

Many empirical models of the chemical potentials of neutral 
components in mixed-electrolyte solutions have been proposed, and 
they are discussed in some detail by Harned and Owen (8), Robinson 
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and Stokes (9) and Hamed and Robinson (10) . More recently, 
Friedman (11) has suggested a generalization of Young's (12) Rule, 
proposing that the excess free energy of a mixed-electrolyte solu
tion be expressed as the sum of the contributions of single-salt 
solutions at the same ionic strength and of an expansion in the 
products of the ionic strength fractions of each electrolyte. 
Using Friedman's approach, Reilly and Wood (13) and Scatchard and 
colleagues (14,15) have obtained equations for the free energy of 
arbitrary mixed-electrolyte solutions which appear to be superior 
to previous treatments. 

The purpose of this paper is to show that the equations of 
Reilly, Wood and Robinson (16) accurately predict the values of 
chemical potentials in mixed-electrolyte solutions where there 
are strong ion-ion interactions. The additivity of the interaction 
terms in the general equation f (16) i  demonstrated fo  system
of the type NaCl-MS0t»-H20
predict chemical potentials  natura  waters more accurately tha
has been possible previously. 

Chemical Potentials and Interaction Parameters in 
mixed-electrolyte solutions. 

Using Reilly and Wood's (13) expression for the free energy 
of an arbitrary mixed-electrolyte solution, Reilly, Wood and 
Robinson (16) have derived expressions for the osmotic coefficient 
and for the activity coefficients of components in terms of the 
experimental properties of single-salt solutions and of interac
tion parameters. These parameters, denoted here by #(1,J,K) can 
be obtained from measurements in electrolyte mixtures with a 
common ion, IJ-IK. Although the general equations of Reilly,Wood 
and Robinson (RWR) are cumbersome, their mathematical treatment 
is simple and easily programmed on a computer. Because relatively 
few single-salt data and interaction parameters are needed for 
the computation of a l l the chemical potentials in any mixed-elec
trolyte solution, the approach of Reilly, Wood and Robinson is 
particularly well suited to the study of natural waters, especia
l l y sea water (17). 

Scatchard and colleagues (14,15) have presented a very simi
lar treatment, but have chosen to represent the properties of 
single-salt solutions and the interaction parameters by power 
series in the ionic strength. The RWR equations have the advantage 
that they use experimental quantities directly and that they do 
not presuppose the functional form of the interaction parameters. 
Friedman (11) has shown that, for asymmetrically charged mixtures, 
the interaction parameter approaches In I in the limit of i n f i n i 
te dilution, which makes a power function representation highly 
doubtful at low ionic strength. 

The RWR expressions for activity coefficients are functions 
of the interaction parameters and, independently, of their par
t i a l derivatives with respect to the ionic strength. The 
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expression for the osmotic coefficient depends solely on the 
quantity 8(J^) /3J which can be conveniently denoted by the symbol 
w. To achieve a consistent thermodynamic description of mixtures 
with a common ion, the values of g obtained from activity coeffi
cients must be related to those of w obtained from the osmotic 
coefficient. The relation between g and w is discussed in detail 
elsewhere (18). We simply recall here that, i f w can be represen
ted empirically by some function / over the ionic strength inter
val: xi < J <X2, then g must be given by: 

where C is a constant to be determined from activity coefficient 
data. The leading inverse term arises from our ignorance of the 
behavior of w at ionic strengths below xi and vanishes only when 
/ is also a good representation of w over the interval ( 0 , X i ) , 
which is not generally the case when / is a power function. 

It has been shown (16) that the RWR equations accurately 
predict osmotic and activity coefficients in mixed chloride solu
tions and that they provide a good f i r s t approximation of the 
trace activity coefficient of N(C10i0 2 in HC1 solutions when the 
interaction terms are neglected. Before we can apply the general 
equations to the study of natural waters, i t is important to 
establish that the f u l l equations are valid in the systems of the 
type MX-NY where marked ion-ion interactions are known to take 
place. In particular, we wish to test the additive character of 
the RWR equations which makes i t possible to express the proper
ties of complicated mixed-electrolyte solutions in terms of those 
of single-salt solutions and mixtures with a common ion. A 
convenient way to test these characteristics is to examine the 
trace activity coefficients of metal sulfates in sodium chloride 
solutions. 

The trace activity coefficient of MSOi» in NaCl solutions. 

The investigation of the solubility of salts in electrolyte 
solutions is an important and powerful method for the study of 
the thermodynamic properties of mixed-electrolytes (8,9). In 
particular, the solubilities of sparingly soluble sulfate salts 
in sodium chloride solutions provide an exacting test of the RWR 
equations. The equilibrium condition for a solid phase of compo
sition MSO^nHaO i s : 

log K = 2 log m. MSOi* + 2 l 0 * ̂MSO* + n log a H 2 0 
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and the activity coefficient of MSOt* is easily obtained from solu
b i l i t y data i f we know the activity of H2O and the equilibrium 
constant. Because we consider sparingly soluble salts only, the 
fraction of total ionic strength contributed by the sulfate is 
very small. Thus, the activity of H 2 0 does not differ appreciably 
from its value in solutions of pure NaCl and the activity coeffi
cient determined from equilibrium solubilities is a good estimate 
of the trace activity coefficient of MSOi* in NaCl solutions. 

Using the RWR equations, expressions for the trace activity 
coefficient of MS(H in sodium chloride solutions, and activity 
and osmotic coefficients in NaCl-MCl2-H20 and NaCl-Na2S0i»-H20 
have been gathered in Table I(equations 3 to 9). The trace activi
ty coefficient of MSÔ  in NaCl solutions depends on the properties 
of pure NaCl, Na2S0if and MC12 solutions and on the sum of the 
interaction parameters gr(Na,Cl,50^ ) d ^(Na,M,Cl)  Thus  calcu
lations based on solubilitie
+ <7(Na,M,Cl)]. These interactio  parameter
quite independently from osmotic and activity coefficients in 
mixed NaCl-Na2S0il and NaCl-MCI 2 solutions. The RWR equations re
quire that the values of [g(Na,Cl,S0O + g(Na,M,Cl)3 obtained 
directly from trace activity coefficients be identical to the 
sum of the corresponding values obtained from the properties of 
common-ion mixtures. The comparison of both types of results is 
therefore a severe test of the general applicability of the RWR 
equations to multi-electrolyte solutions. Good agreement would 
strongly imply that chemical potentials in natural waters can be 
estimated accurately knowing only the properties of single-salt 
solutions and the interaction parameters characteristic of 
mixtures with a common ion. 

We now examine the solubilities of barite and gypsum in so
dium chloride solutions at 25 C and the corresponding trace acti
vity coefficients of BaSOi* and CaSOi* . We wish to compare the 
values of interaction parameters derived from these trace activi
ty coefficients with independent determinations of <7(Na,Cl,S0if), 
#(Na,Ba,Cl) and #(Na,Ca,Cl). 

The thermodynamic properties of NaCl-Na2S02-H20 at 25 C are 
discussed in detail elsewhere (18). It has been shown that this 
system is described accurately by equations 4,5 and 6 and that 
the interaction parameter can be represented by the empirical 
expression: 

#(Na,Cl,S0O = -0.10037/J - 0.05613 (10) 

for ionic strengths between 0.7 and 6.0 m. 

Trace activity coefficient of BaS0t» in NaCl solutions. Tem-
pleton (19) has measured the solubility of barite in sodium chlo
ride solutions at 25 C, and Rosseinsky (20) has made an accurate 
determination of the activity of BaSOi* at equilibrium with barite. 
With this equilibrium constant, we have: 
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Table I. Equations for activity and osmotic coefficients in 
mixed Na-Cl-M-SOi* solutions at the ionic strength I. 

1) NaCl - MSOi* (trace) - H20 
t r a c p ic ic ic ic 

L N Y£5T = 1 , 5 ( 1 _ *MCI2 + l n w 2 - 2 ( 1 - w + l n w 
+ 1.5(1 - <f>XT c r k + In Y„ 0fx ) - 4(1 - <|>K, n,) YNa2S0i» 'Na2S0i/ TNaCl 
+ 1.5 I[0(Na,M,Cl) + #(Na,Cl,S0O] (3) 

2) NaCl - Na2S0i* - H20 

(2-»)(l-« = 2/d - 4
- y(l-y)I w(Na,Cl,SO-) (4) 

l n ^NaCl = l n ^NaCl + - *NaCl " ° - 5 ( 1 " *Na2S0,)]
 ( 5 ) 

+ 0.5 yl [#(Na,Cl,SOO + J(l-^/)^^(Na,Cl,SO^)/^J] 

l n W o , - l n W o , + " 4 2S0r 2 ( 1 " 4d ) ] 

+ (l-2/)I [^(Na^l.SOO + yl 3^(Na,Cl,SOO/BX] (6) 

3) NaCl - MC1X - Ĥ O 

<2-*><i-« = yii - < c l 2 ) + 2(1-^(1 - 4 a) 

- i/(l-2/) I w(Na,M,Cl) (7) 

l n *NaCl = l n YNaCl + y l ± " 4ci " ° - 5 ( 1 " W ] 

+ 0.5 2/J[^(Na,M,Cl) + J(l-z/) 9^(Na,M,Cl)/aJ] (8) 

l n ^MC12 - l n ^MC12
 + " 4l 2" 2 ( 1 " < W ] 

+ (l-z/)J [^(Na,M,Cl) +2/J 3^(Na>M>Cl)/3J] (9) 

Notation: y designates the fraction of the ionic strength I 
contributed by salts other than NaCl; the starred quantities deno
te the properties of single-salt solutions at the ionic strength 
J; the parameters g and w are related by: w = 3(J^)/3J. 
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2 ( 1 0 * m B a S O „ + 1 0 g Y B a S O ? = " 9 - " 4 ' 
The values of the trace activity coefficient of BaSOi* in sodium 
chloride solutions were calculated from equation 11 using the 
smoothed solubilities tabulated in (19). Activity and osmotic 
coefficients for pure NaCl and Na2S0% solutions were taken from 
(9), and those for BaCl 2 solutions from Robinson and Bower (21). 
The values of [0(Na,Cl,SOi») + g(Na,Ba,Cl)] were then calculated 
from the trace activity coefficients using equation 3. The re
sults of these calculations are presented in Table III. 

The next step is to obtain independent values of ̂ (Na,Ba,Cl) 
from measurements in mixed NaCl-BaCl2 solutions. Robinson and 
Bower (21) have studied this system by the isopiestic method and 
they have given information that permits calculation of the acti
vity coefficients of NaC
Perring method. Reilly
from the isopiestic data the values of the interaction parameter 
u(Na,Ba,Cl). These values are plotted here in Figure la and they 
can be represented empirically by the polynomial: 

tt(Na,Ba,Cl) = 0.062165 - 0.059424J + 0.017517J2 

- 0.001875I3 (12) 

for ionic strengths between 0.6 and 5.0 m. It follows from 
equation 2 that the interaction parameter ̂ (Na,Ba,Cl) is given by 

g(Na,Ba,Cl) = A/I + 0.062165 - 0.029712 I + 0.0058389 I 2 

- 0.0004688 J 3 (13) 

over the same range of ionic strength, where A is an as yet unde
termined constant. We obtain the value of A from consideration of 
the activity coefficient data, by determining directly the best 
fitting values of ̂ (Na,Ba,Cl) in equations 8 and 9 at several 
ionic strengths. Lanier (22) has measured the activity coeffi
cient of NaCl in mixed NaCl-BaCl2 solutions at 1.0, 3.0 and 5.0 m 
with a sodium-ion glass electrode - Ag/AgCl electrode couple. 
Christenson (23) has obtained similar data at 1.0 m. The results 
of the e.m.f. measurements are in good agreement with the isopies
t i c data except at I = 1.0 m where there is a marked discrepancy 
between the trace activity coefficients of NaCl. 

Values of the activity coefficient of NaCl in the mixed solu
tions were calculated from the data of (21) at ionic strengths 
of 2.0, 2.5, 3.0 and 3.5 m, and in addition were taken from (22) 
at 3.0 and 5.0 m. Figure 2 illustrates the excellent agreement 
between both data sets at 3.0 m , although i t is apparent that 
the e.m.f. results are systematically slightly higher than the 
isopiestic ones. Then, the estimates of #(Na,Ba,Cl) and its 
derivative that best f i t (in the least squares sense) equation 8 
were obtained. No attempt was made at fitting activity coeffi
cients at 1.0m, because of the conflict between e.m.f. and 
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Figure 1. Interaction parameters in NaClr-BaCl2-H20 at 25°C. Top: 
values of w(Na,Ba,Cl) listed in (21). Bottom: values of g(Na,Ba,Cl) cal
culated from the activity coefficient of NaCl in mixed NaCl-BaCl2 

solutions. The solid curve is computed from Equation 14. 
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Figure 2. Activity coefficient of NaCl in mixed NaCl~BaCl2 solutions 

at 3.0 m ionic strength. Q from (22), • calculated from (21). 

isopiestic data. The values of the interaction parameter are pre
sented in Table II. Confidence intervals at the 95 per cent level 
are given for ̂ (Na,Ba,Cl) and its derivative at I = 3.0 m only 
because this is the only ionic strength at which more than one 
reliable source of data is available. Uncertainties at other 
ionic strengths are likely to be greater. 

Similar calculations were also carried out using the activi
ty coefficient of BaCl2 calculated from the isopiestic data. Re
sults were essentially the same as above and are not presented 
here to avoid duplication. This is not surprising as the activity 
coefficient of BaCl2 is derived from the same set of measurements 
as that of NaCl. This further demonstrates that the properties of 
common-ion mixtures are well described by the RWR equations. 

The data of Table II were used in conjunction with equation 
13 to determine the value of the constant A. The value of <j(Na,Ba, 
CI) at 3.0 m , which was obtained from two independent investiga
tions, is likely to be the most accurate and was arbitrarily 
given a weight of 3 in calculating the average. The values at 
other ionic strengths were given a weight of unity. The final 
equation for the interaction parameter i s : 

2(Na,Ba,Cl) = -0.083615/1 + 0.062165 - 0.029712 I 
+ 0.0058389 I 2 - 0.0004688 I 3 . (14) 
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Table II. Values of the interaction parameter 5(Na,Ba,Cl) calcula
ted from the activity coefficient of NaCl in NaCl-BaCl2-H20. 

I <y(Na,Ba,Cl) 3^(Na,Ba,Cl)/3J 

2.0 -0.02585 1 0.01571 1 

2.5 -0.01671 1 0.00417 1 

3.0 -0.01530 + 0 . 0 0 2 7 7 1 ' 2 ' 3 0.00306 * 0.00274 
3.5 -0.01503 1 0.00135 1 

5.0 -0.01061 2 -0.00440 2 

1 Derived from activity coefficients calculated from data in (21) 
2 Derived from activity coefficients reported in (22). 
3 The uncertainty quoted is at the 95 per cent confidence level. 

A graph of equation 14 i
best fitti n g estimates of #(Na,Ba,Cl). The calculated curve is in 
excellent agreement with the data points at 2.5, 3.0 and 3.5 m. 
The slight discrepancy observed at 2.0 m is attributed to the 
small number of observations there, and that at 5.0 m to the sys
tematic difference between e.m.f. and isopiestic measurements 
already documented at 3.0 m. In summary, the osmotic and the two 
mean activity coefficients in NaCl-BaCl2-H20 can be represented 
accurately by equations 7, 8 and 9 where the interaction parame
ters are given by equations 12 and 14. 

Next, we compare the values of [g(Na,Cl,S0O + g(Na,Ba,Cl)] 
calculated from the trace activity coefficient of BaSOi* in sodium 
chloride solutions with the corresponding independent estimates 
obtained from equations 10 and 14. Both sets of values are listed 
in Table III. Agreement between them is excellent up to J = 3.0 m 
and remains good at higher ionic strengths. Inspection of the 
original solubility data [Figure 2 of reference(19)] shows that a 
slightly different smoothing procedure would bring the values at 
high ionic strength in agreement with the data from common-ion 
mixtures while remaining in accord with the experimental solubili
ties. We conclude therefore that the RWR equations predict the 
solubility of barite in sodium chloride solutions with an accuracy 
comparable to that of experimental measurements. 

Trace activity coefficient of CaS0i» in NaCl solutions. The 
solubility of gypsum (CaSOi*. 2H2O) in sodium chloride solutions at 
25 C has recently been redetermined by Marshall and Slusher (24). 
Combining their results with those of previous work, they have 
obtained a semi-empirical equation that accurately represents 
experimental solubilities from 0.06 to 6.3 m ionic strength. As 
the scope of the present paper is limited to the examination of 
trace activity coefficients, we are restricted to ionic strengths 
of 3.0 and above in order to keep the contribution of CaSO suit
ably small. The equilibrium condition i s : 
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Table III. Trace activity coefficient of BaSOt* in NaCl solutions 
and corresponding interaction parameters. 

2 
(Na,Cl,SOO 1 0(Na,Cl,SOO 

gr(Na,Ba,Cl) gr(Na,Ba,Cl) 
- t r a c e 
l n ^BaSOij 

0.05 -1.0984 
0.1 -1.3591 
0.2 -1.6417 
0.4 -1.8952 -0.5703 
0.6 -2.0472 -0.3489 
0.8 -2.1678 -0.2664 
1.0 -2.2548 -0.2175 -0.2023 
1.5 -2.409 -0.1496 
2.0 -2.518
2.5 -2.5957 -0.1133 -0.1127 
3.0 -2.6603 -0.1096 -0.1045 
3.5 -2.7209 -0.1102 -0.0991 
4.0 -2.7719 -0.1116 -0.0954 
4.5 -2.8204 -0.1140 -0.0930 
5.0 -2.8666 -0.1180 -0.0920 

Calculated from the solubility of barite in NaCl solutions. 
Calculated from activity and osmotic coefficients in the 
systems NaCl-BaCl2-H20 and NaCl-Na2S0i»-H20. 
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2V°S ^ c a s o l + l 0 « " c a S O , + l o « «H20 > = " 4 - 5 9 4 ^ 
The equilibrium constant at 25 C was calculated from the solubili
ty of gypsum in water and estimates of the activity and osmotic 
coefficients of CaSOi* in dilute solutions. Although no data for 
CaSOi* are available, Harned and Owen (8) have pointed out that the 
activity and osmotic coefficients of the divalent metal sulfates 
depend very l i t t l e on the nature of the metal ion at low ionic 
strength. Therefore, the properties of ZnSOi* solutions were used 
as good approximations of those of CaSCH solutions. Note that the 
equilibrium constant in equation 15 differs markedly from the 
limiting solubility extrapolated to zero ionic strength by Mar
shall and Slusher (24). Their extrapolation requires that the 
activity coefficient of CaS0t» l i e above the Debye-HUckel limiting 
slope at low ionic strength
ficient of ZnSOj* approache
ductance curves for 2:2 electrolytes are also known to approach 
the limiting law from below (8), a fact consistent with the wide
spread assumption of ion-pairing in these solutions. Thus, the 
limiting solubilities extrapolated by Marshall and Slusher (24) 
are probably not good estimates of the equilibrium constant for 
gypsum dissolution. 

The results derived from the solubility of gypsum are quite 
similar to those obtained above from that of barite. Therefore, 
only sample calculations at 3.0 and 6.0 m are reported here. At 
these ionic strengths, the logarithms of the molal solubilities 
are -1.240 and -1.305 respectively [equation 6 of reference (24)]. 
The corresponding values of the trace activity coefficient of 
CaSÔ  are 0.0982 and 0.1341, leading to values of [#(Na,Cl,S0. ) + 
#(Na,Ca,Cl)] of -0.0692 at 3.0 m and -0.0495 at 6.0 m. 

Next, we obtain #(Na,Ca,Cl) from the thermodynamic properties 
of mixed NaCl-CaCl2 solutions in a manner similar to that used for 
<7(Na,Ba,Cl). Robinson and Bower (25) have studied the system 
NaCl-CaCl2 -H20 by the isopiestic method. The osmotic coefficient 
was calculated from their data at ionic strengths up to 6.0 m, 
using the properties of single-salt solutions listed in (9). The 
results of these calculations are given in Table IV together with 
the corresponding values of the interaction parameter w(Na,Ca,Cl) 
which are plotted in Figure 3. They cannot be fitted easily to a 
power function because of the sharp peak observed near J = 1.0 m. 
Recalling that both the g and the w parameters for asymmetrical 
mixtures should behave as ln I in the limit of infinite dilution 
(11), we express the w interaction parameter as: 

tt(Na,Ca,Cl) = 0.07371 ln I + 0.10814 - 0.07449 I 
+ 0.007888 I 2 - 0.0002647 J 3 (16) 

for ionic strengths between 0.6 and 6.0 m. 
We then make direct estimates of the values of ̂ (Na,Ca,Cl) 

at 3.0 and 6.0m from the activity coefficient of NaCl in the 
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Table IV. Osmotic c o e f f i c i e n t i n NaCl-CaCl2-H20 and corresponding 
values of the i n t e r a c t i o n parameter u(Na,Ca,Cl). 

1 
NaCl BaCl 2 

w(Na,Ba,Cl) 

0.3735 0.1110 0.7065 0.9113 0.03226 
0.2495 0.1968 0.8399 0.9035 0.03371 
0.1268 0.2816 0.9716 0.8960 0.037^0 
0.4190 0.0842 0.6716 0.9141 0.03116 
0.3146 0.1561 0.7829 0.9083 0.03675 
0.1832 0.2470 0.9242 0.9002 0.03594 
0.6832 0.0769 0.9139 0.9291 0.04742 
0.4544 0.229
0.2241 0.384
0.5729 0.1519 1.0286 0.9284 0.04905 
0.3405 0.3072 1.2621 0.9279 0.04829 
0.1271 0.4497 1.4762 0.9275 0.09337* 
0.6887 0.2294 1.3769 0.9455 0.04108 
0.4375 0.3929 1.6162 0.9511 0.03917 
0.2166 0.5367 1.8267 0.9558 0.04315 
0.7891 0.1706 1.3009 0.9438 0.04149 
0.5393 0.3333 1.5392 0.9491 0.03629 
0.3250 0.4723 1.7419 0.9543 0.08215* 
0.9755 0.3348 1.9799 0.9848 0.03662 
0.5078 0.6256 2.3846 1.0063 0.03931 
0.2665 0.7736 2.5873 1.0199 0.05449 
1.2831 0.1656 1.7799 0.9713 0.02436 
0.5750 0.6029 2.3837 1.0056 0.03300 
0.3506 0.7412 2.5742 1.0172 0.03595 
1.2368 0.3258 2.2142 1.0013 0.03580 
0.7203 0.6377 2.6334 1.0293 0.03474 
0.2557 0.9204 3.0169 1.0559 0.03966 
1.5227 0.1600 2.0027 0.9865 0.03395 
1.0256 0.4603 2.4065 1.0133 0.03302 
0.5579 0.7427 2.7860 1.0271 0.03479 
1.9144 0.4751 3.3397 1.0816 0.01749 
1.2728 0.8302 3.7634 1.1271 0.03281 
0.6209 1.1974 4.2131 1.1743 0.02710 
1.6266 0.6524 3.5838 1.1045 0.01907 
0.9691 1.0206 4.0309 1.1510 0.01954 
0.3633 1.3619 4.4490 1.1959 0.01702 
2.2476 0.6360 4.1556 1.1522 0.01995 
1.2284 1.1877 4.7915 1.2254 0.01948 
0.3794 1.6464 5.3186 1.2947 0.02929 
2.8877 0.3111 3.8210 1.1109 0.01070 
1.7012 0.9474 4.5434 1.1933 0.01714 
0.8440 1.4101 5.0743 1.2589 0.01865 
3.4474 0.5772 5.1790 1.2333 0.01858 
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2.1539 1.2356 5.8607 1.3274 0.02191 
3.7520 0.4410 5.0750 1.2151 0.01261 
2.9372 0.8548 5.5016 1.2710 0.01576 

Taken from (25) 
Calculated from data given in (25) 
Calculated from equation 7 and the data above. 
These points, considered unreliable, were not used in deriving 
equation 16 

0 . 0 5 -

Figure 3. w(Na,Ca,Cl) at 25°C. These values, calculated from data 
in (25), are listed in Table IV. 
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mixed solutions. The values of the activity coefficient of NaCl 
were taken from Lanier (22) and also calculated from the data of 
Robinson and Bower (25). Good agreement was observed between the 
results of the e.m.f. measurements and those of the isopiestic 
data. The best fitting estimates of g(Na,Ca,Cl) are 0.02559 
± 0.00237 at 3.0 m and 0.02780 ± 0.00256 at 6.0 m (uncertainties 
quoted are at the 95 per cent confidence level). Using equations 
1 and 16, the interaction parameter must be of the form: 

(Na,Ca,Cl) = B/J + 0.07371 In I + 0.03443 - 0.037246 J 
+ 0.002629 I 2 - 0.0000662 I 3 (17) 

where B is a constant. Using the values of g determined above at 
3.0 and 6.0 m, we find that B is not significantly different from 
zero, which indicates tha
tion of w(Na,Ca,Cl) betwee

The values of [gr(Na,Cl,SOi>) + ^(Na,Ca,Cl)] calculated from 
the data for common-ion mixtures are -0.0640 at 3.0 m and -0.0495 
at 6.0 m.The corresponding values obtained from the solubility of 
gypsum are -0.0692 and -0.0570 respectively. Here, again, the 
agreement between the two methods is excellent, especially when 
we consider the experimental uncertainties involved at each step 
of the calculations. We conclude that the solubility of gypsum 
can be predicted accurately by equation 3 and the interaction 
parameters given by equations 10 and 17. 

Conclusions 
We have shown that the osmotic and activity coefficients in 

NaCl-BaCl2-H20 and NaCl-CaCl2-H20 can be described accurately by 
the equations of Reilly, Wood and Robinson (16) where the inter
action parameters are given by equations 12, 14, 16 and 17. We 
have further shown that these interaction parameters can be added 
to the parameter that characterizes NaCl-Na2S0it-H20 to provide 
accurate estimates of the trace activity coefficients of BaSCKand 
CaSOif in sodium chloride solutions. Thus, i t appears that the 
additive character of the interaction terms in the general equa
tions of Reilly, Wood and Robinson is valid even for systems 
where marked specific interactions between ions are known to 
exist (in this case, between metal ions and sulfate). This strong 
ly suggests that the general RWR equations can be used to estima
te chemical potentials in natural waters more accurately than 
has been possible to date. More specifically, these equations 
together with appropriate expressions for the interaction parame
ters are likely to yield significantly improved estimates of the 
activity coefficients of sulfate and carbonate components in sea 
water and in continental brines. Finally, the solubilities of 
sparingly soluble sulfate salts in sodium chloride solutions can 
be used in conjunction with values of #(Na,Cl,S0O to estimate 
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the interaction parameter ̂(Na,M,Cl) in systems for which no 
direct data are available. 
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Considerable interest has been generated recently in the 
effects of trace metal
and chemical activity of trace metals is determined by the chemi
cal form in which they occur. (1-6) In particular, trace organic 
chelating agents in seawater play a very important part in chang
ing the effect of trace metals on the environment. (2-4) These 
chelating agents may solubilize certain trace metals and thus 
facilitate their transport. If the chelating action is too str
ong then necessary amounts of trace metals may not be available 
for use by marine organisms. Conversely, the effect of toxic 
metals may be reduced by the chelating action. Because of the 
very small concentrations of both trace metals and chelating 
agents it is very difficult to learn about the form in which 
metal ions occur in seawater. For this reason most of the studies 
have been limited to determining the total concentration of metals 
in the solution phase. (6) 

One way of attacking this problem is to make theoretical 
calculations of the speciation of the various components in 
seawater. (7-12) However, the calculation of the interaction of 
a trace metal ion with a complexing agent requires a knowledge of 
the activity of the free metal ion in order to perform the cal
culation. (13) Recently Robinson and Wood (14) have shown that 
it is possible to use the equations of Reilly, Wood and Robinson 
(15) to calculate the activity coefficients for the major compon
ents of artificial seawater. Similar calculations have been made 
using both the equations of Scatchard, (16) and the Brønstead-
Guggenheim equations either alone (9,10) or with the addition of 
like-charged interactions (8). All of the results are in substan
tial agreement and agree with the available experimental results. 
The purpose of this paper is to extend these calculations to the 
activity coefficients of the chlorides and sulfates of a variety 
of trace metals in artificial seawater. Thus these results give 
Taken in part from the M.S. Thesis of Mark W. Watson, 
University of Delaware June 1975. 

112 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



6. WATSON E T A L . Trace Metals in Artificial Seawater 113 

the activity coefficient of that part of the metal that is un-
complexed by trace inorganic and organic complexing agents. 
Specifically, the a r t i f i c i a l seawater contains sodium, magnesium, 
potassium, chloride and sulfate ions so interactions of the 
trace metals with these ions are the only interactions taken 
into account in the calculations. 

Calculation of Activity Coefficients 

The calculations were done using equation A-9 (15) of 
Reilly, Wood and Robinson which requires knowing the activity 
and osmotic coefficients of each salt in its own solution at 
the ionic strength of the mixture and the interaction parameters 
for each two salt mixture with one ion in common. The activity 
and osmotic coefficient
taken from Robinson an
and Pitzer (19) have re-evaluated the activity and osmotic 
coefficients of MgSÔ  with similar results. The values of 
Pitzer were used. The new Y±(MgS04) data resulted in a 2% 
decrease in the activity of MgSÔ  in seawater and much lower 
changes in the activities of the other salts. The interaction 
parameters used in the calculations are given in Table 1. A l l 
of the interaction parameters involving transition metals and a 
few of the interactions between major components are not avail
able. 

The a r t i f i c i a l seawater used for the calculations consisted 
of a solution of four salts in the ratio 0.4852 m NaCl, 0.0106 m 
KC1, 0.0367 m MgCl2 and 0.0293 m MgS04. The resulting solution 
has a salinity of 35%c, chlorinity of 19.375%c, and a molal ion
ic strength of 0.7231. The results of the calculation are given 
in Table II for the trace salts and the major components. The 
absence of activity and osmotic coefficients for CaS04 at high 
concentrations preclude including Ca**"* in the calculation. 

An examination of the basis of the Reilly, Wood and 
Robinson equation shows that good accuracy is expected for the 
calculation of "normal" strong electrolytes. On the other hand, 
i t is equally clear that for strongly ion-paired species; for 
instance, acetic acid (K a (association) ^ 10^), the equation 
w i l l give large errors and an ion-pairing approach using an 
association constant is needed. As association constants become 
larger than those for "normal" strong electrolytes, i t is not 
yet clear at what point i t is best to go over to an ion-pairing 
approach. For magnesium sulfate with a K a of about 200, the 
equations of Reilly, Wood, and Robinson did not work nearly as 
accurately as they do for "normal" strong electrolytes. On the 
other hand, ion-pairing calculations are d i f f i c u l t because of 
the concentration dependence of the stoichiometric association 
constant (11). For these reasons, we expect that the activity 
coefficients for the sulfates of divalent cations calculated in 
Table II w i l l be somewhat less accurate than the other results. 
In addition, the very low activity 
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Table I 
Interaction Parameters 

Ion Interactions 
b o , i b0,2 b0,3 Reference 

Na*, Mg4*1", Cl" 0.0654 -0.0176 0.00191 b 
Na+, K+, Cl" -0.0253 -0.00299 c 
Na+, H+, Cl" 0.0557 d 
Mg44", K+, Cl" 0.0 e 
Na+, Mg44", SO " 0.03178 -0.003055 b 

+ -b -Na , K , S0 4" -0.0359 0.0076 f 
Mg4*, K+, S0~ 
C l ^ S0 4

=, Na + -0.05821 0.0 0.000439 b 
Cl", S0 4

=, Mg + t -0.0368 b 
Cl", S0 4

=, K + -0.0542 0.0105 f 

a) The interaction parameter g in equation (A-6)^ is given by 
8 = b 0 , l + b 0 , 2 I / 2 + b 0 , 3 l 2 / 3 -

b) Wu, Y. C., Rush, R. M., and Scatchard, G., J. Phys. Chem. 
(1968) 72, 4048; (1969) 73, 2047. 

c) Rush, R. M. and Robinson, R. A., J. Tenn. Acad. Sci. (1968) 
43, 22. 

d) Harned, H. S., J. Phys. Chem. (1959) 63, 1299. 
e) Zero used since no data is available. 
f) Robinson, R. A., Platford, R. F. and Childs, C. W., J. Soln. 

Chem. (1972) 1, 167. 
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Table II 
Log y± of electrolytes in A r t i f i c i a l Seawater at 35%c Salinity 
and 25°C 

Salt log Y± Y ± 
NaCl -0.176 0.667 
Na2S04 -0.435 0.367 
MgCl2 -0.330 0.468 
MgS04 -0.796 0.160 
KC1 -0.196 0.636 
K 2S0 4 

*CdCl 2 -0.629 0.235 

*CdSO, 4 -1.245 0.057 

CuCl 2 -0.339 0.458 
* 
CuS04 

-0.810 0.155 

*MnCl2 -0.332 0.466 
*MhS04 -0.799 0.159 
*NiCl 2 -0.330 0.468 
*NiS04 -0.796 0.160 
*ZnCl 2 -0.331 0.467 
*ZnSO. 4 -0.797 0.160 

*trace component 
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coefficient for pure CdCl^, which reflect the strong complex formed 
between Cd+^ and chloride ions, indicates that the activity co
efficients calculated for this salt w i l l not be accurate. For the 
other salts, good accuracy is expected; in fact, Robinson and Wood 
have shown that the calculated activities of both sodium chloride 
and sodium sulfate are within experimental error of the me^ure-
ments that have been made (14). 

Unlike the calculations for the major components, the calcu
lated activity coefficients for the transition metal ions in a r t i 
f i c i a l seawater are not expected to be good representations of the 
activity coefficients in actual seawater. This is because the 
transition metal ions have very strong interactions with some of 
the ions excluded from the a r t i f i c i a l seawater (OO^58, HCO ~, OH", 
and trace organics). Indeed, recent calculations using tne ion-
pairing model show tha
transition metal chloride
lower by a factor of 2 to 10 than the values for a r t i f i c i a l sea
water listed in Table II. The major reason for these differences 
are the interactions with ions left out of the a r t i f i c i a l seawater. 
The best estimates on the activities w i l l probably result from us
ing the equations of Reilly, Wood and Robinson to calculate the 
interactions between the strong electrolytes present in the solu
tion and combining this with calculations of the association be
tween the ions having large association constants (Ka greater than 
about 200). In this way each method is used where i t is the most 
accurate. 

The present results should be useful in the calibration of 
specific ion electrodes in seawater composed of only the major 
cations and anions. By adding OH" and HCO- (as well as other 
complexing agents) to these mixtures i t is possible to study the 
interactions of trace metals with trace ligands in seawater. 

Calculation of the Freezing Point 

Robinson and Wood (14) predicted osmotic coefficient (and thus 
water activity) for seawater at 25°C using the equations of Reilly, 
Wood and Robinson (15). The prediction was within 0.1% of the 
experimental results (20, 21) even for solutions five times more 
concentrated than seawater • There are two recent measurements of 
the freezing point of seawater (22,23). The present calculation 
was made to see i f the predictions and experiments at both tempera
tures were consistent with each other. 

The freezing point of the a r t i f i c i a l seawater described above 
was calculated from the predicted osmotic coefficient at 25°C (24) 
and the heat of dilution of seawater measured by Millero, Hansen 
and Hoff (25). First the osmotic coefficient at the estimated 
freezing point i s calculated from the equation (17): 
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where Zm± is the total molality of solute ions, m± is the molality 
of ion i and the summation is over a l l the ions, and R is the gas 
constant, 1.987 cal K"1 mol"1. Values for Li at 35%.salinity were 
plotted vs 1/T and graphically integrated to obtain the area under 
the curve. This is a small correction since the change in osmotic 
coefficient is small, ($ T -$298^ = " , 0 1 2 2 # 

The activity of the water at T f is given by the following 
equation (17): 

Zm±W 

2 10 3 f 
where W is the molecular weight of water. The freezing point 
depression, 0, of the solution is then calculated from the equa
tion (17): 

- log a„ n -

If necessary the calculation is repeated with this new estimate of 
the freezing point. 

Doherty and Kester (22) report for seawater with 35%0 salin
ity a freezing point of -1.922°C ± .002 while Fujino, Lewis, and 
Perkin (23) report -1.921 ± .003°C. Our predicted value of 
-1.927°C agrees to within 0.26% of their result. This agreement 
is satisfactory since the 25°C data on which the prediction is 
based (17) has an estimated accuracy of 0.1 to 0.2%. 

The agreement between experimental and prediction at 35%0 

salinity means freezing points for more dilute natural waters can 
be predicted with confidence. Similarly previous results indicate 
that calculation of the activities of the other major components 
(Na+1, K+1, Mg+2, Cl", SO,") should be very accurate. For accur
ate calculations involving trace transition metals the strong com
plexes with trace ligands (0H-, HCOJ, etc.) w i l l have to be in
cluded in the calculation. 

Acknowledgement. The support of the National Science Found
ation (GA-40532 and MPS74-11930), and the office of Naval Research 
(contract ONR-N00014-75-C-0173) is gratefully acknowledged. 
Summary 

The equations of Reilly, Wood and Robinson were used to cal
culate the trace activity coefficients of the chlorides and sul
fates of cadmium, copper, manganese, nickel and zinc in a r t i f i c i a l 
seawater at 25°C. The activity coefficients of the major compon
ents of seawater were recalculated using new values for the activ
ity of magnesium sulfate. The freezing point of seawater was pre
dicted from the calculated osmotic coefficient at 25°C and the 
heat of dilution of seawater. 
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7 
Methane and Radon-222 as Tracers for Mechanisms 
of Exchange Across the Sediment-Water Interface in 
the Hudson River Estuary 

D. E. HAMMOND, H. J. SIMPSON, and G. MATHIEU 
Lamont-Doherty Geological Observatory of Columbia University, Palisades, N.Y. 10964 

One problem in formulating material balances for aquatic 
systems is predicting th
sediment-water and water-atmosphere interfaces. An empirical 
relationship based on wind speed (1) has been developed to 
predict the rate of exchange across the upper interface, but 
exchange across the lower interface is usually calculated by use 
of reaction-molecular diffusion models. Almost no information 
exists regarding the accuracy of these models in calculating 
fluxes. This paper seeks to examine such processes in the Hudson 
Estuary by examining the distribution of CU4 and Rn222 , two 
naturally-occurring tracers which are generated primarily in 
sediments and migrate into the overlying water column. Due to 
limitations of space, this paper is a brief preliminary summary 
of research reported by Hammond (2). Future papers will present 
a more detailed discussion of the results summarized here. 

Description of the Hudson Estuary 

The Hudson Estuary is shown in Figure 1 with several regions 
of interest labelled. The standard mile point (mp) reference 
system used in the text is indicated. This index represents 
statute miles north of the southern tip of Manhattan along the 
river axis. A distinct difference in bedrock geology has 
resulted in the development of a broad, shallow channel profile 
through the quaternary deposits of the Tappan Zee region (mean 
depth « 5.3m) and a narrow, deep profile through the crystalline 
rocks of the Hudson Highlands (mean depth 12.8m). A summary of 
the regional geology can be found in Sanders (3) and references 
he cites. This distinct morphology change is important to the 
discussion of methane distribution. 

The Hudson has been classified as a partially-mixed 
estuary (4). Bottom salinities are typically 20-40% greater than 
surface salinities. The estuary is tidal from the Narrows (mr> -8) 
to the Green Island Dam (mp +154), with an amplitude of about one 
meter throughout. The 0.1°/ o o isohaline penetrates to about mp 25 
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I U i 1 
7 4 0 3 0 * 7 4 ° 0 0 * 7 3 ° 3 0 ' 

Figure 1. Map of lower Hudson Estuary. The mile point reference index 
is abbreviated as MP. The Tappan Zee region has a broad, shallow channel, 
and the Hudson Highlands has a narrow, deep channel. Large amounts of 
sewage from New York and New Jersey are discharged to the Upper Bay. 
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during periods of high fresh water discharge (spring) and to 
about mp 60 during periods of low discharge (late summer). 
Circulation within the estuary has been discussed in terms of a 
one-layer advection-diffusion model by a number of authors (see _5 
and references cited there) and a two-layer advective model (6). 
On the basis of salinity distribution, the horizontal eddy 
diffusivity calculated from the first type of model is 3-6 x 106 

cm2/sec (25-50 kra2/day). 
An estimation of the rate of exchange of dissolved gases 

across the atmosphere-water interface can be made on the basis of 
the Lewis and Whitman stagnant film model (7) recently reviewed 
by Broecker and Peng (8). This model envisions gas flux to be 
limited by molecular diffusion through a stagnant film of water at 
the air-water interface. The surface of this film is in equilib
rium with the atmospher
same composition as th
is a function of wind speed, and the evasive flux of gas C per unit 
area is then: 

*c - | <cB - c A ) [1] 
where D = molecular diffusivity of gas C. Emerson (1) has 
proposed an empirical calibration curve relating Z to wind speed, 
and for the mean wind speed of 0.2-0.4 M/sec (5-10 mph) in the 
New York region, a film thickness Z = 180 + 6Qu is predicted. 
The mean l i f e of a non-reactive dissolved gas in the water before 

Rz 
exchange with the atmosphere wi l l be T 8 -g-, and for a mean depth 
(H) of 8m, and diffusivity of 2 x 11"^ cm^/sec, T ^ 3 days. In 
this time, with an eddy diffusivity of 30 km2/day, a gas molecule-
would move approximately (30 x 8)-* ̂  16 km horizontally from its 
source before escaping to the atmosphere. Thus, regions showing 
small horizontal concentration gradients in dissolved gases over 
this distance can be treated by use of a box model in which 
exchange with the atmosphere dominates advective transport. 

McCrone (9) has found the sediments north of mp 25 to be 
fairly homogenous in grain size, organic carbon, and cation 
exchange capacity. The dominant sediment tyne is a clayey s i l t 
with an organic carbon content of 3-10% (dry weight loss on igni
tion). Near Upper New York Bay (below mp 15), the sand fraction 
increases, and as a consequence of the large sewpge input focused 
on the Upper Bay, the fraction of organic carbon in these sediments 
also rises. 

South of mp 60, the ratio of drainage basin area to estuary 
surface area is small. As a consequence, few tributary streams 
enter this region. Those that do would replace water only once 
per year in the Hudson Highlands and only once every 4.5 years in 
the Tappan Zee region. Thus, addition of dissolved gases by 
tributary streams wi l l be of minor importance. The bedrock char
acteristics and small drainage areas also indicate that groundwater 
flow should be quite small, especially in the Tappan Zee region. 
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Thus, the. Hudson appears to be an i d e a l l o c a t i o n for studying 
processes e f f e c t i n g transport across the sediment-water i n t e r f a c e . 
The sediments (north of the sewage input region) are rather 
uniform,, the waters are s u f f i c i e n t l y well-mixed by t i d a l movements 
to l a r g e l y homogenize dissolved gas d i s t r i b u t i o n s , and 
complications introduced by stream and groundwater inflow should 
be minimal. 

Tie.thane D i s t r i b u t i o n 

A schematic diagram i s shorn i n Figure 2 to i l l u s t r a t e the 
expected behavior of methane i n the estuarine environment. 
A sequence of zones may be defined i n sediments on the basis 
of micro-biology and redox p o t e n t i a l (10). An oxidized zone 
o v e r l i e s one i n which s u l f a t
occurs below t h i s i n anoxi
pressure i s le s s than a few tens of atmospheres, methane concen
t r a t i o n s equal to i n s i t u saturation may be generated, r e s u l t i n g i n 
formation of a gaseous phase i n the sediments. This phase has 
been i d e n t i f i e d i n Chesapeake Bay sediments as a source of 
ac o u s t i c a l t u r b i d i t y (11) and i n Hudson Estuary sediments as a 
cause of low seismic v e l o c i t i e s (12). Sediments may f l a t u l a t e t h i s 
gas phase (13, 14) in t o overlying water, where some f r a c t i o n of the 
bubbles may dis s o l v e (-2, 15) as they r i s e through the water column. 

A second possible mode of transport across the interf a c e i s 
upward d i f f u s i o n of dissolved methane from the production zone 
to the overlying water. Some evidence e x i s t s that methane may he 
oxidized by sulfate-reducing b a c t e r i a (16) but t h i s process i s 
apparently very slow (14). The oxygenated sediment zone, however, 
i s a more e f f e c t i v e b a r r i e r and apparently only a small f r a c t i o n of 
methane d i f f u s i n g upward passes through t h i s layer ( 2 ) . 

The time constant f o r methane oxidation i n oxygenated waters 
of lakes may be only a few hours (17, 13), hut i n sea water i t i s 
greater than 30 days (19). Storage te s t s on Hudson Estuary waters 
indicated a time constant greater than two weeks. Since t h i s i s 
greater than the time required for gas exchange, the dominant loss 
of methane from the water column must be by evasion to the 
atmosphere. 

The d i s t r i b u t i o n of methane i n Hudson waters during a 
warm period (August 1973) and a cold period (March 1974) i s shown 
i n Figure 3. Surface and deep samples are averaged. Two trends 
are c l e a r north of the region of sewage inputs. Concentrations 
are greater at low temperatures than at high temperatures and 
greater i n deep water columns than i n shallow water columns. 
This d i s t r i b u t i o n i s consistent with the conclusion that the most 
important input of methane to the water column i s from bubbles 
escaping from sediments and p a r t i a l l y d i s s o l v i n g as they r i s e . 
A model employing a uniform production of bubbles s p a t i a l l y and 
seasonally has been developed to treat t h i s input q u a n t i t a t i v e l y 
( 2 ) . The temperature dependence of the water column 
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Figure 2. Biogeochemistry of methane in estuaries 
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Figure 3. Methane vs. distance in the Hudson Estuary. Surface and deep samples have 
been averaged. Note the effect of temperature and mean depth on concentration. 
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concentrations is a consequence of increasing methare solubility 
with decreasing temperature. The mean depth dependence is a 
consequence of an increase in methane partial pressure within 
a bubble as hydrostatic pressure increases. A model employing 
a balance between uniform diffusion and gas exchange would 
predict no variation with temperature and mean der»th. 

An alternative model could be developed employing a 
combination of diffusion, reduced methane oxidation in surface 
sediments during cooler periods, and increased methane production 
in less saline regions> but the bubble model requires fewer 
assumptions. The sharpness of the transition of methane 
concent rat ions at the Hudson Highlands-Tappan Zee boundary 
supports the bubble model. Methane-saturated sediments have 
been collected and bubbles have been observed breaking at the 
water surface in the Hudso

In the region of
waters to Lower New York Bay becomes an important loss, 
particularly in the spring when fresh water discharge is maximal. 
If advective and evasive losses are summed, the rate of input per 
unit area from Upper Bay sediments must be ̂  20 times that 
upstream of sewage inputs. Inputs have similar seasonal 
characteristics to those mentioned above (2). 

Sandy sediments in the Lower Bay probably supply very l i t t l e 
methane. Although the complicated mixing and geometry in this 
region preclude very reliable modeling, when the assumption is 
made that flow through the Narrows is the only source of methane, 
the rate of gas exchange calculated between stations in the 
Narrows and at the mouth of the Lower Bay during winter months is 
consistent with the earlier estimate of film thickness (2). 

Radon 
222 

Radon is a noble gas with a four day half-life. Its 
parent, Radium226 (1600 year ha l f - l i f e ) , may be dissolved in the 
water column, but is primarily bound to or within solid phases. 
Thus, high concentrations of radon are found in sediment pore 
waters or in ground waters, and much lower concentrations are 
found in the water column. In the Hudson, pore water has 
^ 600 dpm/£ and overlying water has ̂  1.4 dnm/£. If Hudson 
waters were in eauilibrium with the atmosphere, the concentration 
would be ̂  0.03 dpm/H at 25°C. 

Since radon was originally proposed as a tracer for processes 
in aquatic systems by Broecker (20), i t has been used to study 
mixing rates and gas exchange rates in lakes and the ocean. 
Figure 4 is an illustration of an ideal radon profile in the 
open ocean. Throughout most of the water column, radon is in 
secular equilibrium with its parent. In the surface ocean, a 
deficiency of radon exists due to a net evasion to the 
atmosphere. In the deep ocean, an excess is found due to input 
from the sediments. The shapes of these defficiencies 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



7. H A M M O N D E T A L . Methane and Radon-222 as Tracers 125 

and excesses depends on the characteristics of the mixing 
processes in the ocean. 

In the Hudson Estuary, the surface and bottom zones overlap. 
Figure 5 is a radon profile collected September 27,'1971 
at mp 25. Radon activity is clearly in excess of Ra2~^ activity, 
indicating that the rate of input from sediments is greater than 
the rate of evasion to the atmosphere. In this profile, radon 
increases with depth, but maxima may often be found at mid-
depth or at the surface. Vertical variation in radon is typically 
less than 0.25 dpm/£. The median concentration in 57 surface 
samples is 1,35 dpm/£ and the median concentration in 49 sub
surface samples is 1.45 dpm/i?.. Analysis of 106 samples has 
indicated no consistent horizontal gradients between mn 18 and 
mp 60 (Table I). 

Range (mp) 
16-20 
20-40 
40-57 
> 57 

A l l Samples 

Table I 
Median Radon Activity (summer) 
ir of Samples Activity (dpm/H) 

28 1.45 35 
33 
10 

106 

1.43 
1.40 
1.50 

1.43 

+ 0.31 
+ 0.26 
+ 0.27 
+ 0.35 

+ 0.2S 

In the absence of consistent horizontal or vertical gradients, 
a l l samples can be grouped, and assuming that dissolved plus 
suspended Ra22** £ s 0.10 drm/Jl (on the basis of 35 samples), the 
average excess radon (June-September) is 1.33+0.28 dpm/H. It is 
possible that some fraction of tills activity in the Hudson 
Highlands might be supported by groundwater flow, but in the 
Tappan Zee region, an area of low relief encompassing a small 
drainage area, groundwater flow could contribute only minor 
amounts of radon (2). A budget (Table II) can be constructed for 
the Tappan Zee region (mp 20 - mp 40). Stream Inputs are minor 
(2). Input carried by sediment flatulence of methane bubbles is 
negligible due to the low Rn 2 2 2/fF^ ratio in methane-saturated 
pore water. When these terms are subtracted from the radon losses 
due to decay in the water column and evasion to the atmosphere, 
the remaining excess must be supplied from the sediments. 
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Rn 222 

Ra 
22^-^ACTIVITY RATIO 

IOOM 

3000M 
SEPARATION 

3200 M — 

3 3 0 0 M -

3400M -

EVASION TO 
ATMOSPHERE 

Radium 

1600 yr. 
half - l i fe 

226 0 _ 222 
, Radon 

4 day 
h a l f - l i f e 

INPUT FROM 
SEDIMENTS 

1 
Figure 4. Deep ocean ideal radon profile. Throughout most of the water 
column, radon-222 is in equilibrium with its parent. Near the surface, a de
ficiency exists (shaded area) due to evasion to the atmosphere, and near the 
bottom an excess exists (shaded area) due to input from sediments. The func
tionality of these deficiencies and excesses depends on the mixing characteristics 

in the water column. 

Hudson River Ra 226 Rn 222 

(Sept. 27, 1971) mp 25 

dpm/liter - — -

Figure 5. Hudson River ideal radon profile. Radon-222 activity always 
exceeds that of its parent. This excess is mixed rather well throughout 
the water column. The salinity gradient was unusually large when these 

samples were collected. 
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Table II 
Summertime Radon Budget (fluxes In atoms/m -sec) for the 

Tappan Zee Region (mp 20— mp 40) 

Mean Depth (m) 5.3 
Median Excess (dpm/*) 1.33+0.28 
Decay Loss -117 + 25 
Evasion to Atmosphere -85 + 30 
Stream Input 2 + 5 
Flatulent Input 0 + 1 
Remainder (Input from Sediment) 200 + 39 

D iscussion 

Broecker (20) has derived an expression for the flux of 
radon from sediment in terms of the activity supported by its 
parent^ Cf3 (per unit volume of wet sediment). Following this 
approach, for a uniform diffusivity Ds within the sediment, a 
balance can be written for production, decay, and diffusion. 
At steady state, 

0 " k (°S f*> + X (°s q - <V> [2] 
where X is the decay constant of radon. 

The solution to [2] i s : 

(C| q - C s) = Me"*!* + ?!e rl x [3] 

where r i «y A/^s* ^PPly^S t n e boundary conditions 
C s q " C s 8 8 0 at x » «> 
C s = at x - 0 

where C w = overlying x*ater concentration 
and differentiating, the flux of radon to the overlying water 
i s : 

Jsed (Cf/l - C^) 

Measurements of Cg^ were made by making a slurry from a known 
volume of wet sediment and distilled water. This slurry was sealed 
in a glass kettle, purged of radon, stored, and the re-growth of 
radon was measured. For Tappan Zee sediments C§<! % 0.33 + 0.10 
dpm/cm3. For a flux of 200 + 39 atoms/m2sec, with X - 2.1 x 10~6 

sec~l Dg equals 2.7+ 1.0 x 10"5 cm2/sec. The computed profile 
is shown in Figure 6 (left side). 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Fi
gu

re
 6

. 
R

ad
on

 p
ro

fi
le

s 
ca

lc
ul

at
ed

 i
n 

se
di

m
en

ts
 f

or
 t

w
o 

di
ff

er
en

t 
m

od
el

s.
 T

he
 l

ef
t 

pr
of

il
e 

il
lu

st
ra

te
s 

a
 m

od
el

 i
n 

w
hi

ch
 s

ed
im

en
ts

 a
re

 s
ti

rr
ed

 b
y 

a
 u

ni
fo

rm
 e

d
d

y 
di

ff
us

iv
it

y.
 T

he
 r

ig
ht

 p
ro


fi

le
 i

s 
ca

lc
ul

at
ed

 a
ss

um
in

g 
un

if
or

m
 s

ti
rr

in
g 

to
 2

 c
m

 a
nd

 n
o 

st
ir

ri
ng

 b
el

ow
 t

hi
s 

ho
ri

zo
n.

 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



7. H A M M O N D E T A L . Methane and Radon-222 as Tracers 129 

This value can be compared to the molecular diffusivity in 
water (Dm) measured by Rona (21) at 18°C with a temperature 
dependence calculated by Peng et al (22), of - 1.37 + 0.14 x 
10"^ cm2/sec at 25°C. In sediments, this value must be reduced 
for the effect of tortuosity. In a Pacific red clay, L i and 
Gregory (23) found Ds = with 9 - 1.37 when porosity (0) was 50%. 
Since 0 ̂ "0.60 in Hudson sediment and grain size is slightly 
larger, 9 • 1.20 + 0.12 should be a good estimate. Thus, under 
molecular diffusivity conditions, Ds - 0.97 + 0.30 x 10~5 cm2/sec. 
This value is about 35% of that required to produce the observed 
flux. Clearly, some process in addition to molecular diffusion 
is at work. 

Sediments in the estuary are characterized by a surface 
layer of about 2 cm thickness which is lighter in color and 
soupier than the materia
be due to oxidation an
slightly greater porosity. As an alternative to the model based 
on uniform diffusivity, a two-layer model may be more appropriate. 
This model incorporates an upper layer (thickness d) stirred by 
currents and organisms and a layer below in which molecular 
diffusion prevails. The equations for such a model in the 
surface ocean have been developed by Peng et a l . (22) and can be 
applied to sediments as follows. Defining x to represent depth in 
the upper layer, equation [3] is the solution in the upner layer 
and: 

applies below, where r 2
 83 ^X92/Din. * Applying boundary conditions: 

C s = C w at x • 0 

M e " r l X + ?T e
r i x = P e~ r2y + Qe

r2* at x « d y - 0 

r i ( N e
r l * - Me" rl x) - r 2(O er2y - Pe""r2y) at x = d y = 0 

Cg<* - C g - 0 at y - » 

the model can be solved (Figure 6 right side). The flux from 
sediments to the overlying water (x = 0) is 

J s * J Ds x* ( H " >T) = 2 0 0 atoms/M2sec 
The model calculated diffusivity will depend on the value of d 
chosen for the thickness of the mixed zone, but d = 2 cm is 
reasonable on the basis of the soupiness criteria and indicates 
Dg = 7.2 x 10""̂  cm2/sec. This is about seven times the molecular 
diffusivity in the layer below and indicates that substances 
dissolved in interstitial waters may migrate through the upper 
few centimeters of sediment at rates above their molecular 
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diffusivities. Selection of d ° 5 cm would Indicate Dg 3 8 3*0 x 
10~5 cm2/sec. 

The source of turbulence for this stirring could be small 
polycheate worms which populate these sediments or i t could be 
stirring by tidal currents. Data collected in winter months, 
when bioturbation is minimal, may provide an answer to this 
question. It should be pointed out that alternative models could 
explain the "enhanced" flux of radon. One possibility is a 
sediment-reworking model in which localized erosion to several 
centimeters occurs periodically at random locations. The 
distribution of shortlived radionuclides in the sediment may be 
useful in distinguishing between among possible alternatives. 

Conclusions 

1. Bubbles of methan
partially dissolve as they rise through the overlying water column 
appear to dominate the transport of methane across the sediment-
water interface in the Hudson Istuary. Thus, methane is 
apparently not useful for tracing the process of diffusion 
through surface sediments in estuaries. 

2. A radon excess of 1.33 + 0.28 dpm/fc exists during summer 
months in the waters of the Hudson Estuary between mp 16 and 
mp 60. Most of this excess is supported by input from the 
sediments at a rate which exceeds evasion to the atmosphere. 
Radioactive decay of radon in the water column accounts for over 
half the loss of this sediment input. 

3. Summertime radon flux from the sediments is about twice 
as great as a molecular diffusion model would predict. The 
mechanisms controlling the flux cannot be uniquely constrained. 
A model which can account for the flux envisions the sediments to 
be composed of two layers. In the upper layer, uniform 
stirring by currents and organisms creates an eddy diffusivity. 
In the lower layer, molecular diffusion controls transport. 
Choosing the thickness of the upper layer as 2 cm indicates an 
eddy diffusivity during summer months approximately seven times 
greater than molecular diffusivity. 
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Abstract 
Methane concentrations in Hudson Estuary waters range from 

~0.2 μmol/l to ~1 μmol/l. North of mp 20, concentrations are 
dominated by the balance between input from sediments and evasion 
to the atmosphere. Seasonal and regional distribution 
characteristics indicate that transport across the sediment-water 
interface is dominated by bubbles of methane which are produced 
in sediment and partially dissolve as they escape and rise 
through the water column. 

Radon-222 is a noble gas with a four day half-life. It is 
produced primarily in sediments and may migrate into overlying 
waters where it decays or escapes to the atmosphere. Estimates 
of the rate of the latter process, combined with measurement 
of the former, indicates that in the Hudson Estuary migration 
across the sediment-wate
predicted by a molecular diffusion model developed by Broecker 
(20). To account for the observed radon flux, a two-layer model 
developed by Peng et al. (22) can be applied to sediments. 
The model employs an upper layer in which uniform stirring by 
currents and organisms creates an eddy diffusivity about seven 
times the rate, of molecular diffusivity in the layer below. 
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The major portion of the terrigenous material that reaches 
the estuarine and shallo
continents through weathering processes and transported via river 
systems. The products of continental weathering and erosion are 
transported in the form of suspended particulate matter, col
loidal material, and dissolved species. The impact that these 
terrigenous materials have on the shallow water marine environ
ment varies according to the nature and amount of the material 
and the site of discharge. Some materials introduced by rivers 
via an estuary may undergo major changes during their residence 
time in that environment before finally reaching the ocean. 
Others may be relatively unaffected during transit. The behavior 
of each material is dictated by its chemical composition and 
physical properties, and by the chemical, physical, and biologi
cal constraints imposed upon it by the estuarine environment. 
Understanding the chemistry of the estuarine and near-shore 
marine environment thus entails a knowledge of the chemical 
inputs into the environment and the nature of the interactions 
that take place among these materials within the environment. 

In river waters and in sea water the species Na+, Mg++, 
Ca++, K+, C1-, SO4=, HCO3

- and H4SiO4 account for more than 98% 
of the total dissolved solids. These major elements determine 
the general chemical character of the waters. The other ele
ments, the trace elements, are present in much smaller quantities, 
but may nevertheless play important roles in determining the 
chemical quality of the environment. 

The sediments carried by rivers to estuaries and the near
shore marine environment are constituted primarily of the 
elements O, Si, Al, Ca, Mg, K, Na, and Fe with other elements 
present in trace amounts. 

The continuum of reactions that occur between the waters and 
solids during the weathering process, transport through river 
systems and after sedimentation in the estuarine or coastal 
marine environment, are major influences on the composition of 
the aqueous phase and lead ultimately to the mineral assemblages 
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that are preserved i n the sedimentary record . 
It may be i n s t r u c t i v e at t h i s point to examine some of the 

types o f reactions that occur during the sedimentary c y c l e . 
The materials o f the earth ' s crust can be separated into two 
groups on the basis o f chemical composition, the s i l i c a t e s and 
the carbonates. A t h i r d group, the evaporite -deposits , i s quan
t i t a t i v e l y unimportant i n terms o f volume, but can play an 
important chemical ro le on a l o c a l s c a l e . Chemical weathering 
of the earth 's crust produces two types of products: a) d i s 
solved species , and b) res idual so l ids that are more stable under 
earth 's surface conditions than the o r i g i n a l minerals i n the 
rocks being weathered. These res idual so l ids are usual ly 
a l u m i n o - s i l i c a t e minerals o f the P h y l l o s i l i c a t e group ( c l a y s ) , 
or hydrous oxides o f i r o n and manganese. 

Present information suggests t h a t , once formed i n the 
weathering environment
than s h i f t s i n the exchangeable ion population u n t i l they are 
deposited i n the marine environment. S i m i l a r l y , the a l k a l i and 
a l k a l i n e earth cations freed i n weathering reactions undergo few 
reactions other than minor involvement i n ion exchange reactions 
with c lay minerals and, perhaps with p a r t i c u l a t e organic matter, 
during t h e i r t r a n s i t to the sea. In i n t e r s t i t i a l waters o f 
estuarine and marine sediments, however, reactions occur that 
involve these elements. For instance, Drever (1) has reported 
exchange o f Mg for Fe i n clays i n the sediments o f the Rio Ameca 
bas in . The clays take up Mg i n exchange for i r o n , and the 
released i r o n reacts with s u l f i d e ion i n the anoxic i n t e r s t i t i a l 
waters to form i r o n s u l f i d e . Depletion of Mg i n the i n t e r s t i 
t i a l waters of deep sea sediments has also been reported (2, 3) . 
The i n t e r s t i t i a l water environment i n the sediments appears to be 
the locale i n which s i g n i f i c a n t chemical changes begin to occur. 

The behavior of trace elements i n estuaries i s i n marked 
contrast to the nearly conservative behavior of the major ions . 
Trace elements p a r t i c i p a t e i n a v a r i e t y o f biogeochemical reac
t i o n s , and an understanding of these reactions i s c r u c i a l to the 
understanding of the c y c l i n g of trace elements between continents 
and oceans. 

River Transport 

River input i s the major source of trace elements to the 
estuarine and near-shore marine environments. The chemical form 
of an element i n r i v e r water to a great extent determines the 
type o f react ion i t p a r t i c i p a t e s i n during i t s passage through 
an estuary. Trace elements can be transported by r i v e r s i n 
several d i f ferent f r a c t i o n s : 

A. Dissolved 
1. Inorganic - includes the " f r e e " hydrated ion and 

inorganic ion pairs ( i . e . , F e O H 2 + , F e C l 2
+ ) 
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2. Organic - composed of trace elements complexed with 
dissolved organic matter. 
Trace elements in the dissolved fraction are highly reactive and 
readily participate in a l l types of estuarine processes. 

B. Particulate 
1. Adsorbed on the surface of particles - most sus

pended particles in natural waters are negatively charged and 
cations are attracted to their surfaces. Additionally, trace 
elements are adsorbed on ion exchange positions of clay minerals 
and on hydrous oxides of iron and manganese. Both kinds of 
adsorbed ions are easily desorbed from particles when the 
chlorinity of surrounding solution changes. 

2. Coprecipitated with iron and manganese in hydrous 
oxide coatings - durin
and immediately precipitate
hydrated oxide. This material readily scavenges trace metals 
either by coprecipitation or sorption. Manganese in solution 
commonly coprecipitates with iron. These fine-grained, high 
surface area hydrous oxides coat detrital particles and are 
transported with them by rivers . The coatings are stable in 
highly oxic surface waters, but are unstable under anoxic condi
tions and quickly dissolve releasing the contained trace metals. 

3. Precipitated on the surface of detrital particles -
some trace metals can precipitate in the form of pure phases on 
surfaces of clay minerals or other detrital particles at low 
temperatures and pressures ( 5 ) . These precipitates can dissolve 
under varying conditions of pH and pE. 

4. Bound within the crystalline lattice of sediment 
particles - these trace metals can only be released to solution 
under harsh chemical conditions rarely encountered in natural 
waters. 

5. Bound within organic particulates - stable in oxic 
environments and unstable in anoxic waters and sediments. Rate 
of decomposition and subsequent release of trace metals depends 
on the composition of the organic matter and the intensity of 
bacterial activity. 
The chemical reactivity of trace elements is different in each 
of these fractions; and consequently, the behavior of an element 
passing through an estuary is strongly influenced by its d i s t r i 
bution among these fractions. Gibbs (6) investigated the parti
tioning of trace metals among some ofTnese fractions in the 
Amazon River System. His results illustrate the substantial 
variation in the distribution of four elements among these frac
tions during their transport in the river (Figure 1). In the 
Amazon, most of the Fe and Mn are transported as oxide coatings, 
while most of the Cu and Co reside in the crystalline lattice. 
In addition, large portions of the total Cu and Mn are in the 
dissolved state and significant amounts of Fe and Co are bound 
with organic particulates. Gibbs also reported that the order 
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of dominance of the fractions (i.e., Fe: coating > organic > 
solution) varied l i t t l e between rivers but that the absolute 
percentage of an element in each fraction did change. Thus, 
since the chemical reactivity of elements varies between the 
fractions, the amount of each trace metal available for different 
biological and geochemical reactions in estuaries varies from 
river to river and must be determined for each element under 
study. 

Several workers have found that trace element concentrations 
vary greatly between different rivers (7, 8, 9 , 10). This obser
vation is not unexpected since the concentration in a river 
depends on the relative concentration of trace elements being 
weathered in the drainage basin and on the rate of weathering 
of the different minerals containing trace elements. Recent 
studies have also show
vary greatly as a functio
time of year. 

Carpenter et. a l . (11) completed an extensive study of the 
temporal variability of trace metals transported by the Susque
hanna River to the Chesapeake Bay. They sampled the river on a 
weekly basis for a period of approximately 1% years at a station 
one mile below the Conowingo Dam. Each sample was separated into 
three fractions and these fractions were analyzed for trace 
metals according to the following procedures (11): 

1. Settled solids (SS) - 100 liters of river water were 
allowed to settle for 10-14 days. The supernatant water was 
removed and the remaining slurry was digested with 1 M HC1 and 
1.5 M HAc for 48 hours at 60°. 

2. Filtered solids (FS) - 50 liters of the supernatant 
water was filtered through acid-washed 0.2 urn cellulose acetate 
membrane f i l t e r s . The filtered solids were then treated iden
tically to the settled solids. The remaining 50 liters of super
natant water was centrifuged to determine the weight concentra
tion of solids. 

3. "Soluble" (SOL) - 50 liters of the filtrate from step 
two was run through a cation exchange resin (Chelex 100 in acid 
form). The resin was eluted with 1 M HC1 and the eluate was 
evaporated to dryness. The residue was oxidized with nitric acid 
and made to volume with 0.1 M HC1. 
All three fractions were then analyzed for their trace metal 
content by atomic absorption spectrophotometry preceded by APDC 
complexation and MIBK extraction. The standard deviation of 
replicate samples varied between 1.0 and 2 .2%. 

The discharge of water and suspended solids by the Susque
hanna River over a 17 month period in 1965-66 is depicted in 
Figure 2. The most striking feature of the data is the large 
variation of both discharges during the year. As we would expect, 
both discharges are greatest during early spring. In fact 5.1% 
of the total annual discharge of solids occurred on one day, 
February 17; and 30% of the total annual solids discharge 
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Fe 
Gibbs (1973) 

SITE 

CRYSTAL LATTICE ^ 

OXIDE COATING | 

AQUEOUS SOLUTION ^ 

ORGANIC MATERIAL | ^ 

ION EXCHANGE SITES Q 

Figure 1. Mechanisms of metal transport in the Amazon River 

Figure 2. Susquehanna River discharge, water, and suspended solids, April 1965-Sep-
tember 1966 (after Carpenter et al. (11)) 
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occurred in one week, February 14-20. Because of these large 
fluctuations in discharge rates, we conclude that estimates of 
total solids and total trace element discharge of rivers com
puted from concentrations and flow rates determined during 
periods of low or moderate discharge are not representative of 
the true total annual discharge. 

As a f i r s t approximation the trace metal concentration (ug/ 
kg water) data correlates well with the solids discharge (Figures 
3, 4 and 5). The concentrations are highest in the spring and 
lowest in the summer and f a l l . Closer inspection, however, 
reveals differences in the patterns of particular elements and 
total solids. Mn, Ni, Zn and Co exhibit large concentrations in 
January, and Cu, Cr and Mn have concentration maxima in late 
spring or early summer. The temporal variability of the solids 
discharge can be eliminate
ing the weight concentration
tion (mg/kg solids). These data are shown in Figures 6 and 7. 
Generally there are peaks in concentration for a l l the metals 
during December and January and secondary peaks for Co, Cr, Ni, 
Cu and Mn in July. Since decaying organic matter (particulate 
and dissolved) is abundant in the Susquehanna during these two 
periods, the high concentrations may be the result of binding of 
the metals to particulate organisms. Figures 8 and 9 illustrate 
the distributions of Fe, Mn, Cu, Ni and Zn among the three frac
tions during the 17 month sampling period. Most of the Fe and Zn 
are associated with the solids throughout the year except during 
January when a substantial portion of the two metals is in the 
dissolved state. The partitioning of Mn between solution and 
solids varies throughout the year. There is a substantial amount 
of soluble manganese present during January and early spring, but 
the rest of the year manganese is associated predominantly with 
the solids fractions. Large amounts of Ni and Cu are in the 
dissolved form throughout the year, but the ratio of the soluble 
to that associated with the solids fraction increases in December 
and January. We believe that the high concentrations of dis
solved trace metals during early winter can be associated with 
the increased amounts of decaying organic matter in the river 
during this period. Further investigation is needed to confirm 
this conclusion. 

The importance of frequent sampling in the estimation of 
trace element transport is pointed out in Table 1. Turekian!s 
estimates are based on one sampling period during the summer of 
1966, and those of Carpenter and Grant are time averages over a 
17 month period. The discrepancies between the two sets of data 
are greater than an order of magnitude for many of the metals. 
The higher estimates of Turekian may be attributed to the high 
concentrations of several trace metals in the solids fractions 
noted by Carpenter during July, 1966 (Figures 6 and 7). 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



8. T R O U P A N D B R I C K E R Transport of Materials 139 

Figure 3. Concentrations of Cd, Cr, and Co (mg/kg HzO) in Susquehanna River dis
charge, April 1965-September 1966 (after Carpenter et al. (11)) 
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Figure 5. Concentrations of Fe and Mn (mg/kg Ht0) in Susquehanna River discharge, 
April 1965 to September 1966 (after Carpenter et al. (11)) 
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Figure 6. Concentrations of Ni, Zn, Mn, and Fe 
(mg/kg solids) in Susquehanna River discharge July 

1965-July 1966 (after Carpenter et al. (11)) 
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Figure 7. Concentrations of Cd, Cr, Co, and Cu 
(mg/kg solids) in Susquehanna River discharge July 

1965-July 1966 (after Carpenter et al. (11)) 
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Figure 8. Partitioning of Mn and Fe between solutions and 
solids in Susquehanna River discharge, April 1965-September 

1966 (after Carpenter et al. (11)) 
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Table 1. Trace metal transport of the Susquehanna River (Tons) 
Carpenter et a l . (11) Turekian § Scott (7) 

Suspended solids 767,000 300,000 
Fe 43,000 
Mn 5,300 120,000 
Zn 650 
Ni 215 3,000 
Cu 105 
Co 88 1,500 
Cr 53 870 
Cd 2 
Ag — 45 
Mo — 97 

Although rivers ar
entering estuaries, rainfall and particulate fallout may be 
important sources in specific locales, particularly for volatile 
trace metals, such as Se, Hg and Pb. For example Patterson (12) 
has reported that dry aerosol deposition of Pb in the Southern 
California Bight equals more than 75% of the amount of Pb trans
ported by rivers and waste waters. Similarly, in the Delaware 
estuary, Biggs (13) has found that the concentration of Cd and 
Pb in rainfall is higher than the concentrations observed in 
unpolluted streams discharging into the estuary. 

Biogeochemical Processes in Estuaries 

Once the rivers have transported trace elements to an 
estuary, the elements can undergo several kinds of physical, 
chemical and biological reactions. It is important to identify 
these reactions since estuarine processes affect the amount and 
the form of the trace elements transported to the ocean. On the 
basis of their behavior in estuaries, elements can be classified 
as either conservative or non-conservative. Conservative ele
ments display a linear relationship between concentration and 
chlorinity along the length of an estuary which reflects a 
simple, physical mixing process between river and sea water. 
Conservative behavior is typically exhibited by the major ions 
and some minor constituents, such as s i l i c a in the Merrimac 
estuary (14, and Figure 10). Most trace elements are nonconserva-
tive, like iron (Figure 10), and physical mixing processes alone 
cannot account for their distributions in an estuary. 

There are five major categories of reactions which influence 
trace metal transport in estuaries: 

1. Flocculation and sedimentation - these processes are 
encouraged by the increased salinity of estuarine waters. As a 
result of the salt-wedge type of circulation commonly observed 
(Figure 11), sedimentation is concentrated in the upper reaches 
of estuaries. Suspended sediment discharged by rivers is carried 
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and solids in Susquehanna River discharge, April 1965-
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toward the ocean by the fresh water at the surface of the estuary. 
As the solid particles settle, they f a l l into the salt wedge 
layer moving toward the mouth of the river. The particles con
tinue to settle and sedimentation is concentrated in the low 
velocity region near the tip of the salt wedge. Schubel (pers. 
comm.) estimates that, in the Chesapeake Bay 90% of the solids 
discharge is deposited in the northern third of the estuarine 
system. His argument is substantiated by the distribution of Fe 
in sediments along the length of the bay. The time-averaged 
concentration of Fe in suspended solids discharged by the Susque
hanna River is about 5-10% (11). The concentration of Fe in 
northern Chesapeake Bay sediments averages 5%, while the concen
tration in southern bay sediments averages 3%. These data sug
gest that most of the sediments of the southern bay originate 
from shoreline erosion

2. Mineral-water
ity, pH and oxygen content of estuarine waters can affect the 
precipitation or dissolution of minerals (for instance, the 
dissolution of the hydrous oxide coatings under low O2 conditions 
in water or sediments). 

3. Adsorption/desorption - due to the high concentration of 
Na and Mg in seawater, ion exchange reactions occur rapidly in 
estuarine waters as sediment particles adsorb the seawater cati
ons and desorb trace elements. 

4. Diagenesis and remobilization of trace metals in 
sediments - the decreased pH and strong pE gradient in sediment 
interstitial waters brought about by the decomposition of organic 
matter significantly affects the solubility of trace element 
solid phases and ion exchange equilibria. Trace metal concen
trations in sediment pore waters are typically orders of magni
tude greater than in the overlying water, and the flux of trace 
elements across the sediment-water interface may constitute an 
important mass transfer process in estuaries. 

5. Biological processes - interactions with aquatic 
organisms may strongly influence the behavior of trace elements 
during their passage through estuaries. The generally recognized 
mechanisms are: ingestion of particulate suspended matter con
taining trace metals, trace metal complexation with organic 
chelates produced by organisms, trace element uptake in metabolic 
processes, and ion exchange and sorption on the surfaces of 
organisms (15). 

Most trace elements undoubtedly participate in a l l these 
major categories of reactions to some extent, and i t is important 
to identify which reactions most strongly influence the transport 
of each element under study. To this end, our group at Johns 
Hopkins has concentrated on the effect of sediment-water exchange 
processes on trace element cycling. 
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Desorption of Zn from Estuarine Sediments 
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Bradford (16) investigated the influence of sediments on 
zinc concentrations in the overlying water in Chesapeake Bay. 
Using anodic stripping voltammetry, he observed large Zn con
centrations just above the sediment-water interface in the 
northern bay during May. The distribution of total zinc (UV 
oxidized) and inorganic zinc (raw sample) just above the sediment-
water interface at station 914S is shown in Figure 12. During 
May there is a large concentration of zinc at this station. The 
zinc is totally in the inorganic form because there is no differ
ence in concentration between the oxidized and raw samples. The 
only other major change occurring during May at 914S was a rapid 
increase in the chlorinity from less than 0.2 % 0 to greater 
than 3 °/QO (Figure 13)  Th  larg  zin  concentratio t b
the result of mixing o
centration of zinc neve  pp
at this station. Thus, the large increase in Zn must have come 
from sediments. This conclusion is substantiated by the concen
tration gradients of Zn at station 914S during April, May and 
June (Figure 14). During April Zn varies from 4.5 ppb at 4 m to 
5.5 ppb at 1 m above the interface. In May there is a large 
vertical concentration gradient which implies a flux of Zn from 
the interface. In June the Zn concentration is uniform at this 
station. We conclude from these data that zinc was desorbed from 
freshly deposited river sediments at this station as Mg and Ca 
from the salt wedge were adsorbed. During March and April the 
Susquehanna discharges a large quantity of suspended solids to 
the upper reaches of the Chesapeake Bay. These solids form a 
layer 1-2 cm thick in the northern bay. The ion exchange posi
tions of these solids are in equilibrium with the river water 
ratios of the major cations. Once the river discharge subsides 
the salt wedge begins to move landward again. During May the 
salt wedge moved across the sediments at 914S, and in response to 
the ion exchange equilibria, the sediments adsorbed the major 
sea water cations and desorbed Zn to the overlying water. This 
conclusion confirms earlier observations suggesting that Zn 
rapidly desorbs from surface sediments as the chlorinity 
increases above 0.4% o (17, 18). 

Remobilization of Trace Metals in Sediment Pore Waters 
In the highly oxygenated conditions of normal river beds 

the hydrous Fe and Mn oxide layers coating sediment particles are 
stable. When the detrital particles reach the marine environment 
and become incorporated into the organic reach bottom sediments 
of an estuary or marine delta, they encounter very different 
conditions. Oxygen is usually depleted within the upper few 
centimeters of sediment by bacterially mediated oxidation of 
organic material. In brackish and marine waters, after oxygen is 
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Figure 11. Diagram of an estuarine salt wedge (after Neiheisel (22)) 
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Figure 13. The chlorinity with depth and time at Station 914S in the upper Chesa
peake Bay (after Bradford (16)) 
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depleted, bacteria use sulfate as an electron acceptor to con
tinue the oxidation of organic matter (equation 1): 

organic matter + S0 4
2~ = HC03~ + HP04" + HS" + H + (1) 

These reactions decrease the sulfate concentration and pH and 
increase the concentrations of bicarbonate, phosphate and sulfide. 
Additionally, strongly reducing conditions are produced in which 
the oxide coatings on detrital particles are chemically unstable. 
Solution of the oxide coatings produces large concentrations of 
dissolved iron, manganese and other trace metals in the inter
s t i t i a l waters. The vertical distribution of dissolved Fe(II) 
and Mn in the interstitial waters of the upper meter of sediments 
at a station in the northern Chesapeake Bay is shown in Figure 15. 
The concentrations of bot
below the sediment wate
of the oxide coatings. Below 10 cm, the concentrations decrease 
rapidly and become nearly constant below 40 cm. We attribute 
the rapid decreases of the concentrations to the precipitation of 
authigenie trace metal phases in the interstitial water as phos
phate and carbonate increase rapidly with depth. Siderite and 
vivianite control the dissolved iron concentrations below 10 cm 
(1£), while rhodocrosite controls the Mn distribution (20). 

The concentrations of other trace metals which had copre-
cipitated with Fe and Mn during weathering also increase as the 
oxide coatings dissolve. In northern Chesapeake Bay pore waters, 
Cu and Pb mimic the distributions of Fe and Mn (Figure 16). Thus , 
just below the sediment-water interface there is a concentrated 
reservoir of dissolved trace metals which can be transferred 
across the interface by molecular diffusion, sediment resuspen-
sion and bioturbation (21). Because of the magnitude of the trace 
metal concentrations in sediment pore waters, very l i t t l e transfer 
would have to occur to significantly alter the overlying water 
concentrations, and consequently, to increase trace metal trans
port to the oceans. 

Conclusions 

At the present time we can draw a fairly complete picture of 
the transport of major ions between continents and oceans, due to 
their nearly conservative chemical behavior. On the other hand, 
trace elements are non-conservative species in estuaries, and 
extensive spatial and temporal surveys of their distributions are 
required to delineate the modes of transport of individual ele
ments . Specifically, we need the following kinds of data: 

1. River transport data for a l l important trace metal 
fractions to determine season-to-season and year-to-year varia
tions . 

2. Data on the flux of trace elements through biological 
systems 
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3. Quantitative assessment of the role of sediments in 
trace metal transport. 

4. Data on oceanic input of trace elements into estuaries, 
so that estimates of net transport to the ocean can be calculated. 

In general we know the kinds of reactions which are impor
tant in trace metal transport. However, in many cases we do not 
know which reaction is most important for a given element, and in 
almost all cases we do not know the amount of each element par
ticipating in the reaction or the rate at which the reaction is 
occurring. The data that has been collected and that we are now 
collecting,will help to remedy this situation. 
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9 
A Field Study of Chemical Budgets for a Small Tidal 
Creek—Charleston Harbor, S.C. 

J. L. SETTLEMYRE and L. R. GARDNER 
Department of Geology and Belle W. Baruch Coastal Research Institute, 
University of South Carolina, Columbia, S.C. 29208 

The intertidal marsh is perhaps one of the most reactive 
geochemical environment
due to the combination of intense biological activity, sulfate 
reduction and H2S production and the presence of reactive fine 
grained sediment. Marshes are known to be extremely productive 
environments and to serve as nurseries for many marien organisms. 
As many chemical pollutants tend to become concentrated in the 
marine biosphere, it is important to understand the mechanisms 
by which, and the extent to which various substances accumulate 
and/or degrade in marshes. Also as a result of their areal 
extent the accumulation or export of various substances by marshes 
may affect the quality and productivity of nearby estuaries and 
coastal waters. Despite these considerations, little attention 
has been devoted to the interaction of marshlands and estuarine 
waters with respect to chemical quality, or to exploring the 
possible uptake or degradation of pollutants by marshes. The 
present study, therefore, was undertaken to identify the major 
water quality changes resulting from the interaction of estuarine 
water with a tidal marsh. 

The area chosen for this study is the drainage basin of Dill's 
Creek, a moderate size tidal creek (Figure 1) on the south side 
of Charleston Harbor, S.C. Dill's Creek was chosen because it has 
a relatively well defined drainage basin which is isolated from 
inputs of fresh water and because the adjacent harbor waters are 
moderately polluted. Chemical and fertilizer industries on the 
Ashley and Cooper Rivers supply heavy metals and organophosphates 
to the harbor. Nearby sewerage systems on the Ashley River 
included the Charleston Municipal Yacht Basin and the outfall of 
the City of Charleston's Pine Island sewerage treatment plant 
(Figure 1). This situation thus offered the opportunity of detect
ing interactions between the marsh and the polluted waters of 
Charleston Harbor. 
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Figure 1. Location of the study area 
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Methods Of Study. This study is based on the comparison of 
the chemical quality of discharge weighted composite samples of 
flood versus ebb flow for twenty-five different tidal cycles mon
itored from August 1973 to August 1974. With each cycle, sam
pling began at slack low water through high tide to the following 
low tide. Thus, for each cycle the composite ebb sample was sam
pled from the same mass of seawater as the preceding composite 
flood sample. Because of logistics, the samples could not be 
discharge weighted by conventional current meter surveys. 
Instead we estimated flow into and out of the marsh on the basis 
of a hypsometric model and tide gage measurements in a manner 
similar to that outlined by Ragotskie and Bryson Q ). The proce
dure employs aerial photographs to estimate the areas of the 
marsh and the channel networ
It is assumed that the
between low water and bank f u l l stage is equal to the difference 
in stage times the average of the bank f u l l and low water channel 
areas. Between low water and bank f u l l stage i t is further as
sumed that the volume increments as a linear function of stage. 
The same procedure and assumptions are employed to estimate the 
volume that accumulates between bank f u l l and marsh f u l l (i.e. 
the stage at which water reaches the perimeter of the basin). 
The volume that enters between marsh f u l l and high tide is simply 
the marsh area times the stage difference. The rating curve ob
tained by this procedure for Dill's Creek is shown in Figure 2. 
With such a rating curve i t is possible to select a series of 
tidal stages which mark off equal increments of water volume. 
Between low tide and bank f u l l stage we sampled so that each 250 
ml sample represented 1.25 x 10^ liters of water according to the 
tide gage schedule shown in Figure 2. From bank f u l l to high 
tide,sample volumes and volume increments were selected as shown 
in Figure 2. 

During each cycle water was continuously pumped from the 
creek through 100 meters of plastic pipe to the edge of the sew
erage treatment plant embankment where electricity was available 
for light and instrumentation. The sample intake was located in 
mid-channel (Figure 1) 1.3 meters above the bottom. Thus during 
each cycle the sample intake ranged from about 0.6 meters below 
the water surface at low tide to about 2.5 meters below the sur
face at high tide. The pump effluent was monitored at close in
tervals for salinity, temperature, and turbidity. A temperature 
compensated optical refractometer was used for salinity measure
ments , a calibrated thermistor probe for temperature, and a color
imeter for turbidity. 

After collection, three aliquots of each composite sample 
were filtered through pre-weighed Millipore 0.45 micron f i l t e r s . 
The filte r s were washed with distilled water, dried at 105°C and 
reweighed in order to determine total suspended sediment (TSS). 
The organic suspended sediment (OSS) was estimated from the igni-
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tion loss at 550°C (2). 
A separate aliquot of each composite sample was filtered 

through Millipore 0.45 micron filters and a portion of each f i l 
trate was sent to Orlando Laboratories, Inc., Orlando, Florida 
for atomic absorption analysis of dissolved Fe, Cu, Zn and Pb on 
a contract basis. This laboratory uses the APDC-MIBK extraction 
procedure (3) and employs high intensity replaceable lamp f i l a 
ments for high sensitivity (4). The rest of the filtrate was used 
for analysis of dissolved s i l i c a , phosphate and surfactants. For 
these measurements Hach Chemical Company reagents and a calibrated 
Delta Scientific colorimeter were used. Silica was determined by 
amino acid reduction-molybdate blue formation, phosphate by stan
nous chloride reduction-molybdate blue formation, and surfactants 
by melthylene blue-chloroform extraction (2). 

For some cycles BO
the Pine Island sewerag
sis. Millipore Coli Count water testers were used to obtain es
timates of coliform bacteria concentrations in unfiltered samples. 

Results. Physical data along with the concentrations of 
various constituents for ebb and flood composite samples for each 
cycle are shown in Table I. Budgets for various parameters for 
each cycle were calculated by multiplying the concentration dif
ference between flood and ebb composite samples times the volume 
of the tidal prism and dividing by the area of the basin (1.08 
km ). The results of these calculations are shown in Table II. 

To evaluate the significance of the derived budgets and to 
identify factors which may influence water quality parameters of 
the system the data were analyzed by a variety of statistical 
techniques. The paired " t " test (5) was employed in order to as
certain whether the mean deviations between flood and ebb concen
trations of various water quality parameters are significantly 
different from zero (Table III). The significance of the number 
of cycles for which flood concentration exceeded ebb was tested 
by means of binomial probability theory, the null hypothesis being 
that the chance of flood concentration exceeding ebb on a particu
lar cycle is 0.50 (Table IV). Because water temperatures change 
dramatically between September and November and between March and 
May the budget results have been classified into those of the win
ter season (November-March) versus those of summer (May-September} 
The " t " test (6) was used to ascertain the significance of differ
ences between the mean budgets for the two seasons. The results 
of the analysis of seasonal effects are shown in Table V along 
with the simple and seasonally adjusted mean yearly budgets. Sea
sonal adjustment is necessary because the number of summer cycles, 
15, substantially exceeds the number of winter cycles, 10. Final
ly, an attempt was made to ascertain whether day versus night con
ditions have an impact on any of the budgets. Cycles were classi
fied as day or night cycles according to the time of high tide. 
If high tide occurred at night or within one hour of sunset or 
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Table III. Paired " t " test results on concentration 
deviations. 

Sal TSS ISS OSS COLI Si0 o P 04 D 0.15 -1.29 -0.12 -3.17 3.48 -0.09 -0707 
t 1.07 0.36 0.05 2.35 0.73 1.19 4.27 

BOD SURF Fe Cu Zn Pb 
D 0.19 0.06 -4.65 0.42 -3.28 1.08 
t 1.27 3.40 1.53 0.61 0.51 1.06 

D = = mean deviation. Units for 
deviation are same as in Tables 5 I & II. 
t(0.05) = 2.07 (23 d.f) - 2.13 (15d.f . ) . 

Table IV. Binomia

Sal TSS ISS OSS COLI SiO? P04 

F<E 8 16 15 16 7 14 21 
F>E 16 8 8 7 16 . 7 2 
p 0.08 0.08 0.11 0.05 0.05 0.09 0.01 

BOD SURF Fe Cu Zn Pb 
F<E 6 5 11 8 9 6 
F>E 10 20 5 8 9 10 
p 0.23 0.01 0.11 0.60 0.60 0.23 

Table V. Students i i!tn results for winter versus summer 
budgets. 

Parameter A B C D E F 
Salinity 26.5 -8.3 50.0 0.42 17.0 11.9 
TSS -1.16 2.38 -3.50 2.20 -0.56 -393 
ISS 0.05 2.15 -1.35 1.71 0.40 280 
OSS -1.21 0.23 -2.15 2.23 -0.96 -673 
Coliform 1.20 1.09 1.07 0.03 1.08 760 
Si02 -62.0 64.5 -146 3.89 -41 -29.0 
P0 4 -32 -8 -49 2.23 -28 -19.6 
B0D? 124 94 146 0.52 120 84.5 
SURF 27 -2 46 3.94 22 15.4 
Fe -1.57 -2.28 -1.21 0.51 -1.75 -1.23 
Cu -0.02 0.07 -0.07 0.23 0.00 0.00 
Zn -3.18 0.01 -4.78 0.80 -2.39 -1.69 
Pb 0.39 0.07 0.55 0.59 0.31 0.22 
A -- simple average, units as given in Table II. 
B -- winter average, units as given in Table II. 
C -- summer average, units as given in Table II. 
D -- " t " statistic for difference of winter versus summer 

mean 
E -- seasonally adjusted average, units as given in Table 

II. 6 

F — yearly tpdget based on E in gnr^ y r " l or 10 
cel l m y r ~ l . 
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sunrise the cycle was considered to be a night or subdued light 
cycle; otherwise, i t was considered a day or f u l l light cycle. 
A " t " test was used to ascertain the significance of differences 
between the mean budgets for night versus day (Table VI). Also 
the day-night effect was analyzed non-parametrically by means of 
2 x 2 hypergeometric contingency tables (7). The hypergeometric 
probabilities of the observed contingency tables are shown in 
Table VII. 

Table VI. Student's " t " test results on day versus night budgets. 

t 

t 

Sal TSS ISS OSS COLI Si0 2 PO4 
1.72 2.34 2.81 1.82 0.17 0.94 1.35 

BOD SURF 
0.25 1.64 

t(0.05) = 2.07 (23 d.f.) - 2.13 (15 d.f.) 

Table VII. Hypergeometric 2 x 2 contingency probabilities (7) 
for day versus night effect on budgets. 

Sal TSS ISS OSS COLI Si02 PO4 
p 0.17 0.16 0.30 0.17 0.31 0.11 0.09 

BOD SURF Fe Cu Zn Pb 
p 0.20 0.14 0.08 0.06 0.24 0.32 

Discussion. In this section we wil l attempt to analyze the 
results presented in Tables I-VII in the light of presently under
stood physical, chemical and biological processes relevant to the 
salt marsh environment. This then will be an attempt to evaluate 
the compatibility of our results with previous related research 
and to suggest mechanisms which may govern the import and/or ex
port of substances from the marsh. In addition, we wish also to 
assess the suitability and limitations of the method of investi
gation employed in this study. 

Salinity. The primary reason for measuring salinity is that 
i t provides a check on the method of composite sample collection. 
Salinity in Dill's Creek commonly varies by five to six parts per 
thousand between low and high tide. On rainless days unbiased 
composite samples of flood and ebb flow should show identical sa
l i n i t i e s . Consistently higher composite flood salinities would 
suggest that the sampling method results in sampling more 
saline waters on flood flow whereas the opposite result would in
dicate over sampling of fresher water on flood flow. The paired 
" t " test (Table III) indicates that the mean deviation between 
flood and ebb salinities is not significant. Binomial probability 
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theory, however, indicates that the probability of flood salinity 
exceeding ebb on 16 out of 24 cycles is only 0.08 (Table IV). It 
should be noted, however, that on four cycles (8-3, 8-6, 8-22, 
12-19) rainfall occurred during ebb flow and this might explain 
the lower ebb salinities observed on these days. On a seasonal 
basis salinity budgets are negative in winter and positive in sum
mer but the two seasons are not significantly different (Table V). 
No day-night effects are present (Tables VI and VII) . These consi
derations, then, together with the fact that there are no obvious 
correlations with the budgets of other constituents, suggest that 
the failure to obtain balanced salinities on most samples is due 
to random errors in sampling and measurement rather than to sys
tematic errors associated with the sampling procedure. Thus, we 
have confidence that persistent patterns shown by certain consti
tuents (most notably phosphate
procedure but are the result

Suspended Sediment. In general the average total suspended 
sediment (TSS) concentration in D i l l 1 s Creek is about 31 ppm.Of this, 
the volatile fraction averages about 29 percent. These figures 
compare closely with those of the Federal Water Pollution Control 
Administration (8) which reported an average of 32 ppm and 28 per
cent volatile matter for a surface water station in the Ashley 
River near the mouth of D i l l f s Creek. The paired " t " test (Table 
3) indicates that the mean deviations for total and inorganic sus
pended sediment (ISS) are not significant whereas the deviation 
for organic suspended sediment (OSS) is significant. Binomial 
probabilities (Table IV) suggest that cycles showing export of 
suspended sediment tend to occur more frequently than cycles show
ing import. However, i t should be noted that the average budgets 
for winter versus summer cycles are significantly different at the 
0.05 level for TSS and OSS and at the 0.10 level for ISS (Table 
V). Thus export of suspended sediment probably occurs preferen
t i a l l y in summer whereas in winter there is import (TSS and ISS) 
or balance (OSS). On a seasonally adjusted basis the yearly bud
get for TSS, ISS and OSS are -393 g m"2 yr" 1, +280 g m"2 yr" 1 and 
-673 g m"2 yr respectively. 

The significance of these budgets will be discussed in detail 
in a future report. For the sake of brevity we wil l simply note 
that the theoretical budget for ISS required for vertical marsh 
growth to keep pace with rising sea level, 0.15 cm yr~ l (9,10), 
can be shown to be about 570 gm m~2 y r ~ l , which is about twice the 
observed seasonally adjusted budget. With regard to the budget 
for OSS i t is reasonable to assume that the maximum export of OSS 
should not exceed the yearly above ground production of Spartina 
which for this region probably falls between 660 and 970 g m"2 
y r ~ l (11,12). By comparison our value for OSS, -670 g m~2 yr'*, 
may be somewhat excessive since allowance must be made for the 
fact that a portion of the annual Spartina production is either 
incorporated into the sediment or solubilized during microbial 
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decomposition. These figures are set forth here because they 
have a bearing on the budgets of some of the substances discussed 
below. As for seasonal effects i t is of interest to note that 
Boon (13) in a study of a small tidal creek in Virginia also found 
major export of TSS in summer with minor import in winter. 

Silica and Phosphate. The budgets for dissolved s i l i c a and 
phosphate indicate that the Dill's Creek marsh is releasing these 
substances. Since both are involved in the growth of phytoplank-
ton their export by marshes could play a role in the ecology of 
coastal waters. Release of phosphate occurred on twenty-one out 
of twenty-five cycles. Both the binomial and paired l ft f f test re
sults indicate that the export budget for phosphate is sta t i s t i 
cally significant at the 0.05 level (Tables III and IV). On a 
seasonally adjusted yearl
to about 19.6 gm m~2 (Tabl
fourteen cycles, uptake on seven cycles and no difference on four 
cycles. It should be noted, however, that a l l of the uptake cy
cles occurred during the winter months (November through March) 
and that persistent release occurred during summer. Thus there is 
a statistically significant seasonal pattern to s i l i c a uptake and 
release (Table V). On a seasonally adjusted yearly basis the net 
si l i c a release averages about 29.0 g m~2. 

The rate of s i l i c a release based on the data of this study 
compares favorably with an earlier study of s i l i c a export asso
ciated with low tide runoff (14). In that study the discharge and 
si l i c a concentration of a number of small tidal creeks near North 
Inlet, S.C. and also in the D i l l f s Creek basin were monitored 
during low tide exposure. The results indicate that dissolved 
s i l i c a in the interstitial water system diffuses from the sedi
ment into a thin layer of water left on the marsh surface by the 
receding tide. Drainage of this water during low tide exposure 
results in the export of dissolved s i l i c a at a rate of about 1.9 
ug m"2 sec - 1. Discharge weighted composite sampling of a small 
creek near North Inlet and of a small creek in the Dill's Creek 
basin over seven separate cycles gave an average export rate of 
2.3 ug m"2 sec"l as compared with an export rate of 1.0 ug m~2 

sec" 1 for the Dill's Creek basin. The general concurrence of 
these three different scale studies indicates that diffusion of 
si l i c a from marsh sediment is a continuous process (at least dur
ing summer), that the average yearly flux of s i l i c a from the sedi
ment is on the order of 50 g m"2 and that the method of composite 
sample collection used in Dill's Creek yields acceptable estimates 
for budget studies of certain dissolved substances. 

The export rate for phosphate can be evaluated by similar 
comparisons. For low tide runoff with an average discharge of 
62.2 liters sec" 1 km"2 and an equivalent phosphate concentration 
of 0.7 ppm (14) the export rate is 0.044 ug m"2 sec" 1. This rate, 
however, is based mainly on small creeks in the North Inlet area. 
One small creek in the Dill's Creek basin gave a low tide export 
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rate of 0.31 ug m"*2 sec"l. Discharge weighted composite sampling 
of the same creek over three different cycles gave an average ex
port rate_of 0.47 ug m"2 sec" 1 as compared with an average rate of 
0.62 ug nf 2 sec"l for the entire Dill's Creek basin. Thus there 
is better correspondence between the results for Dill's Creek at 
large and one of i t s small creeks than between Dill's Creek at 
large and the low tide runoff results for the small creeks in the 
North Inlet area. The discrepancy between the phosphate export 
rates for the low tide runoff from the pristine marshes of the 
North Inlet area as compared with the Dill's Creek basin may be 
partly due to the fact that the low tide studies do not measure 
the effect of phosphate pumping by Spartina from the interstitial 
water reservoir (15). From Reimold's data (15) i t appears that 
the pumping effect could account at most for 0.13 ug PO4 nf 2 

sec" 1 or twenty percent f th  observed Dill'  Creek rate  Never
theless the difference
due to the pumping effec  expor
Dill's Creek basin is almost an order of magnitude larger than the 
low tide export rate for the North Inlet area and in fact compares 
more favorably with the Dill's Creek rate based on composite sam
pling than with the North Inlet low tide export rate. This may 
indicate that there is a greater amount of decomposing organic de
tritus in the Dill's Creek marsh as compared to the North Inlet 
area because of greater primary production and/or because of the 
accumulation and decomposition of sewage. 

The minimum Spartina production that would have to be solubi-
lized in order to maintain the Dill's Creek rate of phosphate ex
port can be estimated as follows. Assuming that the phosphorous 
content of dry Spartina is 0.1 percent (12) then the decomposition 
of 100 gm of Spartina should yield about 0.1 gram of P or 0.3 
grams of PO4. Thus to maintain a yearly export rate of 19.6 g 
PO, m"2 would require yearly production and subsequent complete 
decomposition of about 6500 g Spartina per square meter. This 
figure is well beyond the range of Spartina production estimates 
even i f the production of roots and rhizomes is taken into ac
count. Because only a portion of the Spartina is solubilized the 
total production would have to be substantially greater than 6500 
grams. Thus the phosphate export rate may be due chiefly to de
composition of sewerage and/or to dissolution of phosphatic sedi
ment derived from fert i l i z e r plants and/or to solubilization of 
ferric phosphate in the anoxic sediment followed by diffusion into 
the surface water. 

As indicated in an earlier report (14) the magnitude of the 
export rates for Si(>2 and PÔ  indicates "tEat the total amounts of 
these substances supplied to coastal waters by South Carolina 
marshes may equal or exceed the total amounts supplied by the com
bined runoff from the Pee Dee, Santee, and Savannah River basins. 
Marshes, therefore, may play an important role in determining the 
concentrations of these and perhaps other substances in nearby 
estuarine waters. 
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Surfactants. Uptake of surfactants occurred on 20 out of 25 
cycles. A l l of the cycles that showed release occurred during 
the winter season (Table II). Thus, as in the case of s i l i c a , 
and to some extent with phosphate, there appears to be a seasonal 
pattern to the surfactant budget. Strong uptake (degradation) 
occurs in summer with balance or slight release in winter. On 
the average, yearly uptake appears to be about 15.4 g m~2 (Table 
V). 

This uptake rate does not necessarily mean that the marsh 
actually sequesters surfactants by adsorption on clays or chemi
cal precipitation. More likely i t simply means that surfactants 
undergo bacterial degradation while the water resides in the 
marsh. The question then is whether the rate of degradation in 
the marsh is greater tha
swer to this question i
in the marsh environment. The average ratio of ebb surfactant 
concentration to flood concentration for the 28 cycles available 
(including three cycles for a small creek) is 0.87. Thus there 
i s , on the average, a 13 percent decrease in surfactant concen
tration during residence of the water in the marsh. On the basis 
of tide gage-time curves and tide gage-volume curves (Fig. 2) we 
estimate that the average residence time of water in the marsh 
is 4.5 hours. If i t is assumed that surfactants are degraded in 
an exponential fashion in accordance with f i r s t order reaction 
kinetics and that there is a 13 percent reduction every 4.5 hours, 
then the time required to reduce an i n i t i a l concentration by 95% 
(i.e. the lifetime) is 4.1 days. Patton (16) states that sodium 
p-m-decyl benzene sulfonate is biologically decomposed after four 
days in river water whereas alkyl benzene sulfonates have half-
lives of about fifteen days. Thus the marsh degradation rate only 
represents significant acceleration i f the surfactants present are 
dominantly of the ABS type. This is unlikely because most commer
cial detergents now contain readily degradable surfactants of the 
linear alkylate sulfonate type. 

Trace Metals. Analyses of Fe, Cu, Zn and Pb were obtained 
for 18 cycles. Nickel and cobalt were measured on several cycles 
but the results were generally below the limit of detection (0.5 
ppb) and study of these elements was abandoned. None of the 
trace metals show significant mean deviations (Table III) nor are 
their binomial probabilities (Table IV) significant. Of the me
tals, Fe shows the greatest and most significant mean deviation 
and the lowest binomial probability. An ordinary " t " test indi
cates that the mean flood and ebb concentrations for Fe are signi
ficantly different (t = 2.05, d.f. = 48). Thus there is some sug
gestion that Fe may be exported at a rate of about 1.0 g m 2 yr" 1 

(Table V). None of the metals show seasonal effects (Table V) 
but there is an indication (Tables VI and VII) that day-night con
ditions may affect the budgets of Fe and Cu. 
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Assessment of these results is difficult because the pro
cesses and factors which control the concentrations and migration 
of trace metals in aquatic environments are poorly understood. 
Some of the factors and processes that have been discussed in re
cent literature are: interactions between trace metals and hy
drous iron and manganese oxides (17); precipitation of metal sul
fides (18); uptake and movement of trace metals through biota 
(19, 20, 21, 22, 23); cation exchange between water and sediment 
(24, 25); complexing of trace metals by dissolved organic matter 
(21, 26, 27, 28, 29, 30, 31, 32, 33, 34); diffusion and advection 
under potential gradients (18, 35, 36). In the following para
graphs we will attempt to evaluate several processes which might 
play a role in controlling the budgets for trace metals in the 
Dill's Creek basin. 

Accumulation of trac
tide is supersaturated
as ferric hydroxide. Then during residence of the tidal prism 
precipitation might occur resulting in a positive budget. This 
possibility can be evaluated by estimating the state of saturation 
of trace metals in the flood composite sample with respect to pos
sible solid precipitates. In Table VIII we present estimates of 
the solubility of various metal hydroxides, carbonates and phos
phates in water with a pH of 8 and 14 ppt salinity. Metal sul
fides are not considered here because sulfide cannot be detected 
in Dill's Creek surface water and thus metal sulfide precipitation 
can only occur after diffusion into the sediment (discussed be
low). Equilibrium free metal ion activities, F, are based on sol
ubility products given by Krauskopf (37) and Nriagu (38, 39, 40, 
41) and assumed C0^"2 and P0̂ ~3 maximum activities of 10"5 and 
10 10 respectively. Equilibrium total activities are based on ion 
pair formation constants given by Krauskopf (37) and were calcu
lated by means of the equations at the bottom of TableVIII. The 
equilibrium total activities are compared (Table VIII) with the 
maximum observed flood trace metal concentrations which represent 
the most favorable conditions for precipitation and positive bud
gets. As can be seen Cu and Zn in D i l l 1 s Creek water are under-
saturated with respect to possible known precipitates. Lead may 
be supersaturated with respect to Pb^ (PO^^ Cl but only on those 
rare occasions when both lead and phosphate reach unusually high 
concentrations. Iron is probably supersaturated with respect to 
ferric hydroxide unless i t exists predominantly in the ferrous 
state or is highly complexed by dissolved organic matter. However, 
iron appears to have a negative (i.e. export) budget, as indicated 
above, and thus its tendency to precipitate must be offset by 
other processes. 

As indicated above the precipitation of trace metals from 
Dill's Creek surface water as metal sulfides probably depends on 
the extent to which the dissolved metals can diffuse from the wa
ter column into the sulfidic sediment during residence of the wa
ter in the basin. The rate of diffusion in turn depends primarily 
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Table VIII. State of saturation of trace metals in flood tide 
composite sample. 

Solid 

Fe(OH)2 

Fe(OH)« 
FeC03 

Fe«(P0 4) 28H 20 
FeP04.2H20 

Cu(OH)2 

Cu2(OH)2C03 
Cu 3(P0 4} 2 

Zn(OH)2 

ZnC03 

Zn3(PO4)^4H20 

pKsp Ref. pF Eqt. 

15.1 (37) 3.1 * * 
39.1 (37) 21.1 10.8 1 10.5 (37) 5.5 * 
36.0 (38) 5.3 * * 26.4 (39) 16.4 6.1 1 
20.5 (37) 8.5 6.3 2 
33.8 (37) 8.4 6.2 2 36.9 (37) 5.4 * * 
16.9 
10.8 (37) 5.8 * 35.3 (40) 5.1 * * 
15.3 (37) 4.8 * * 
13.1 (37) 8.1 5.8 3 9.9 (37) 4.9 * * 43.5 (37) 7.7 5.4 3 81.0 (41) 10.0 7.7 3 

Pb(0H)2 

PbC03 

Pb HP04 

Pb 3(P0 4) 2 

pb5(po4)3ci 
Max. obs. cone, (-log moles /l) 

Fe Cu Zn Pb 
6.8 6.7 5.8 7.1 

pF= equilibrium free ion activity (-log) 
pT= equilibrium total activity (-log) 
* No calculation necessary 

1- F e ^ F e ^ l - f 1011-' [OH] + 1021'1 [OH]2 + 10
34-2[OH]4 + 

IO1*5 [ci]j 
2- (^-(cu+tyl + 106'7 (OH"] + 101 (cr]+ 106'8 [C03'2J + 

J ° |C03 "'J 2) 
3 . ^ - [ p b + j (i + i o 6 ' 2 [OH-] + i o 1 0 - 9 [OH]2 + i o 1 3 - 9 [OH]3 + 

107.3 jco3 -2] + IO10'6 [CO"2] 2 + 101*6 |C1 "]+ IO1'8 

[» f) 
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on the difference in trace metal concentration between the sur
face water and the sulfidic interstitial water and the depth to 
the oxidized-reduced boundary (i.e. the gradient). Probably the 
most outstanding feature of the work that has been done on the 
occurrence of dissolved trace metals in sulfidic marine waters is 
the fact that, except for Mn and perhaps Fe, the concentrations 
observed far exceed those predicted by simple metal sulfide 
equilibria (18,33,34,42). Reasons suggested for the enhanced 
solubility of trace metals in sulfidic waters are equilibration 
with more soluble solid phases, organometallic complexes and 
bisulfide or polysulfide complexes (26). A summary of average 
trace metal concentrations found by various workers is presented 
in Table IX. Our values are for four grab samples analyzed on 
contract by Orlando Laboratories. 

Table IX. Average concentration
marine waters (ppb). 

Fe Cu Zn Pb Reference 
6 3 7 - (34) 
22 6 28 - (34) 
40 4 30 - (32) 
186 112 105 35 (42) 
5 0.5 1 - (18) 
54 4 33 3. 8 This study 

In the case of Cu and Zn,the concentrations of these metals in 
sediment pore water and D i l l 1 s Creek surface waters are approxi
mately equal i f we assume pore water values of about 5 ppb Cu 
and 30 ppb Zn. Thus strong gradients probably do not exist to 
drive these elements into or out of the sediment by diffusion 
alone and this is perhaps the reason for our failure to observe 
significant uptake or export of these two elements. The concen
tration of Fe in sulfidic interstitial waters, on the other hand, 
typically falls in the range from 20-200 ppb as compared to an 
average 3.6 ppb for Dill's Creek flood composite samples. Further
more, observations in the Black Sea (18) and in other anoxic 
water bodies indicate that dissolved iron and manganese both show 
concentration maxima just below the oxidized-reduced boundary 
whereas zinc and copper do not. While such concentration maxima 
have not been clearly detected for sulfidic sediments, many of 
the pore water profiles described by the workers cited in Table 
IX show maximum iron and manganese concentrations in the upper
most samples even though the concentrations in the overlying 
water are much lower. We have measured iron concentrations in 
several pore water profiles from Baruch Marsh sediments using the 
newly developed Ferrozine reagent (44) and found that maximum 
iron concentrations (200-300 ppb) tend to occur in the upper 10cm 
of sediment. Thus for diffusion of iron from marsh sediments the 
most favorable and at the same time realistic circumstances that 
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can be envisioned is a maximum iron concentration of about 300 
ppb located just below the oxidized-reduced boundary which gener
ally lies 5 to 10 mm below the sediment surface. Location of an 
iron maximum near this boundary is consistent with the fact that 
a pH minimum is commonly found here (unpublished work in progress) 
Assuming then the most favorable configuration (300 ppb Fe at 
0.5 cm depth) and assuming a linear concentration gradient to the 
surface where the concentration is less than 10 ppb, the flux 
calculated in accordance with Ficks f i r s t law of diffusion would 
be about 1.4 x 10"6 ug cm"2 sec" 1 using a value of 3.0 x 10"6 

cm sec" 1 for the diffusion coefficient and a value of 0.80 for 
the porosity. If more or less steady state conditions prevail 
during tidal submergence and i f , as assumed in the surfactant 
calculations above, the average residence time of the tidal prism 
is 4.5 hours (1.6 x 10
the sediment to the surfac
ug cm"2. For an average tidal prism with a volume of 5 x 10
liters this would produce a change in iron concentration of +0.5 
ug l i t e r - 1 which is about one seventh of the average change. 
Thus, i f the conditions outlined above actually prevail in marsh 
sediments, then diffusion of iron from the sediment pore water 
could account for a significant portion of the observed export. 
Additional transfer of iron could also result from bioturbation. 

Another possible mode of trace metal migration that can be 
roughly evaluated is release from decomposing surface Spartina. 
Dead Spartina is reported to contain 5,000 ug Fe and 22 ug Zn 
per gram dry weight (11) whereas the living mature plant contains 
about 300 ug Fe, 11 ug Zn and 2.5 ug Cu (12). These authors in
dicate that Spartina probably accumulates trace metals mainly 
from the interstitial water of deep sediments but that some ab
sorption from surface water may also occur, especially after 
death. The dramatic difference in iron between living and dead 
Spartina may be due to infiltration of iron rich sediment into 
the plant after death as after death the ash content increases 
from 14 to 28 percent (11). Using the trace metal values for 
the living plant i t cari""oe shown that complete decomposition 
and solubilization on the marsh surface of the annual Spartina 
production (660 g dry wt m"2 yr" 1) would yield about 210 mg Fe 
m-2 v r - l a n < i 7.0 mg Zn m"2 yr" . Copper and zinc budgets based 
solely on this mechanism probably could not be detected whereas 
for iron the calculated yield is one f i f t h of the observed ex
port and is probably the maximum to be expected from this process 
because a large proportion of the annual Spartina production 
either is exported as suspended organic sediment or accumulates 
in the marsh sediment. 

The rate of iron release from decomposing Spartina can be 
further evaluated by assuming that most of the suspended organic 
sediment is composed of Spartina detritus and by estimating the 
release of iron from suspended organic sediment during residence 
of the tidal prism in the marsh. The classical approach to the 
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microbial decomposition of organic substrates assumes that the 
oxidation process follows first-order reaction kinetics (45) 
such that 

. dS m k S 
dt 

(1) 
where S is the substrate concentration at time t and k is the 
first-order rate constant. This rate law is routinely applied 
by sanitary engineers in water quality studies and was used by 
Berner (46) to model the distribution of dissolved sulfate in 
anoxic marine sediments. For soluble substrates such as sewerage 
effluent the magnitude of k is about 2.7 x 10"6 sec" 1 (46). 
Spartina detritus shoul
since i t is rich in cellulos
stituents are probably released shortly after death (47). Thus 
the magnitude of k for Spartina detritus is probably not greater 
than 1 0 s e c . Integration of equation 1 yields 

S . S q e-kt (2) 

If t is assumed to be the average residence time of the tidal 
prism, 4.5 hrs or 1.6 x 10^ sec, and i f an i n i t i a l suspended 
organic sediment concentration, SQ, of 10 ppm is assumed then, 
with k equal to 10 "^ sec" 1 equation 2 yields an average ebb 
suspended organic sediment concentration of 9.9995 ppm. Decom
position and solubilization of 5 x 10"^ ppm of Spartina with 
even 5000 ppm Fe in turn would increase the dissolved iron 
concentration by only 2.5 x 10"^ ug l i t e r " 1 . To produce the 
average observed change in iron concentration, 4 ug liter-1, by 
this process the value of k would have to be about 2 x 10"^ sec . 
Thus release of readily soluble iron from Spartina probably 
occurs shortly after death by cell wall rupture and spillage of 
c e l l contents. The proportion of iron in the c e l l contents to 
total iron in the living plant is unknown. Release of iron from 
suspended organic matter may be due chiefly to respiration and 
secretion by living microorganisms and to remineralization of 
dead microbes in the water column rather than to decomposition of 
Spartina detritus. It is also possible that enzymes and organic 
acids secreted by microbes in their efforts to digest suspended 
organic matter may inadvertently solubilize iron and other metals 
bound to nearby inorganic particles. 

In summary, the biogeochemical cycle of iron in a salt marsh 
probably involves i n i t i a l import of inorganic iron in the form of 
iron oxide coatings on clays. Upon burial most of this iron is 
converted into iron sulfide but a portion is released into the 
interstitial water. A portion of the dissolved iron is taken up 
by the roots of growing Spartina whereas the remainder tends to 
diffuse towards the surface under the influence of concentration 
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gradients and bioturbation. Remineralization of a portion of the 
Spartina together with the diffusive exchange from the sediment 
results in a net export of dissolved iron from the marsh. Possibly 
superimposed on this cycle is the day-night effect which tends to 
retard the export of iron during daylight because of uptake by 
growing phytoplankton and/or because of photosynthetically in
duced increases in pH and dissolved oxygen which tend to promote 
precipitation. The latter factors are suggested because photo-
synthetic uptake of only 1.0 ug l i t e r ' 1 of a trace metal implies 
an increase in phytoplankton biomass of at least 1.0 mg l i t e r " 1 

for Fe and perhaps as much as 100 mg l i t e r " 1 for Cu and Zn based 
on the trace metal composition of phytoplankton given by Martin 
and Knauer (48). For the other metals (Cu,Zn,Pb), concentration 
gradients probably are not strong enough to promote significant 
diffusive exchange betwee
these metals do not accumulat
iron and thus remineralization cannot result in measurable export 
budgets. For copper the main cycle seems to consist of a more or 
less balance between uptake during daylight and release at night. 
No explanation can be offered at present for the seemingly erratic 
budget of lead. This scheme neglects the possible effects of 
purely physical adsorption and desorption from mineral and organic 
surfaces because the data at hand are inadequate for this purpose. 
These effects could be important i f the concentrations of dis
solved metals are not close to the appropriate adsorbent-
adsorbate equilibrium values. Another possible mechanism that we 
are unable to evaluate is the oxidation and solubilization of 
iron sulfide brought to the surface by burrowing organisms. 

Coliform Bacteria and BOD. Neither of these parameters show 
any obvious patterns that are amenable to conclusive inter
pretation. Except for the fact that coliform shows a binomial 
probability of 0.05 (Table 5), suggesting uptake, its budget 
does not appear to be statistically significant nor does i t show 
seasonal or diurnal effects. As regards coliform, one would 
expect lower counts in ebb flow due to the fact that seawater is 
thought to be toxic to these organisms (49). On the other hand 
one might expect the BOD of ebb flow to be greater than flood 
because there is generally a greater concentration of organic 
suspended sediment in ebb flow. If in fact oxygen demanding 
substances do tend to accumulate in marshes this could have a 
favorable effect on the oxygen balance of estuarine waters pro
viding that the reduction in BOD is not offset by a reduction in 
dissolved oxygen due to marsh respiration. Further investigation 
of this possibility is warranted by the fact that the proposed 
rediversion of the Santee River is expected to lead to lower 
dissolved oxygen concentrations in the upper portions of Charles
ton Harbor as a result of reduced flushing (8). 
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Concluding Remarks, In view of the relatively small number 
of cycles studied in this endeavor and in view of the less than 
ideal sampling design that was employed, the results reported 
herein should be considered as tentative and approximate. Never
theless, as we have attempted to show above, the results generally 
can be interpreted in light of currently available theory and 
data and thereby provide insight into the magnitude and importance 
of various processes involved in regulating marsh chemistry. With 
further refinement, particularly with regard to depth averaged 
sampling and the installation of continuously recording instrumen
tation, we believe that study of tidal creeks in the fashion de
scribed above will yield not only more precise estimates of the 
budgets for various parameters but will reveal the subtle effects 
and interplay of factors such as salinity, temperature, sunlight 
and tidal range on the day to day variations in the magnitude of 
different budgets. 

Abstract 
Chemical and sediment budgets based on discharge weighted compo
site samples of flood and ebb flow over 25 tidal cycles from 
August, 1973 through July, 1974 have been determined for a salt 
marsh basin adjacent to Charleston Harbor, S.C. The results indi
cate that the basin exports suspended organic sediment and dis
solved SiO2, PO4 and perhaps Fe. Inorganic sediment, surfactants 
and possibly coliform bacteria are imported and/or degraded. No 
significant budgets were detected for Cu, Zn or Pb. Budgets for 
Fe and Cu seem to be affected by light conditions as uptake occurs 
more frequently in daylight and release at night. Degradation of 
surfactants and export of organic sediment, SiO2 and PO4 are 
greater in summer than winter. 
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The study of trace components is of considerable 
interest since certai
while others are highly toxic. It is within the scope 
of human endeavor to alter the rates at which some of 
these components are delivered to estuaries and 
coastal waters (1 - 3) and, consequently, the question 
of the fate of these substances is important. To 
answer this question, we must f irst understand the 
processes which control their transport, and ultimately 
their deposition. These transport processes are 
conveniently separated into horizontal and vertical 
components. In most estuaries, horizontal transport is 
dominated by simple advective flow. However vertical 
transport, especially of trace components, is 
influenced by a number of physical, biological and 
chemical processes. 

This paper, which explores the relative importance 
of some of the vertical transport processes in estu
aries, is based upon observations made during an on
going study in the central Chesapeake Bay, Maryland. 
To date, the vertical distribution of phosphate and 
five trace metals (Cu, Fe, Mn, Pb, and Zn) have been 
investigated over the period of a year. Samples were 
collected in the deep waters off Bloody Point in the 
Chesapeake Bay at latitude 3 8 ° 5 0 ' , longitude 7 6 ° 2 4 ' . 
This station lies in the northernmost part of a trough 
having depths to 60 m, that extends about thirty miles 
south. During late summer, the bottom waters in this 
trough frequently become anoxic and sulfide-bearing. 
Water samples were collected through polyethylene 
tubing connected to a gasoline powered peristaltic 
pump. We also obtained surface sediment samples. The 
iodometric method (4) was used to determine sulfide, 
while phosphate was found colorimetrically (5). Total 
trace metals were analyzed by atomic absorption, and 
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n i t r i c a c i d d i g e s t i o n s o f t h e p a r t i c u l a t e s b y f l a m e l e s s 
a t o m i z a t i o n w i t h a c a r b o n r o d . A d e t a i l e d d i s c u s s i o n 
o f t h e s a m p l i n g and a n a l y t i c a l p r o c e d u r e s and a f u l l 
p r e s e n t a t i o n o f t h e d a t a w i l l be g i v e n e l s e w h e r e (6) . 

The C o n s e r v a t i v e M o d e l 

The s i m p l e s t d i s t r i b u t i o n p a t t e r n t h a t m i g h t be 
e x p e c t e d i n an e s t u a r y w o u l d b e one e s t a b l i s h e d b y 
c o n s e r v a t i v e m i x i n g . A c o n s e r v a t i v e component v a r i e s 
l i n e a r l y w i t h s a l i n i t y i n b o t h t h e h o r i z o n t a l a n d t h e 
v e r t i c a l d i r e c t i o n s . S u c h a d i s t r i b u t i o n i s i n d e e d 
o b s e r v e d f o r some t r a c e c o m p o n e n t s . F o r e x a m p l e W a r n e r 
(2) showed t h a t F " i n t h e C h e s a p e a k e B a y was d i s t r i b 
u t e d c o n s e r v a t i v e l y . On t h e o t h e r h a n d , i t i s w e l l -
known t h a t c o n s e r v a t i v
d i s t r i b u t i o n o f many t r a c e m e t a l s . As an e x a m p l e , i n 
F i g u r e 1, we show t o t a l Fe (ug /1 ) p l o t t e d v e r s u s 
s a l i n i t y ( ° / 0 0 ) - F o r r e f e r e n c e , we h a v e p l o t t e d t h e 
l i n e a r d i s t r i b u t i o n s w h i c h w o u l d b e e x p e c t e d u n d e r 
c o n s e r v a t i v e c o n d i t i o n s a s s u m i n g t h a t r i v e r w a t e r 
e n t e r i n g t h e B a y c o n t a i n e d , r e s p e c t i v e l y , 100 , 300 o r 
1000 u g / 1 F e . S c h u b e l (8) c i t e s C a r p e n t e r as f i n d i n g 
t h e a v e r a g e a n n u a l c o n c e n t r a t i o n i n t h e S u s q u e h a n n a 
R i v e r , t h e p r i n c i p a l t r i b u t a r y t o t h e n o r t h e r n B a y , t o 
b e 300 u g / 1 . N o t e t h a t t o t a l i r o n o b s e r v e d a t o u r 
s t a t i o n d i f f e r s f r o m c o n s e r v a t i v e d i l u t i o n m o d e l s i n 
two w a y s : (a) t h e i r o n c o n c e n t r a t i o n s a r e s y s t e m a t i 
c a l l y l o w e r t h a n w o u l d be e x p e c t e d i f i r o n were 
c o n s e r v a t i v e ; (b) t h e t r e n d i s w r o n g ; s a l i n i t y c o n 
s i s t e n t l y i n c r e a s e s downward, b u t on some o c c a s i o n s Fe 
was o b s e r v e d t o p a s s t h r o u g h a minimum a t i n t e r m e d i a t e 
d e p t h . A s i m i l a r phenomenon i s somet imes o b s e r v e d i n 
t h e v e r t i c a l d i s t r i b u t i o n o f p h o s p h a t e . I n F i g u r e 2, 
we show a c a s e i n w h i c h t o t a l p h o s p h a t e p a s s e s t h r o u g h 
a maximum a t i n t e r m e d i a t e d e p t h w h i l e s o l u b l e 
p h o s p h a t e , t h a t i s , t h e f r a c t i o n w h i c h c a n go t h r o u g h a 
0 .45 urn M i l l i p o r e f i l t e r , p a s s e s t h r o u g h a minimum. No 
c o n s e r v a t i v e m i x i n g m o d e l c o u l d a c c o u n t f o r t h i s t y p e 
o f v e r t i c a l d i s t r i b u t i o n . U s i n g a v e r a g e a b u n d a n c e s o f 
Mn i n r i v e r a n d o c e a n w a t e r s (9) , s i m i l a r c o n s i d e r a 
t i o n s r e v e a l t h a t manganese a l s o i s u s u a l l y p r e s e n t a t 
o u r s t a t i o n i n q u a n t i t i e s l e s s t h a n w o u l d b e e x p e c t e d 
i f i t were c o n s e r v e d d u r i n g m i x i n g . On t h e o t h e r h a n d , 
C u , Z n , and Pb a r e t y p i c a l l y p r e s e n t i n e x c e s s o f t h e 
c o n s e r v a t i v e v a l u e s , a l t h o u g h t h e d a t a v a r y c o n s i d e r 
a b l y . 

B i o l o g i c a l P r o c e s s e s 
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Most oceanographers and marine b i o l o g i s t s w i l l 
not be s u r p r i s e d that the trace components we have 
mentioned so f a r are not conserved during mixing i n 
e s t u a r i e s . These substances are known to be taken 
i n t o l i v i n g organisms, so t h e i r d i s t r i b u t i o n i n an 
estuary might be expected to be i n f l u e n c e d by b i o l o g 
i c a l processes. For example, using the gross primary 
p r o d u c t i v i t y data of Flemer (10) and the e m p i r i c a l 
formula of Richards (11) f o r marine organic matter, we 
estimate that t y p i c a l l y 0.6 um/l/day of phosphate i s 
f i x e d i n the euphotic zone of the c e n t r a l Chesapeake 
Bay i n the summer. This represents about twice the 
t o t a l amount present i n surface waters, i n d i c a t i n g 
that much of t h i s phosphate i s r a p i d l y recycled, an 
observation which i  consisten  with othe  published 
reports (12,13). I
p a r t i c u l a t e phosphate concentration shown i n Figure 2 
at intermediate depths i s due to s e t t l i n g plankton 
debris which has become trapped by buoyancy at the top 
of the higher density bottom water. 

Although b i o l o g i c a l processes such as those 
described above can play a major r o l e i n the d i s t r i b u 
t i o n of phosphorus i n e s t u a r i e s , they are probably 
much less e f f e c t i v e f o r trace metals. In t h i s regard 
e s t u a r i e s may d i f f e r from the deep ocean where longer 
periods of time are a v a i l a b l e . Estimates of the time 
needed f o r phytoplankton to s t r i p 100% of the phos
phorus and the f i v e trace metals, assuming no regener
a t i o n , are compared i n Table I (bottom l i n e ) . These 
estimates are based on a plankton summertime gross 
p r o d u c t i v i t y rate of 1.6 g C/m2/day (10) and on compo
s i t i o n data f o r marine phytoplankton (14). We f e e l 
that the use of marine phytoplankton data i n t h i s 
environment i s j u s t i f i e d because trace element concen
t r a t i o n s are not g r e a t l y d i f f e r e n t from those i n the 
oceans. Furthermore, R i l e y and Roth (15) showed that 
trace metal concentrations i n phytoplankton do not 
depend c r i t i c a l l y on plankton species. Mstal rates 
are much longer than r a d i o a c t i v e isotope exchange rates 
observed by a number of authors (16,17). The removal 
time i s quite short f o r phosphorus but long f o r the 
trace metals. These data, although subject to some 
uncertainty, cast doubt on the widely held view that 
b i o l o g i c a l processes are p r i m a r i l y responsible f o r the 
non-conservative behavior of trace elements i n 
e s t u a r i e s . 

Chemical Processes 

Chemical processes u s u a l l y considered as l i k e l y 
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to a f f e c t the d i s t r i b u t i o n of trace components i n 
est u a r i e s and i n the oceans are p r e c i p i t a t i o n and 
adsorption. Krauskopf (18) i n v e s t i g a t e d these mecha
nisms and concluded that~Tn the oceans, l o c a l p r e c i p i 
t a t i o n of s u l f i d e s c o n s t i t u t e d a p o s s i b l e c o n t r o l f o r 
some metals. Subsequently, however, a number of 
authors ( 1 9 , 2 0 ) have found that s u l f i d e - r i c h marine 
waters apparently f a i l t o p r e c i p i t a t e trace metal 
s u l f i d e s . We have c a l c u l a t e d the degree of saturation 
of the trace metals i n our samples with respect t o 
s u l f i d e s , hydroxides, phosphates and carbonates using 
computational procedures s i m i l a r to those described i n 
the l i t e r a t u r e ( 2 1 ) . In general, the waters of the 
c e n t r a l Chesapeake Bay are undersaturated with respect 
to these phases. Wher  th  c a l c u l a t i o n t that 
the waters are supersaturated
that d i s s o l v e d meta
responding. For example, the highest d i s s o l v e d Pb 
concentrations which we observed i n the bottom waters 
during our year-long sampling period were observed i n 
June 1 9 7 4 when the bottom water contained 0.3 mg/1 
s u l f i d e . Thus p r e c i p i t a t i o n appears t o play no r o l e 
i n trace metal c y c l i n g i n the Chesapeake Bay. P o s s i 
b l e exceptions t o t h i s r u l e , based on s o l u b i l i t y 
c a l c u l a t i o n s , are the oxyhydroxides of Fe and Mn. 
Because both b i o l o g i c a l a s s i m i l a t i o n and p r e c i p i t a t i o n 
appear to be i n s i g n i f i c a n t as v e r t i c a l transport 
mechanisms f o r trace metals other than Fe and Mn, we 
f e e l that adsorption-desorption processes must be of 
major importance. Other workers ( 2 2 , 2 3 ) have 
discussed these processes p l a c i n g emphasis on the 
desorption which occurs as river-borne p a r t i c l e s 
encounter the i n c r e a s i n g s a l i n i t y of estuarine water. 
However the work of Schubel (%) and Biggs ( 2 4 ) reveal 
that most of the p a r t i c l e s brought i n t o Chesapeake 
Bay by the Susquehanna River, the major t r i b u t a r y to 
the northern s e c t i o n , are deposited near the head of 
the Bay. Consequently adsorption-desorption reactions 
i n v o l v i n g river-borne p a r t i c l e s can not account f o r 
the non-conservative v e r t i c a l p r o f i l e s which we 
observe i n the c e n t r a l part of the Bay. 

Based upon the sediment mass balance data which 
Biggs ( 2 4 ) compiled and which we show i n Figure 3, the 
p r i n c i p a l sources of p a r t i c u l a t e matter i n the c e n t r a l 
p art of the Chesapeake Bay are shore erosion and 
b i o l o g i c a l production. Data on the chemical and 
mineral composition of source m a t e r i a l i s not a v a i l 
able , but we have estimated i t s composition using data 
obtained from the deposited sediments. Table II shows 
the average concentrations of c l a y minerals, i r o n and 
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TABLE I - ESTIMATED BIOLOGICAL ASSIMILATION RATES IN SURFACE WATER 

Ρ 0 Α MN FE CU ZN PB 

TYPICAL CONCENTRATION IN EUPHOTIC 

ZONE OF CHESAPEAKE BAY (SUMMER) (UG/L) 30 11 20 3 6 7 

TYPICAL CONCENTRATION IN IIARINE 

PHYTOPLANKTON (UG/G DRY WEIGHT) 2.7X13^ 5 200 4 20 5 

PHYTOPLANKTON FIXATION RAT

CHESAPEAKE BAY (UG/L/DAY) 6

TURNOVER RATE (DAYS) 0.5 600 30 300 100 700 

TABLE II 

MINIMUM CONCENTRATIONS AND DEPOSITION RATES FOR 

POTENTIAL ADSORBING AGENTS IN CHESAPEAKE BAY SEDIMENTS 

COMPONENT AVERAGE CONCENTRATION 

(2) 

DEPOSITION RATE 

(109 G/YR) 

CHLORITE 1 12 

ILLITE 10 30 

KAOLINΙ TE 7 21 

MoNTMORILLONITE 6 18 

IRON if 21 

ORGANIC MATTER 5 15 

36 117 

117 χ 1 0 9 (G/YR) TOTAL DEPOSITION 
-ζ = 1.3 m/i 

9 χ 1 0 1 5 (L/YR) TOTAL WATER FLOW 
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organic matter i n sediments based on the work of Ryan 
(25) , Owens, e t a l (26) , and our own work. The 
percentage fig u r e s i n the middle column are given on a 
dry weight b a s i s . Only the cl a y minerals found i n the 
c l a y s i z e d f r a c t i o n , which makes up 27% of the average 
sediment, are included. In the r i g h t hand column, the 
annual deposition rate f o r each of these components i s 
shown. These are based on the mass balance data of 
Figure 3. At the bottom of Table II we have computed 
the average concentration of these components i n Bay 
water by d i s t r i b u t i n g the t o t a l amount deposited 
annually over the t o t a l amount of water which flushes 
through t h i s s e c t i o n of the Bay. This f i g u r e i s a 
minimum value because the computation assumes that 
sediment passes onc
under study. A c t u a l l y
the c l a y minerals and the low density of the organic 
matter, these p a r t i c l e s have small s e t t l i n g v e l o c i t i e s 
and thus may be re c y c l e d by turbulence s e v e r a l times 
before f i n a l l y being deposited. Thus the trace con
centration of p o t e n t i a l absorbing agents i n Bay water 
might be s e v e r a l times higher than the 1.3 mg/1 shown 
i n Table I I . Biggs (2 4) has found t o t a l suspended 
matter up to 20 mg/1 In the Chesapeake Bay. I f we 
assume that the adsorptive capacity of t h i s m a t e r i a l i s 
on the order of 0.1 - 1%, as i s u s u a l l y observed (27, 
28), then adsorption-desorption processes could be 
important f o r those trace metals, such as Cu, Zn and 
Pb, which are t y p i c a l l y present i n d i s s o l v e d form at 
concentrations below 10 y g / l . This w i l l be true, 
however, only i f the trace metals are able to dominate 
the adsorption s i t e s i n competition with the much more 
abundant Na, Mg and Ca. 

Conclusions 

V e r t i c a l d i s t r i b u t i o n s of phosphate, Fe, Mn, Cu, 
Zn, and Pb i n c e n t r a l Chesapeake Bay are not e x p l a i n 
able by conservative mixing, so a c t i v e v e r t i c a l trans
port processes must be operating. For phosphate, 
b i o l o g i c a l processes are undoubtedly involved, but for 
the metals, b i o l o g i c a l a s s i m i l a t i o n appears to be too 
slow. S o l u b i l i t y reactions a l s o appear t o be unimpor
tant, except p o s s i b l y f o r Fe and Mn. Generally the 
waters are undersaturated with respect to pure mineral 
phases of Cu, Zn and Pb, but i n summer when s u l f i d e 
appears i n the bottom waters and supersaturation i s 
reached with respect to CuS, ZnS and PbS, there i s 
s t i l l no evidence that these metals are being removed. 
Because b i o l o g i c a l a s s i m i l a t i o n and s o l u b i l i t y 
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reactions do not appear capable of explaining the non-
conservative vertical distribution of Cu, Zn and Pb, 
we feel that adsorption-desorption processes must 
control vertical transport of these metals. Estimates 
of the adsorption capacity available on the kinds of 
particulate matter which must be present in the central 
part of Chesapeake Bay suggest that this mechanism is 
feasible provided adsorption is selective for trace 
metals. 

Abstract 

A one-year, single station study has been com
pleted in the central Chesapeake Bay, Maryland to 
investigate seasona
mechanisms of phosphat
Mn, Pb, Zn). Vertical distributions are not explain
able by conservative mixing. Biological processes can 
account for phosphate distributions, but appear to be 
too slow to affect vertical metal transport. Mid-Bay 
waters never reach saturation with respect to carbon
ate, phosphate, or sulfide minerals. Precipitation of 
oxyhydroxides may be the controlling process for Fe 
and Μn, while adsorption appears to be the only 
reasonable mechanism for Cu, Pb, and Zn. 
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An ESCA Study of Sorbed Metal Ions on Clay Minerals 

MITCHELL H. KOPPELMAN and JOHN G. DILLARD 
Department of Chemistry, Virginia Polytechnic Institute and State University, 
Blacksburg, Va. 24061 

In natural water systems, clay minerals comprise 
a large part of the
empty into estuarine environments. A portion of this 
load ultimately enters the ocean domain. Numerous 
investigators have demonstrated that the clay mineral 
portion of this suspended load can act as a sponge for 
trace metals and serve as a taxi for the transport of 
the metals into the estuarine and ocean systems. 1,2 
It is well known that the mode of interaction between 
the aqueous metal ion and the clay mineral is adsorp
tion at the Stern layer. 3,4 The interaction is 
believed to occur as a result of the negative surface 
potential generated on the clay mineral by isomorphous 
substitution in either tetrahedral or octahedral sites, 
broken surface bonds or hydrolysis of exposed surface 
hydroxyl groups in the clay mineral. 5 

Specifically it has been shown that various clay 
minerals adsorb iron species from solution.6-12 
Although the degree and conditions under which iron is 
adsorbed were carefully documented in these studies, 
l itt le information was presented regarding the bonding 
interaction between the clay mineral and the metal ion. 
Information on the nature of the bonding between the 
metal ion and the clay mineral is important in pro
viding insight into various ion exchange phenomena 
which are important to the maintenance of the chemical 
balance in the ocean system. 

A study of the bonding phenomena between the clay 
mineral and adsorbed metal ions Fe(III) and Cr(III), 
has been initiated using X-ray photoelectron spectros
copy (XPS or ESCA). ESCA would seem to be an ideal 
method for this study since it has been postulated 
that the adsorbed ions are located on the clay mineral 
surfaces. In X-ray photoelectron spectroscopy the 
binding energy of core and valence electrons can be 

186 
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measured from a sampling depth of up to about 50Â.JL2. 
The measured binding energy can be r e l a t e d to the 
e l e c t r o n density or charge on an element of i n t e r e s t 
and can thus be used to examine the o x i d a t i o n s t a t e 
(bonding nature) of elements i n clay minerals and 
metal ions adsorbed at clay mineral surfaces. To 
compliment the ESCA measurements the bonding nature 
of i r o n i n c l a y mineral systems has a l s o been exam
ined using Môssbauer spectroscopy. In t h i s paper the 
r e s u l t s of a study of the bonding between the c l a y 
minerals, c h l o r i t e , i l l i t e , and k a o l i n i t e and the 
metal ions F e ( I I I ) and C r ( I I I ) w i l l be reported. 

Experimental 

The clay mineral
were c h l o r i t e (from Ishpeming, Michigan obtained from 
Ward 1s Natural Science Establishment), i l l i t e 
( F i t h i a n , I l l i n o i s , A.P.I, standard #35 obtained from 
I l l i n o i s G e o l o g ical Survey), k a o l i n i t e (Hydrite RT, 
obtained from Georgia K a o l i n , Inc.), nontronite 
(Washington, obtained from Dr. C. I. Rich, VPI & SU 
Agronomy Department), FeoC>3 ( F i s h e r Chemical Company, 
reagent grade), and a i r d r i e d amorphous f e r r i c 
hydroxide ( p r e c i p i t a t e d from 100 ppm Fe(N0 3)3 s o l u 
t i o n at pH 3). These clays were s e l e c t e d because of 
t h e i r non-expansive nature i n an e f f o r t to decrease 
i n t e r l a y e r s u b s t i t u t i o n and enhance surface adsorp
t i o n . The c l a y s were ground with an agate mortar and 
p e s t l e and a b a l l m i l l (using tungsten carbide b a l l s ) 
such that a l l p a r t i c l e s were <5 ym. 

The adsorption studies of F e ( I I I ) and C r ( I I I ) 
onto c h l o r i t e , k a o l i n i t e , and i l l i t e were i n i t i a l l y 
performed i n untreated glass vessels to t e s t the 
f e a s i b i l i t y of using ESCA to detect surface i r o n and 
chromium species. The ve s s e l s were open to the 
atmosphere, and were maintained at room temperature 
which v a r i e d from 21-26°C. Data f o r the amount of 
F e ( I I I ) and C r ( I I I ) adsorbed reported herein r e f e r to 
experiments i d e n t i c a l to those described above, but 
under c o n t r o l l e d atmospheric co n d i t i o n s . Glass 
vessels were coated with an aqueous d i s p e r s i o n of 
Tef l o n ( T e f l o n 3 0 ) . ϋ To insure a p i n hole f r e e 
coating, the vessels were then t r e a t e d with methyl 
triethoxysilane.ië 

Ir o n ( I I I ) and chromium(III) s o l u t i o n s of 100 and 
1000 ppm were prepared from Fe(N0 3)3«9H20 ( F i s h e r 
reagent grade chemical) and Cr(N0 3)3«9H20 ( F i s h e r 
reagent grade chemical), r e s p e c t i v e l y . These s o l u 
t i o n s were degassed by heating to 50°C and s t i r r e d 
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while purging with argon. The pH was adjusted to 
1.0 using NaOH and HN0 3 to prevent the p r e c i p i t a t i o n 
of the metal hydroxides. Each c l a y sample, 3.25 gms, 
and a magnetic s t i r r i n g bar were placed i n coated 
vesse l s , evacuated to 10~ 3 t o r r , and then f i l l e d with 
870 t o r r of argon. The 100 and 1000 ppm F e ( I I I ) and 
C r ( I I I ) s o l u t i o n s (650.0 mis) were placed i n the 
appropriate v e s s e l s and sealed under a p o s i t i v e pres
sure (870 mm) of argon with a rubber septum s e a l . The 
vessels were then attached to a vacuum manifold so 
that argon could be replenished a f t e r removal of each 
s o l u t i o n sample a l i q u o t . The vessels remained i n a 
constant temperature bath (25°C + 0.5°C) f o r periods 
of 7-9 days, with 50 ml samples removed p e r i o d i c a l l y 
using a 50 ml syring
About 5-7 s o l u t i o n sampl
the duration of each experiment. A f t e r each sample of 
s o l u t i o n was removed, the ve s s e l was rep r e s s u r i z e d to 
a p o s i t i v e pressure of argon (870 mm). The s o l u t i o n s 
remaining i n the vessels were s t i r r e d twice d a i l y to 
suspend the clay p a r t i c l e s . Upon termination of the 
adsorption experiments, the supernatant l i q u i d s were 
removed using a water a s p i r a t o r and the clay residue 
c o l l e c t e d by c e n t r i f u g a t i o n @ 10,000 rpm f o r 20 min
utes i n 50 ml tubes (5°C). The supernatant l i q u i d 
was then discarded and the clay samples were a i r d r i e d 
and reground i n an agate mortar and p e s t l e f o r ESCA 
st u d i e s . 

S o l u t i o n samples were analyzed f o r pH immediately 
upon removal. pH was measured with a Corning Model 
707 pH meter and glass electrodes under an Ar atmos
phere. Dissolved Fe, Cr, K, Mg, and A l were measured 
using atomic absorption spectrophotometry. A Perkin 
Elmer Model 503 atomic adsorption spectrometer with 
hollow cathode lamps was employed. When concentra
ti o n s exceeded the normal l i n e a r working range, the 
burner head was turned approximately 75° r e l a t i v e to 
the beam to increase the range of absorbance l i n e a r i t y 
(Beer 1 s law). 

Dissolved SiOg was determined spectrophotometrie-
a l l y using the silico-molybdate method, p-methyl 
aminophenol s u l f a t e (metol) was employed as the reduc
ing agent and Na 2SiFg was used to prepare S i 0 2 

standards. UL.I7 
The core e l e c t r o n binding energies were measured 

using an ΑΕΙ ES 100 photoelectron spectrometer. A l Κα 
r a d i a t i o n (E = 1486.6 eV) was the photon source. „ 
T y p i c a l sample chamber pressures were l e s s than 10" 
t o r r . Data a c q u i s i t i o n and spectrometer c o n t r o l were 
accomplished using the ΑΕΙ DS-100 data system and a 
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D i g i t a l PDP 8/e computer. Spectra were p l o t t e d using 
the MADCAP IV p l o t t i n g routine on a D i g i t a l PDP 8/1 
computer. The Fe 2 p 3 / 2 Peaks were deconvoluted using 
the GASCAP IVliL program i n conjunction with a PDP 8/1 
computer. The program requires input f o r the number 
of peaks and the height, FWHM, and p o s i t i o n f o r each 
peak suspected of comprising the m u l t i p l e t . Based on 
these parameters, a spectrum i s c a l c u l a t e d which can 
be compared to the experimental spectrum. The pro
gram contains a routine which performs a point by 
point s u b t r a c t i o n of the c a l c u l a t e d spectrum from the 
experimental spectrum. In a l l of the deconvoluted 
spectra presented i n t h i s paper, subtractions y i e l d e d 
nearly s t r a i g h t l i n e s , thus i n d i c a t i n g a good f i t 
between c a l c u l a t e d

Clay mineral sample
mortar and p e s t l e and then dusted onto double s t i c k 
cellophane tape which i n turn was mounted on a brass 
probe. Since a l l the minerals examined i n t h i s study 
are non-conductors, i t was necessary to c o r r e c t the 
measured core e l e c t r o n binding energies f o r charging. 

To account f o r charging of the cl a y samples i n 
the evaluation of the spectrometer work function, the 
binding energy of the S i 2ρτ / 2 Q/2 core l e v e l was 
used as an i n t e r n a l standard. 'Tne absolute binding 
energy of the s i l i c o n l e v e l was measured i n two sep
arate experiments. In one measurement a t h i n gold 
f i l m was vapor deposited onto the sample surface and 
the binding energy of the Au 4 f 7 / 2 (BE =83.4 e V ) 1 9 i 2 Q 

l e v e l used to c a l i b r a t e the energy s c a l e f o r the S i 
^Pl/2,3/2 l e v e l « i n another determination a t h i n 
f i l m of background spectrometer carbon was allowed to 
b u i l d up on the sample, and the C l s ] y 2 (BE = 284.6 
eV) l e v e l used i n the c a l i b r a t i o n of the binding 
energy s c a l e . The S i 2 p 1 * 2 3/ 2 binding energy deter
mined by the two methods kgteea to within the e x p e r i 
mental p r e c i s i o n (+0.1 eV). 

The measured binding energies f o r a l l samples 
(Tables I, I I , III) represent the average of no l e s s 
than three separate determinations. The deviations 
i n binding energies (one standard deviation) are a l l 
+ 0.1 or l e s s . 

Mossbauer spectra were i n v e s t i g a t e d on a Northern 
S c i e n t i f i c model 605-512 multichannel analyzer spec
trometer. A 3 m Curie 5 7 C o ( i n a Pt matrix) source 
was used (2J years o l d ) . Isomer s h i f t s reported are 
r e l a t i v e to Fe f o i l . A l i n e a r l e a s t squares regres
sio n program written by G. W. Dulaney and Calcomp 
p l o t t i n g routine i n conjunction with an IBM 370/158A 
computer were used f o r data processing. Percentages 
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of F e ( I I I ) and Fe(II) i n the i l l i t e sample were 
determined from r a t i o s of peak areas of Lorentzian 
peaks representative of the s p e c i f i c f e r r i c and f e r 
rous i r o n s i t e s . 

Results and Discussion 

The core e l e c t r o n binding energies f o r the 
l a t t i c e elements i n c h l o r i t e , k a o l i n i t e , and i l l i t e 
are presented i n Table I. The small d i f f e r e n c e s i n 
binding energies of S i 2p^ /2,3/2> A 1 2Pl/2,3/2> a n d 

0 Is e l e c t r o n s between these'tnree minerals are not 
unexpected, since there are only minor bonding 
d i f f e r e n c e s between the minerals. The range of bind
ing energy values o
ed here (102.1 eV -
with those found by Adams et . a l JLL (101. 8 - 102.4 f o r 
various s i l i c a t e s ) , Huntress e t . a l . J l 2 (103.0 f o r 
lunar m a t e r i a l s ) and Anderson e t . a l . 2 3 (102.8 - 103.2 
f o r a s e r i e s of a l u m i n o s i l i c a t e s ) . The A l %V\/2,3/2 
and 0 1ST / 2 binding energies reported here are i n good 
agreement'with those published i n the l i t e r a t u r e . 2 l ~ 2 4 

Schultz et.al.-25. presented binding energy data f o r the 
S i 2p 1/o Q/2 e l e c t r o n s i n k a o l i n i t e (107.4 eV) and 
i l l i t e (109.3 eV). Differences between t h e i r values 
and the ones presented i n t h i s report probably a r i s e 
from f a i l u r e ^ ? to completely c o r r e c t f o r the sample 
charging phenomena. 

The i n v e s t i g a t i o n of the binding energy of the 
Fe 2P3/9 el e c t r o n s i n c h l o r i t e , i l l i t e , and k a o l i n i t e 
revealed rather i n t e r e s t i n g r e s u l t s . These binding 
energies are tabulated i n Table I I . Adams et.al . -2I 
had p r e v i o u s l y reported d i f f i c u l t y i n d i s t i n g u i s h i n g 
between F e + 2 and F e + 3 species using ESCA. However, 
when comparing the binding energy f o r the Fe 2P3/2 
l e v e l i n nontronite where i r o n i s i n the +3 ( f e r r i c ) 
s t a t e ( s u b s t i t u t e d f o r some A l + 3 i n the octahedral 
l a y e r s ) and c h l o r i t e where the i r o n i s i n the +2 
(ferrous) oxidation s t a t e ( s u b s t i t u t e d f o r Mg + 2 i n the 
octahedral l a y e r s ) , a d i s t i n c t d i f f e r e n c e (1.9 eV) i s 
observed. The XPS spectrum of Fe 2p3/ 2 e l e c t r o n s i n 
i l l i t e showed a rather broad peak witn a binding 
energy of 712.6 eV. Fe 2j>2/2 l e v e l s always e x h i b i t 
broad peaks i n the ESCA spectrum due to m u l t i p l e t 
s p l i t t i n g phenomena,26-23 The f u l l widths at h a l f 

c h l o r i t e (each containing only one type of i r o n ) are 
4.9 eV and 5.2 w r e s p e c t i v e l y , while i l l i t e i s 6.4 eV. 
This increase i n peak width i s suggestive that i l l i t e 
contained more than one type of i r o n . 

nontronite and 
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Mossbauer data (Table IV) confirms that nontronite 
contains only F e ( I I I ) i n one environment and that 
c h l o r i t e contains only Fe(II) i n one environment. 
I l l i t e , on the other hand, was shown by Mossbauer spec
t r a to contain both F e ( I I ) and F e ( I I I ) , each i n only 
one environment. 

Since the Mossbauer r e s u l t s i n d i c a t e d that Fe(II) 
and F e ( I I I ) i n i l l i t e were s i m i l a r to Fe(II) and Fe(III) 
i n c h l o r i t e and nontronite, r e s p e c t i v e l y , i t was of 
i n t e r e s t to detemine the binding energies of Fe(II) 
and F e ( I I I ) i n i l l i t e using deconvolution. The input 
data used f o r the deconvolution were the binding 
energies of Fe(II) i n c h l o r i t e and F e ( I I I ) i n nontro
n i t e . The input data a l s o included s a t e l l i t e peak 
s t r u c t u r e determine
t r o n i t e ( F e ( I I I ) ) , a
a l t e r a t i o n s of the r e l a t i v e i n t e n s i t i e s of the peaks 
and by s l i g h t changes i n peak h a l f widths and positions, 
a good f i t of the c a l c u l a t e d and experimental peaks was 
obtained ( F i g . 2). Furthermore i t i s of i n t e r e s t to 
note that the percentage of F e ( I I I ) i n i l l i t e obtained 
from XPS peak areas i s 71%, which i s i n good agreement 
with the percentage (^80%) obtained from Mossbauer 
measurements. Binding energy data f o r both e x p e r i 
mental and deconvoluted Fe 2ρο/ο l e v e l s are given i n 
Table I I . ' 

Although Mossbauer data revealed that k a o l i n i t e 
contained F e ( I I I ) (a weak peak was observed, with long 
(>24 hours) counting times needed f o r r e s o l u t i o n ) , no 
ESCA Fe 2p3/2 peak was observed (12 hour scanning time; 
t y p i c a l of a l l these s t u d i e s ) . This probably i n d i c a t e s 
that the small amount of i r o n i n k a o l i n i t e i s present 
i n the l a t t i c e at depths greater than the escape depth 
fo r the photoejected e l e c t r o n s . Since Mossbauer i s a 
bulk technique compared to the ESCA surface technique, 
i t i s reasonable that small amounts of l a t t i c e i r o n 
present i n the bulk would be detected. When kaolinite 
i s s t i r r e d with 100 ppm Fe(N03) 3 s o l u t i o n (pH remained 
low enough to prevent p r e c i p i t a t i o n of any i r o n 
hydroxide s p e c i e s ) , the Fe 2P3/2 peak was observed i n 
the XPS spectrum ( F i g . I l l ) . Tne Mossbauer spectrum 
i n d i c a t e d approximately a three f o l d increase i n the 
amount of F e ( I I I ) present. The binding energy of t h i s 
adsorbed F e ( I I I ) species was found to be 711.4 eV, 1.2 
eV lower than that f o r F e ( I I I ) i n a l a t t i c e s i t e i n 
the octahedral l a y e r of a s i l i c a t e mineral. I t i s 
suggested that the lowering of the Fe 2p 3/2 binding 
energy i s due to the i n t e r a c t i o n of F e ( I I l ) with the 
clay surface upon adsorption. Cations i n the c l a y 
surface region (Stern l a y e r ) are a t t r a c t e d to 
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Figure I. Deconvolution of the photopeaks of the 
Fe 2p3/2 level in nontronite and chlorite 
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Figure 2. Deconvolution of the photopeak of the 
Fe 2ps/2 level in pure untreated illite 
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Figure 3. Photoelectron spectra for the Fe 2ps/t 

level in untreated kaolinite and kaolinite treated 
with 100 ppm Fe(NOs)s 
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negatively charged surface bonding s i t e s where they 
experience a negative s i t e p o t e n t i a l . i L The e f f e c t of 
a negative bonding s i t e p o t e n t i a l on i r o n would be to 
lower the binding energy of the adsorbed c a t i o n . In 
s i m i l a r adsorption studies of F e ( I I I ) on ch l o r i t e * the 
binding energy measured f o r i r o n from the experimental 
photopeak i s 711.4 (see Table I I ) . This value i s 
greater than that measured f o r i r o n i n native c h l o r i t e 
and s i m i l a r to that determined f o r Fe(III) adsorbed on 
k a o l i n i t e . It was determined that the composite 
experimental photopeak could be deconvoluted i n t o two 
i r o n peaks ( i n c l u d i n g s a t e l l i t e s t r u c t u r e f o r each 
peak) with binding energies of 711.4 and 710.3 eV. 
The i r o n species represented by the peak at a binding 
energy of 711.4 i s
while that at 710.
c h l o r i t e l a t t i c e . 

S i m i l a r l y , the composite experimental Fe 2p^/2 
peak f o r i l l i t e , obtained when the clay mineral was 
s t i r r e d at pH 1 i n a 100 ppm F e ( N 0 3 ) 3 s o l u t i o n , could 
be deconvoluted i n t o three i r o n peaks ( i n c l u d i n g 
s a t e l l i t e s t r u c t u r e f o r each peak) with binding 
energies of 712.6 eV, 711.5 eV, and 710.4 eV. The 
i r o n species represented by the peak at 712.6 eV i s 
a t t r i b u t e d to l a t t i c e F e ( I I I ) , that at 711.5 eV to 
adsorbed F e ( I I I ) , and the peak at 710.4 eV i s charac
t e r i s t i c of l a t t i c e F e ( I I ) . 

In a f u r t h e r e f f o r t to i n v e s t i g a t e the e f f e c t of 
the negative surface p o t e n t i a l upon adsorbed cations, 
C r ( I I I ) adsorption experiments onto k a o l i n i t e , c h l o r i t e 
and i l l i t e were performed. Uvarovite, i n which 
C r ( I I I ) i s i n an octahedral l a y e r s i t e , was i n v e s t i 
gated with XPS to determine the binding energy f o r 
Cr 2p>g/2 electrons f o r the l a t t i c e substituent Cr( I I I ) . 
XPS i n v e s t i g a t i o n of the three untreated clays gave no 
evidence f o r a Cr 2 p « / 2 peak. Upon adsorption of 
C r ( I I I ) from 100 ppm C r ( N 0 3 ) 3 (pH =1.0) s o l u t i o n s , 
the XPS spectrum of each of these c l a y s revealed a 
Cr 2p3#2 P©ak, i n d i c a t i n g that chromium had indeed 
been adsorbed. The binding energy data f o r the 
Cr 2 p 3 / 2 electrons f o r a l a t t i c e s u b s t i t u t e d C r ( I I I ) 
as w e l l as the data f o r the adsorbed Cr species can 
be found i n Table I I I . 

The binding energy r e s u l t s f o r the adsorbed 
C r ( I I I ) species r e f l e c t e d a s i m i l a r decrease i n bind
ing energy f o r the adsorbed c a t i o n , as was found i n 
the F e ( I I I ) adsorption study. The negative surface 
p o t e n t i a l at the adsorption s i t e manifests i t s e l f by 
incr e a s i n g the e l e c t r o n density on the adsorbed metal 
ion thus lowering the binding energy of the metal. 
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The differences in binding energy for Cr 2p3/2 elec
trons for a lattice substituted Cr(III) as compared 
to an adsorbed Cr(III) ranged from 0.8 eV (Cr(III)) 
on kaolinite) to 1.1 eV (Cr(III) on chlorite). 

Conclusions 

The technique of X-ray photoelectron spectroscopy 
has been shown to be a useful tool in the investiga
tion of adsorbed metal ions on solid surfaces. Not 
only may i t prove to be an analytical tool for detect
ing small (ppm level) quantities of adsorbed cations, 
but may be instrumental in determining the bonding 
nature of an adsorbed cations. Through further 
investigations of the adsorption of cations of differ
ent oxidation states
model for cations adsorbed on mineral surfaces can be 
developed. 
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Abstract 
The bonding nature of metal ions sorbed from 

aqueous solutions by the marine clay minerals kaoli
nite, i l l i te , and chlorite has been examined using 
X-ray Photoelectron Spectroscopy (XPS). Binding 
energies for lattice elements Si, Al, O, Mg, K, and 
Ca are reported, and are in good agreement with pub
lished values. Significant differences (1.9 eV) in 
binding energies for the Fe 2p 3 / 2 level for iron in 
nontronite and chlorite were observed. This difference 
in binding energy was attributed to the two different 
oxidation states of iron, Fe(II) in chlorite and 
Fe(III) in nontronite. Illite, which contains both 
Fe(II) and Fe(III) in lattice positions was found to 
have an unusually broad Fe 2p 3 / 2 photopeak. This 
broad peak could be deconvolutea into two peaks whose 
binding energies were indicative of both Fe(II) and 
Fe(III) lattice constituents. Fe(III) adsorbed onto 
kaolinite had an Fe 2p3/2 level binding energy 1.2 eV 
lower than lattice Fe(III). This lowering of binding 
energy for the adsorbed iron species as compared to 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



200 MARINE CHEMISTRY 

lattice Fe(in) may arise from the negative potential of 
the electrical double layer at the mineral surface 
when the cation is adsorbed. Comparison of binding 
energies of sorbed ions (Fe + 3 , Cr + 3 ) and their 
stoichiometric or mineral lattice counterparts indi
cate a decrease in binding energy for the sorbed ions. 
Extent of sorption was determined by monitoring sorbed 
metal ion species concentrations as well as examining 
changes in solution pH, dissolved SiOo and concentra
tion of stoichiometric lattice elements (Al + , K + , 
Mg + 2 , F e + 2 ' + 3 ) . 
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12 
The Use of Natural Pb-210 as a Heavy Metal Tracer 
in the River-Estuarine System 

LARRY K. BENNINGER, DALE M. LEWIS, and KARL K. TUREKIAN 
Department of Geology and Geophysics, Yale University, New Haven, Conn. 06520 

The naturally occurring radioactive isotope of lead, Pb-210, 
provides a valuable trace
the soil-stream-estuary system. Since it is continuously pro
duced only as a member of the U-238 decay series, it is free from 
the problems of environmental or analytical contamination so often 
encountered in stable heavy metal studies. In addition, because 
of its half-life of about 22 years it is useful not only as a 
tracer but also as a dating tool to monitor events of the past 
100 years in various repositories. 

Lead-210 can be supplied to the soi 1-stream-estuary system 
through two pathways: (1) atmospheric--Rn-222 released from 
soils to the atmosphere decays to Pb-210 which then follows the 
fate of aerosols, ultimately to be returned to the Earth's surface 
via atmospheric precipitation; (2) terrigenous--Ra-226 in soils, 
rocks, streams and groundwater generates Pb-210 which is in some 
degree subject to mobilization. By following the pathways of 
Pb-210 from both these sources we can make predictions about the 
expected behavior of common lead at the Earth's surface. Further, 
by analogy with lead we can get an idea of the behavior of other 
trace metals in the Earth's aqueous reservoirs. 

The Fate of the Atmospherically-Supplied Pb-210 

Precipitation, as rain, snow or dry fallout, continually 
strips the atmosphere of aerosols, including the Pb-210 produced 
there from Rn-222 decay. It has been estimated that tropospheric 
aerosols associated with Pb-210 have a mean residence time of a 
week or less (1). As Pb-210 is deposited it can fall either on 
standing bodies of water, the ocean or lakes, or on land. There 
is sufficient evidence now to indicate that in lakes it is rapidly 
removed from the dissolved state to the lake sediments (2, 3̂  l i 
lt is also being removed from the ocean surface. We neecT to know 
the fate of Pb-210 (and presumably other metals) when it encoun
ters soil. One of the ways of determining this is to see how the 
atmospherically-derived Pb-210 is distributed in the soil profile 
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and how w e l l the t o t a l inventory of a t m o s p h e r i c a l l y - d e r i v e d 
Pb-210 i n the s o i l p r o f i l e r e f l e c t s the expected f l u x . I f the 
s o i l contains a l l the Pb-210 t h a t i s d e l i v e r e d to i t by p r e c i p i 
t a t i o n , we can be sure t h a t the p r o p e r t i e s o f the s o i l s make them 
e f f i c i e n t scavengers f o r lead and other t r a c e metals s i m i l a r t o 
lead i n chemical behavior. 

Continuous c o l l e c t i o n of p r e c i p i t a t i o n and dry f a l l o u t and 
monthly a n a l y s i s f o r Pb-210 content have been c a r r i e d out a t the 
K l i n e Geology Laboratory a t Yale f o r the past y e a r - a n d - a - h a l f . 
These i n d i c a t e a f l u x of 1 dpm Pb-210/cm2/y i n the New Haven 
a r e a . I f we assume t h a t t h i s i s an adequate measure o f the Pb-
210 f l u x f o r the northeastern United S t a t e s , then by assaying 
s o i l i n v e n t o r i e s we can a r r i v e a t the extent of m o b i l i z a t i o n o f 
Pb-210 from the s o i l . 

I f a s o i l i s to be used i n such a study i t must be i n steady 
s t a t e w i t h respect to th
sources; t h i s r e q u i r e s t h a t the s o i l p r o f i l e be undisturbed by 
man1s a c t i v i t i e s f o r 5 h a l f - l i v e s o f Pb-210 or around 100 y e a r s . 
Then the f l u x o f a t m o s p h e r i c a l l y - d e r i v e d Pb-210 to the s o i l i s 
given by the standing crop o f excess Pb-210 d i v i d e d by the mean 
l i f e of Pb-210, i f there i s no l o s s from the s o i l p r o f i l e by 
l e a c h i n g . 

Several s o i l p r o f i l e s from the Northeast have now been 
analysed t o t e s t t h i s . We have s t u d i e d the Cook Forest S t a t e 
Park i n north c e n t r a l Pennsylvania, where there i s a v i r g i n stand 
of t imber up to 300 years o l d , and two s i t e s i n c o a s t a l C o n n e c t i 
c u t , the Farm River s a l t marsh and an a s s o c i a t e d upland i s l a n d . 
In a d d i t i o n to our d a t a , Fisenne (5) has reported Ra-226 and 
Pb-210 data f o r an undisturbed s o i T p r o f i l e from a tobacco-grow
ing region of Maryland. Table I shows the i n t e g r a t e d f l u x t o 
these sample s i t e s compared t o the r a i n f a l l d a t a . Within the 
u n c e r t a i n t i e s , s o i l s and s a l t marshes r e t a i n v i r t u a l l y a l l o f the 
Pb-210 s u p p l i e d from the atmosphere. 

Table I 

Flux of Pb-210 to the Eastern U.S.A. 

New Haven, Conn. 

East Haven, Conn. 

East Haven, Conn. 

l o c a t i o n 
f l u x 

dpm/cnr/yr 

1 

type of measurement 

p r e c i p . & dry f a l l o u t 

s a l t marsh p r o f i l e (6) 
s o i l p r o f i l e (6) 

1 

0.8 

Cook Forest S t . Park, Pa. 1 s o i l p r o f i l e 

Maryland 1.2 s o i l p r o f i l e (5) 

The Pb-210 i s a s s o c i a t e d w i t h the organic f r a c t i o n of the 
s o i l . This m a t e r i a l has the c a p a c i t y to sequester other metals 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



204 M A R I N E CHEMISTRY 

as w e l l , as the data from a s o i l p r o f i l e o f the Hubbard Brook 
Experimental F o r e s t i n New Hampshire c l e a r l y show (Table I I ) . 
Thus we conclude t h a t metal s s u p p l i e d t o a s o i l p r o f i l e have a 
low m o b i l i t y i n the d i s s o l v e d phase probably because o f the 
strong sequester ing p r o p e r t i e s of s o i l o r g a n i c s . 

Table II 

Hubbard Brook, N.H. s o i l p r o f i l e (7) 

organic 
content s o i l Pb-210 excess Cu Zn Cd Pb 

horizon dpm/gm PPm PPm PPm PPm 

A l 280 

A , 0 1.5 0.9 1.1 2 . 1 0 

Lead-210 i n Ground Waters 

There are three p o s s i b l e sources o f Pb-210 i n ground water: 
(1) A t m o s p h e r i c a l l y - d e r i v e d Pb-210 which i n f i l t r a t e s the s o i l 
and enters the ground water r e s e r v o i r s . We know from the s o i l 
data t h a t t h i s cannot be a l a r g e f r a c t i o n o f the amount s u p p l i e d 
to the s o i l . In most of the eastern United States the mean 
annual p r e c i p i t a t i o n i s ^100 cm. However the process of é v a p o 
t r a n s p i r a t i o n returns about h a l f t h i s water t o the atmosphere, 
r e s u l t i n g i n a net a d d i t i o n o f 50 cm o f water per year o r about 
0.05 A/cm2/y. Since the f l u x o f Pb-210 i s 1 dpm/cm2/yr, the 
c o n c e n t r a t i o n o f Pb-210 i n annual ly charged a q u i f e r s would then 
be about 20 dpm/ί, i f no removal occurred during i n f i l t r a t i o n . 
(2) Ra-226 and Rn-222 i n s o l u t i o n i n the ground water, der ived 
from l e a c h i n g or r e c o i l from r o c k s . Ra-226 i n ground water 
ranges from 0.2 dpm/jt to 40 dpm/fc but i n general i s around 
10 dpm/i ( 8 ) . 
(3) Pb-210 d i r e c t l y leached from rock and s o i l during weathering. 

Holtzman's (8) study o f w e l l waters i n I l l i n o i s shows t h a t 
the a c t i v i t y o f Pb-210 i s always lower than the Ra-226 a c t i v i t y . 
The shallow w e l l s c o n t a i n low amounts of Ra-226 from rock 
weathering and the highest Pb-210 concentrat ions o f the ground 
waters analysed. Consequently, they most d i r e c t l y r e f l e c t the 
annual p r e c i p i t a t i o n . However, the highest value i n these 
shallow a q u i f e r s , 0.4 dpm/fc, i s s t i l l much lower than the value 
expected i n the Northeast from p r e c i p i t a t i o n (20 dpm/fc). Thus, 
l e s s than 2% of the Pb-210 s u p p l i e d to a t e r r a i n from the r a i n i s 
t r a n s m i t t e d t o ground water. 

I f we c o n s i d e r the deep w e l l s analyzed by Holtzman (8) as 
tapping a q u i f e r s i n which the water has a residence time of about 
100 y e a r s , we note t h a t the a c t i v i t y r a t i o s o f Pb-210/Ra-226 are 
so low as to p r e d i c t a mean residence time f o r Pb-210 o f about 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



12. BENNiNGER E T A L . Pb-210 as a Heavy Metal Tracer 205 

one month (with d e v i a t i o n s by a f a c t o r of ten around t h i s v a l u e ) . 
Such a short residence time i n dominantly l imestone and sandstone 
a q u i f e r s i m p l i e s t h a t any heavy metals i n j e c t e d i n t o the ground 
water system w i l l be adsorbed on the rocks c l o s e t o the p o i n t of 
i n j e c t i o n , and very l i t t l e can be s u p p l i e d to the streams d r a i n 
ing the adjacent ground water r e s e r v o i r . 

The Fate of Pb-210 i n Streams 

The p r i n c i p a l sources of d i s s o l v e d Pb-210 t o streams are 
d i r e c t p r e c i p i t a t i o n onto the water surface and surface r u n o f f , 
although some terr igenous Pb-210 i s s u p p l i e d by ground water 
d i s c h a r g e . In mining areas a c i d mine waters supply Pb-210 as 
w e l l . What has been learned about the behavior of Pb-210 i n 
normal s o i l p r o f i l e s and i n ground water i n d i c a t e s t h a t very 
l i t t l e Pb-210 can reach
normal weathering c o n d i t i o n s . However, the i n j e c t i o n of Pb-210 
i n t o streams by a c i d mine waters does provide a t e s t of the 
behavior of s o l u b l e Pb-210 i n a normal stream system. 

The f i r s t study o f Pb-210 i n r i v e r waters impacted by mine 
drainage was c a r r i e d out on the Colorado River system ( 9 ) . The 
source waters were as high as 14 dpm Pb-210/fc because o 7 l e a c h i n g 
of t a i l i n g s from uranium mining operations i n t h i s s e m i - a r i d 
r e g i o n . As the r i v e r continued downstream t h i s high value was 
found to be reduced to 0.29 dpm/fc. This i n d i c a t e s t h a t processes 
w i t h i n the Colorado River remove Pb-210 onto p a r t i c l e s . 

A d e t a i l e d Pb-210 study of the Susquehanna R i v e r system i n 
the northeastern U.S. has been done. The West Branch of the 
Susquehanna R i v e r i s massively a f f e c t e d by mine drainage from 
coal mining and i s high i n d i s s o l v e d (<0.4 ym) Pb-210, Fe and Mn, 
and low i n pH, due to the a d d i t i o n of s u l f u r i c a c i d . 

Along the course i r o n hydroxide i s p r e c i p i t a t i n g a t a pH of 
between 4 and 4 . 5 , and the Pb-210 s u p p l i e d by the a c i d mine water 
i s diminished by about a f a c t o r of two. As the West Branch o f 
the Susquehanna R i v e r enters the v a l l e y and r i d g e province of the 
Appalachians i t has a Pb-210 c o n c e n t r a t i o n of 0.17 dpm/fc (a value 
lower than the lowest reported value i n the Colorado River systenj). 
At t h i s j u n c t u r e i t receives a c o n s i d e r a b l e i n f l u x of a l k a l i n i t y 
from t r i b u t a r i e s d r a i n i n g carbonate t e r r a n e s . This r e s u l t s i n 
n e u t r a l i z a t i o n of the s u l f u r i c a c i d and increase o f the r i v e r pH 
t o around 6.5 t o 7. This pH adjustment i s accompanied by the 
p r e c i p i t a t i o n of Mn. Due t o the slow r a t e of Mn removal from 
s o l u t i o n , the Mn p r e c i p i t a t i o n extends a c o n s i d e r a b l e d i s t a n c e 
downriver from the p o i n t at which a c i d n e u t r a l i z a t i o n o c c u r s . 
Analyses f o r Pb-210 i n the r i v e r , a t p o i n t s i n o r below the region 
of Mn p r e c i p i t a t i o n show t h a t Pb-210 i s completely scavenged from 
s o l u t i o n onto suspended p a r t i c l e s . At the mouth o f the Susque
hanna R i v e r , which i n t e g r a t e s the waters from the v a r i e d t e r 
r a i n s , i n c l u d i n g those i n f l u e n c e d by a c i d mine d r a i n a g e , there i s 
no measurable d i s s o l v e d Pb-210. 
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The stream-borne suspended p a r t i c l e s w i t h t h e i r a s s o c i a t e d 
Pb-210 are der ived mainly from s o i 1. We can assess how much 
Pb-210 derived from atmospheric p r e c i p i t a t i o n on a t e r r a i n leaves 
the system v i a streams i f the drainage a r e a , the atmospheric f l u x 
o f Pb-210, the sediment f l u x o f the stream, and the Pb-210 con
c e n t r a t i o n of the sediment are known. This has been done f o r the 
Susquehanna R i v e r drainage b a s i n , and the r e s u l t s are presented 
i n F igure 1. Stream-borne p a r t i c l e s c a r r y away no more than 
0.8% o f the annual atmospheric f l u x o f Pb-210 t o the s o i l , o r 
0.02% of the s o i l standing c r o p . Our s o i l p r o f i l e data show a 
Pb-210/organic matter r a t i o which i s n e a r l y constant with depth 
i n the s o i l . This i m p l i e s t h a t the Pb-210 added to the s o i l 
s u r f a c e i s homogenized w i t h i n the o r g a n i c - r i c h l a y e r s r a p i d l y . 
Other heavy metals added a t the s u r f a c e , whether by atmospheric 
p r e c i p i t a t i o n o r i n f a l l of dead v e g e t a t i o n , should be s i m i l a r l y 
homogenized. Moreover,
observed i n the suspended matter o f streams (Table I I I ) . This 

Table I I I 

M a t e r i a l Excess Pb-210 dpm/gm o r g a n i c * 

Susquehanna River sed. ^57 

Cook Forest s o i l 

0-2.9 cm 48 

2.9-5.9 cm 45 

5.9 cm 40 

•organic - weight l o s s on i g n i t i o n 

i n d i c a t e s t h a t stream-borne p a r t i c l e s d i r e c t l y r e f l e c t the metal 
content o f s o i l s , i n c l u d i n g t h a t added by human a c t i v i t y . On 
the b a s i s o f the m a t e r i a l balance c a l c u l a t i o n using Pb-210, t h i s 
means t h a t only 0.02%/yr. of the metals i n s o i l s are transported 
out o f the system on stream p a r t i c l e s under normal weathering and 
e r o s i o n c o n d i t i o n s . Therefore, heavy metals w i t h behavior s i m i 
l a r to Pb-210 w i l l have a mean l i f e i n the o r g a n i c - r i c h s o i l 
horizons o f 5000 y e a r s . 

Lead-210 i n E s t u a r i e s : An Example from the Long I s l a n d Sound 

Metals c a r r i e d i n the p a r t i c l e load o f r i v e r s may be s o l u -
b i l i z e d on f i r s t mixing w i t h seawater (see e . g . 10; 11} 12). I f 
t h i s indeed occurs as a common f e a t u r e of f r e s h water-seawater 
encounters, the subsequent f a t e of the r e l e a s e d metals as w e l l as 
any metals added from other sources must be understood t o assess 
the impact of streams i n the marine c y c l e . A study of Pb-210 i n 
Long I s l a n d Sound provides such an i n s i g h t . 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



12. BENNiNGER E T A L . Pb-210 as a Heavy Metal Tracer 207 

A s t a t i o n i n c e n t r a l Long I s l a n d Sound was occupied 15 times 
i n 16 months i n 1973 and 1974 f o r c o l l e c t i o n o f water and p l a n k 
ton samples. In Figure 2 t o t a l Pb-210 i n u n f i l t e r e d water sam
p l e s i s shown t o be a l i n e a r f u n c t i o n o f suspended sediment 
concentrat ions determined i n d u p l i c a t e a l i q u o t s . The i n t e r c e p t 
i s i n d i s t i n g u i s h a b l e from z e r o , which i m p l i e s t h a t there i s 
v i r t u a l l y no s o l u b l e Pb-210 i n Long I s l a n d Sound. Since the 
d i r e c t atmospheric supply o f Pb-210 i s e f f e c t i v e l y added i n 
s o l u t i o n , the absence of s o l u b l e Pb-210 i n the water r e q u i r e s a 
very s h o r t residence time f o r s o l u b l e l e a d i n Long I s l a n d Sound. 

The observed behavior of thorium isotopes i n the open ocean 
(Th-234: 13, 1 4 ) , the New York Bight (Th-228: 15) and Long 
I s l a n d SouncT ( T i ï - 2 3 4 : R. A l l e r and J . K. Cochran, Yale U n i v e r s i t y 
personal communication) i n d i c a t e s t h a t the residence time f o r 
thorium decreases as the t o t a l suspended matter i n the water 
column i n c r e a s e s . In Lon
b l y Pb-210 behaves i n a f a s h i o n s i m i l a r t o thorium, and other 
t r a c e metals may be expected t o do l i k e w i s e , so t h a t the mean 
residence time of many d i s s o l v e d heavy metals must be l e s s than 
a week i n Long I s l a n d Sound. 

Table IV i s an estimate of the o v e r a l l balance f o r Pb-210 i n 
the Long I s l a n d Sound system. From the r e s u l t s o f Thomson e t a l . 
( 1 6 ) , supply o f excess Pb-210 to the s i l t y sediments o f c e n t r a l 

Table IV 

Long Is land Sound Pb-210 balance 

Pb-210 source dpm/cm^/y 

In_ s i t u Ra-226 decay 0.01 

R a i n f a l l 1.6 

Rivers <0.3 

Total <1.9 

Pb-210 excess i n sediments 1.6 

Long Is land Sound i s around 1.6 dpm/cm /y. In s i t u production 
from Ra-226 i s t r i v i a l . R a i n f a l l c o n t r i b u t e s 1 dpm/cm2/y, as 
noted above, but t h i s i s probably concentrated by d e p o s i t i o n only 
on the s i l t y bottom, which covers 64% o f the area of Long I s l a n d 
Sound (Bokuniewicz and Gordon, Yale U n i v e r s i t y , personal communi
c a t i o n ) . Thus the atmospheric f l u x to the Sound's s u r f a c e i s 
e q u i v a l e n t t o * 1 . 6 dpm/cm2/y i n s i l t y sediments. The r i v e r i n e 
c o n t r i b u t i o n has been c a l c u l a t e d f o r 1973 on the b a s i s of f o u r 
samples from the Connecticut R i v e r , the dominant r i v e r d r a i n i n g 
i n t o Long I s l a n d Sound. Total Pb-210 from t h i s source does not 
exceed 0.3 dpm/cm2/y when d i s t r i b u t e d over the s i l t y bottom. 
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Figure 1. Susquehanna River Basin. Area = 24,100 mi2; sediment 
flux = 2 X 10~3 gm/cm2/yr; paniculate 210Fbexcms flux — 8 X J O " 3 

dpm/cm2/ψ; atmospheric 210Pb flux = 1 dpm/cm2/ψ; efficiency of 
210Pb removal — < 0 . 8 % ; soil standing crop = 30 dpm 210Pb/cm2; 

soil metal removal efficiency = 0.02% /yr. 

0 4 8 12 16 20 24 

Suspended sediment ( x I 0 " 3 g / k g ) 

Figure 2. Total 210Pb in unfiltered water samples 
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This i s l e s s than 20% o f the atmospheric i n p u t . Thus, given the 
u n c e r t a i n t i e s , supply and d e p o s i t i o n appear to be roughly i n 
balance, s t r o n g l y suggesting t h a t Pb-210 i s trapped i n Long 
I s l a n d Sound. I t i s l i k e l y t h a t other heavy metals are a l s o 
e f f i c i e n t l y r e t a i n e d i n the sediments o f Long Is land Sound. 

Conclusions 

Our most important c o n c l u s i o n must be t h a t metals resembling 
Pb-210 i n behavior w i l l tend to be removed on p a r t i c l e s a t 
v i r t u a l l y every step along t h e i r journey from the atmosphere to 
the s e a . 

The atmosphere i s scavenged of i t s a e r o s o l s as a r e s u l t of 
normal processes of p r e c i p i t a t i o n such as r a i n . Metals t r a n s 
f e r r e d to the s o i l by atmospheric p r e c i p i t a t i o n or rock weather
i n g w i l l tend t o accumulat
r i c h f r a c t i o n of the s o i l , where they have a mean l i f e o f 5000 
y e a r s . Ground waters tend to l o s e t h e i r heavy metals to the 
surrounding s o i l and rock f a i r l y r a p i d l y i f the d i s e q u i l i b r i u m 
of Pb-210 r e l a t i v e t o Ra-226 i n ground water i s an a p p l i c a b l e 
index of the process. 

In streams, any d i s s o l v e d metals behaving l i k e Pb-210 w i l l 
be scavenged by manganese or i r o n oxides o r organic matter. By 
the time a l a r g e stream system l i k e the Susquehanna encounters 
the e s t u a r i n e zone v i r t u a l l y a l l the d i s s o l v e d Pb-210 has been 
e x t r a c t e d on the p a r t i c u l a t e l o a d . 

I f metals are r e l e a s e d from p a r t i c l e s a t the f r e s h water-
seawater boundary, the evidence from Pb-210 and s h o r t - l i v e d 
n a t u r a l thorium isotopes i s t h a t i n the estuary the metals are 
r a p i d l y removed to the sediments. Thus, the f l u x of d i s s o l v e d 
heavy metals from the estuary t o the open ocean must be q u i t e 
s m a l l . Where normal e s t u a r i n e c i r c u l a t i o n pushes bottom s e d i 
ments towards the c o n t i n e n t i t i s obvious t h a t very l i t t l e 
leakage o f p a r t i c u l a t e heavy metals to the deep sea w i l l o c c u r . 
Only low d e n s i t y or extremely f i n e - g r a i n e d p a r t i c l e s can escape 
t h i s process and may provide a mechanism o f supply of metals t o 
the open ocean. 

A l t e r n a t i v e l y , i t appears t h a t t r a n s p o r t of m e t a l - r i c h t o p -
s o i l v i a the atmospheric route as i n d i c a t e d by the data of Duce 
e t a l . (17) may provide another e f f i c i e n t way o f supplying metals 
to the open ocean. 
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13 
Origin and Distributions of Low Molecular Weight 
Hydrocarbons in Gulf of Mexico Coastal Waters 

WILLIAM M. SACKETT and JAMES M. BROOKS 
Department of Oceanography, Texas A&M University, College Station, Tex. 77843 

The dissolved low-molecular-weigh
methane through the pentanes, in oceanic waters are de
rived from natural phenomena and/or human activities. 
Natural inputs have two sources; (1) biological, with 
methane overwhelmingly predominant and having methane 
to ethane plus propane ratios [CH4/ (C2H6 + C3H8)] 
over 100 and (2) petrogenic, with ratios generally in 
the range of 1 to 30 (18). Man derived inputs, which 
are almost entirely petrogenic, result from offshore 
and onshore petroleum production, transportation and 
manufacturing operations. They are particularly sig
nificant in coastal waters. This paper attempts to 
define contemporary sources and describe the distr i
butions and fates of the light hydrocarbons in the 
ocean with particular emphasis on coastal waters of 
the Gulf of Mexico. 

Most early work by o i l industry scientists was 
stimulated by the potential use of light hydrocarbon 
concentrations in locating offshore gas seeps. Hydro
carbon seepage had been used since the beginning of 
o i l exploration efforts to locate commercial deposits. 
Link (16) reported that about one-half of the o i l re
-reservesof the world were discovered by dril l ing in 
the vicinity of seeps. The detection of offshore hy
drocarbon seepage by means of concentration anomalies 
was described as early as 1960 by Dunlap et al. (10). 
During the sixties, periodic reports appeared in the 
commerical literature about offshore seep detection, 
but almost none of the large amount of work done in 
this subject area by the major o i l companies has been 
reported in the open scientific literature. Thus, the 
usefulness to the o i l industry of hydrocarbon concen
tration anomalies as an exploration tool is unknown to 
the general scientific community. 
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The development of a new gas chromatographic meth
od by Swinnerton and Linnenbom ( 2 3 ) led to a new surge 
of a c t i v i t y i n fundamental ocean studies ( 2 ^ J L L , 2 4 , 
2 6 ) and i n o i l exploration a p p l i c a t i o n s ( 2 0 ) . Recent 
reports by Brooks et a l . ( . 6 ) , Brooks and Sackett (_7 ) , 
Lamontagne e_t al» ( 1 3 ) , Lamontagne et alt (14) and Swin
ner ton and Lamontagne ( 2 5 ) provide hydrocarbon base
l i n e data which give a p a r t i a l understanding of the 
contemporary marine geochemistry of dissolved l i g h t 
hydrocarbons. An attempt i s made i n t h i s paper to out
l i n e the general d i s t r i b u t i o n of low-molecular-weight 
hydrocarbons i n the ocean and point out s i g n i f i c a n t 
trends and problems. 
Procedures 

Our hydrocarbo
d i f f e r e n t procedures. For d i s c r e t e samples, the meth
ods described by Swinnerton and Linnenbom ( 2 3 ) and Mc-
A u l l i f e ( 1 7 ) are applied· The Swinnerton and Linnen
bom method i s used for the ana l y s i s of natural l e v e l s 
of l i g h t hydrocarbons i n the open ocean· The proce
dure c o n s i s t s of helium-purging one l i t e r samples and 
trapping the ethane plus higher hydrocarbons on an 
activated alumina column and methane on an activated 
charcoal column, both traps being i n s e r i e s and cooled 
to dry i c e temperatures. The traps are i s o l a t e d a f t e r 
purging and warmed to 9 0 ° C to desorb the hydrocarbons. 
Each trap i s then separately i n j ected into a gas chro-
matograph equipped with a flame i o n i z a t i o n detector for 
separation and determination of hydrocarbon concentra
tions . McAuliffe's method consists of e q u i l i b r a t i n g a 
water sample with pure helium i n a glass syringe. When 
a 1 : 1 mixture of sea water and helium i s e q u i l i b r a t e d , 
more than 95% of the dissolved hydrocarbons p a r t i t i o n 
into the helium phase. A sample loop i s used to i n j e c t 
the helium phase into the gas chromatographic stream. 
In our laboratory, d i s c r e t e samples are now being anal
yzed using McAuliffe's method for the determination of 
methane and a mod i f i c a t i o n of the method of Swinnerton 
and Linnenbom for the determination of the higher hy
drocarbons. The modif i c a t i o n c o n s i s t s of purging a 
1 - l i t e r sea water sample at 2 0 0 cc/minute and using a 
si n g l e trap of activat e d alumina cooled to l i q u i d n i 
trogen temperature for q u a n t i t a t i v e l y trapping a l l the 
hydrocarbons except methane· The average d e v i a t i o n de
termined by r e p l i c a t e analyses of samples containing 
open ocean concentrations of methane, ethane and pro
pane i s less than ten percent. 

Continuous determinations of l i g h t hydrocarbons i n 
surface water ( 3 meters below the sea surface) i s per-
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formed at sea using a hydrocarbon " s n i f f e r " . The pro
cedure, described by Brooks and Sackett (7̂ ) , involves 
using a vacuum produced by the inflow r e s t r i c t i o n of a 
12-stage booster pump to continuously outgas the stream 
of intake water. The bubbles from the outgassing are 
c o l l e c t e d and passed through a sample loop where they 
are inj e c t e d every f i v e minutes into the chromatograph
i c stream of a Beckman I n d u s t r i a l Process Gas Chroma-
tograph. Because the vacuum extraction procedure only 
outgasses approximately 25 percent of the t o t a l d i s 
solved gases i n the intake stream, r e l a t i v e values are 
obtained by comparison with open ocean concentrations 
and c a l i b r a t i o n with the quantitive methods described 
above. This procedure, no doubt, involves more un-
c e r t a i n i t y than d i s c r e t
dering the six order
tions that have been observed i n Gulf of Mexico surface 
water, the u n c e r t a i n i t i e s involved i n the c a l i b r a t i o n 
are i n s i g n i f i c a n t . Hydrocarbon " s n i f f e r " values are 
normalized r e l a t i v e to open ocean equilibrium values. 
Thus r e l a t i v e values of one for methane, ethane plus 
ethene and propane are equal to open ocean surface 
concentrations of 45, 3 and 1 nannoliters per l i t e r , 
respec t i v e l y . 

Results and Discussion 
Natural Sources and D i s t r i b u t i o n s . The primary 

processes for the production of l i g h t hydrocarbons i n 
nature are: (1) b a c t e r i a l c a t a l y s i s , i n v o l v i n g the 
reduction of CC^ or fermentation of a c e t i c acid or 
methanol i n anoxic environments and y i e l d i n g p r i n c i p a l 
l y methane and (2) cracking, either thermal or c a t a l 
y t i c , y i e l d i n g a large spectrum of saturated and un
saturated products. Since neither of these processes 
are normally operative i n aerobic environments the 
l i g h t hydrocarbons i n the ocean must enter c h i e f l y 
from man-related sources or across the sea-air or sea-
sediment i n t e r f a c e . Sediment generation i s also re
sponsible for the b i o l o g i c a l l y r e a c t i v e gases such as 
methane, produced i n r i v e r i n e and estuarine environ
ments and found i n high concentrations i n runoff. 

The concentration of a dissolved non-reactive gas; 
for example, argon, i n sea water i s determined, accord
ing to Henry's Law, by i t s p a r t i a l pressure i n the 
atmosphere and i t s s o l u b i l i t y c o e f f i c i e n t at the tem
perature and s a l i n i t y during water mass formation. As 
a water mass sinks and spreads from polar regions i t 
becomes a few degrees warmer due to geothermal heating. 
This warming r e s u l t s i n a s l i g h t supersaturation of 
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t h e i n e r t d i s s o l v e d g a s e s . N i t r o g e n b e h a v e s i n a s i m 
i l a r manner e x c e p t t h a t p r o c e s s e s s u c h as n i t r o g e n f i x 
a t i o n and d e n i t r i f i c a t i o n may r e s u l t i n s l i g h t v a r i a 
t i o n s o f l e s s t h a n one p e r c e n t f r o m the c o n c e n t r a t i o n s 
e x p e c t e d by s o l u t i o n of a i r (j4) . On t h e o t h e r h a n d , 
d i s s o l v e d o x y g e n i s u t i l i z e d by o x i d a t i v e p r o c e s s e s 
d u r i n g w a t e r mass movement u n t i l i n t h e n o r t h e q u a t o r 
i a l P a c i f i c i t i s a l m o s t c o m p l e t e l y d e p l e t e d . Methane 
and o t h e r d i s s o l v e d g a s e o u s h y d r o c a r b o n s e x h i b i t a b e 
h a v i o r s i m i l a r t o o x y g e n i n t h a t e q u i l i b r i u m v a l u e s 
a r e o b s e r v e d i n s u r f a c e w a t e r and t h e r e i s a d e p l e t i o n 
i n c o n c e n t r a t i o n w i t h age of t h e w a t e r m a s s . To c a l 
c u l a t e t h e e q u i l i b r i u m c o n c e n t r a t i o n of a h y d r o c a r b o n 
i n s e a w a t e r , i t i s n e c e s s a r y to know t h e a t m o s p h e r i c 
p a r t i a l p r e s s u r e an
e v e r , e x c e p t f o r m e t h a n e
a b l e a b o u t a t m o s p h e r i c h y d r o c a r b o n c o n c e n t r a t i o n s o r 
s o l u b i l i t y c o e f f i c i e n t s . F o r m e t h a n e , a l m o s t a l l a t m o -
p h e r i c c o n c e n t r a t i o n s a r e i n t h e r a n g e of 1 .4+0.1 ppmv. 
V a l u e s have been o b t a i n e d f o r n e a r s u r f a c e a t m o s p h e r e 
s a m p l e s o v e r G r e e n l a n d and Norway ( 1 5 ) , t r o p i c a l A t l a n 
t i c and P a c i f i c Oceans (14) and t h e A n t a r c t i c 03 ) . 
A l s o , t h i r t e e n s e p a r a t e s a m p l e s c o l l e c t e d i n May 1974 
o v e r t h e n o r t h e r n G u l f of M e x i c o a l o n g t h e edge of t h e 
c o n t i n e n t a l s h e l f had v a l u e s o f a b o u t 1.4 ppmv. T h u s , 
methane a p p e a r s to have a n e a r l y c o n s t a n t g l o b a l a t m o 
s p h e r i c c o n c e n t r a t i o n . A s s u m i n g a p a r t i a l p r e s s u r e o f 
1.4 ppmv and t h e s o l u b i l i t i e s r e p o r t e d by A t k i n s o n and 
R i c h a r d s (2 )̂ , c a l c u l a t e d e q u i l i b r i u m c o n c e n t r a t i o n s i n 
s u r f a c e w a t e r a r e 65 and 35 n a n n o l i t e r s p e r l i t e r a t 
-2 C and 25 C , r e s p e c t i v e l y . T h e s e l e v e l s a r e a p p r o x 
i m a t e l y 10 n a n n o l i t e r s p e r l i t e r l o w e r t h a n measured 
s u r f a c e c o n c e n t r a t i o n s a t s i m i l a r t e m p e r a t u r e s i n t h e 
R o s s S e a , A n t a r c t i c a and t h e G u l f o f M e x i c o . P r o f i l e s 
i n t h e s e two a r e a s a r e shown i n F i g u r e 1. The v a l u e s 
h i g h e r t h a n e q u i l i b r i u m c o n c e n t r a t i o n s a t t h e s e s t a 
t i o n s and r e p o r t e d e l s e w h e r e (14) a r e a p p a r e n t l y due 
t o t h e u b i q u i t o u s b i o l o g i c a l a c t i v i t y i n t h e s u r f a c e 
l a y e r . The deep w a t e r i n t h e R o s s Sea had c o n c e n t r a 
t i o n s v e r y n e a r c a l c u l a t e d a t m o s p h e r i c e q u i l i b r i u m 
v a l u e s , s u g g e s t i n g t h a t h i g h s u r f a c e v a l u e s may be a 
s e a s o n a l phenomenon. A l t h o u g h methane i s n o t known to 
be formed i n a e r o b i c e n v i r o n m e n t s , i t i s f o u n d i n t h e 
d i g e s t i v e t r a c t s o f f i s h and o t h e r m a r i n e o r g a n i s m s and 
t h e r e f o r e must be added to n e a r s u r f a c e w a t e r by b i o 
l o g i c a l a c t i v i t y . 

C o o l i n g of s u r f a c e w a t e r and c o n v e c t i o n i n r e g i o n s 
o f deep w a t e r f o r m a t i o n r e s u l t i n i s o t h e r m a l w a t e r c o l 
umns as shown i n F i g u r e 1 f o r t h e Ross S e a . S i m i l a r 
p r o c e s s e s i n t h e N o r t h A t l a n t i c p r o d u c e d e n s e w a t e r 
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which spreads l a t e r a l l y at depth and eventually f i n d s 
i t s way into the Gulf of Mexico. This cold dense water 
begins i t s journey with methane l e v e l s of about 70 
nannoliters per l i t e r and when found i n the Gulf, the 
concentrations have decreased to about 10 nannoliters 
per l i t e r . This remarkable depletion apparently con
tinues to the point where only 3 nannoliters per l i t e r 
are found i n 4200 meter water i n the P a c i f i c (13). 
The explanation for t h i s decrease i n methane concentra
tions i s unknown but may be due to b a c t e r i a l u t i l i z 
a t i o n , p a r t i t i o n i n g into the l i p i d s of marine organisms 
and/or some other process· 

The second major natural input of hydrocarbons to 
the ocean i s across the sea-sediment i n t e r f a c e . Again, 
there are two major
hydrocarbons ; b i o l o g i c a

Methane i s , by f a r , the preponderant biogenic hy
drocarbon although unsaturated types such as ethene 
and propene are produced i n the euphotic zone of the 
ocean (J7, 2J5). However, these hydrocarbons have a 
shorter l i f e t i m e i n sea-water than methane before de
grading to non-hydrocarbon products. They are found 
only i n trace amounts below the euphotic zone. 

Claypool and Kaplan (9) have shown that methane i s 
formed in anaerobic marine sediments during b a c t e r i a l 
r e s p i r a t i o n processes p r i n c i p a l l y below the zone of 
s u l f a t e reduction where methane formation i s thermo-
dynamically unfavored (1.9). Also, Claypool and Kaplan 
(9) suggest that H£S i s toxic to methane b a c t e r i a . 
Thus, methane i s formed deep i n the s u i f a t e - f r e e s e d i 
ment column (>5 meters) and eventually may d i f f u s e 
and bubble upwards into the overlying water column. 
I n t u i t i v e l y , the magnitude of t h i s process should be 
proportional to the amount of organic substrate a v a i l 
able to methane producing b a c t e r i a . 

Anoxic basins such as the Cariaco Trench are en
vironments which have high amounts of organic carbon 
(^5% i n sediments)· The minimal exchange of these 
basin waters with the open ocean allows for a buildup 
of high concentrations of ^ S , produced i n the s u l f a t e 
reducing zone near the sediment-water i n t e r f a c e , and 
CH^, produced i n the sediments below the s u l f a t e r e
ducing zone. Thus, extremely high methane l e v e l s (up 
to 0.2 m l g T p / l i t e r ) are observed i n Cariaco Trench 
Basin waters (2) . 

The f l u x of methane from the few anoxic basins to 
the open ocean i s seemingly small compared to the ad
d i t i o n from r i v e r i n e , estuarine and continental shelf 
sediment s around the world. Coastal and estuarine 
sediments usu a l l y have only moderate amounts of organic 
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matter and probably become s u l f a t e - f r e e within a few 
meters of the sediment-water i n t e r f a c e . It i s highly 
l i k e l y that a l l of these widely d i s t r i b u t e d sediments 
are sources of methane which manifest themselves as 
widespread band of d i f f u s i v e seeps. These may be e i 
ther small bubbling seeps or non-bubbling with methane 
being exchanged by d i f f u s i v e processes i n the s e d i 
ments. In many regions of the conti n e n t a l shelf small 
bubbles w i l l d i s s o l v e i n the overlying water column 
before reaching the surface. Regardless of whether 
the seep i s bubbling or non-bubbling the greatest de
p o s i t i o n of hydrocarbons w i l l take place i n near bottom 
water. 

Along the northern c o n t i n e n t a l shelf of the Gulf 
of Mexico, over one
located by sonar technique
are associated with four types of g e o l o g i c a l s e t t i n g s : 
( 1 ) shallow nonstructured sedimentary beds, ( 2 ) f a u l t 
ing, (3) domes, and ( 4 ) mud mounds ( 2 6 ) . The only two 
gas samples which have been analyzed and reported i n 
the l i t e r a t u r e have molecular ( > 9 9 . 9 % methane) and 
i s o t o p i c ( 6 ^ ^ C C H l f ^ - 6 0 vs PDB) compositions i n d i c a t i v e 
of a biogenic o r i g i n (8)· However, both of these seep 
gases were associated with banks that are not known to 
be associated with s a l t domes or deep f a u l t i n g . A 
concentration versus depth p r o f i l e at one seep l o c a 
t i o n (Figure 2) shows high dissolved methane concentra
tions at depth, i n d i c a t i n g that appreciable amounts of 
the seep gases d i s s o l v e i n the overlying water column. 
The r e l a t i v e lack of higher concentrations of ethane and 
propane at depth than observed at the surface i s also 
c h a r a c t e r i s t i c of a biogenic seep. 

It i s highly l i k e l y , although not substantiated 
at the present time to the authors 1 s a t i s f a c t i o n , that 
g e o l o g i c a l f a u l t s and s a l t domes may give r i s e to pet
rogenic gas seeps. As previously suggested petrogenic 
seepage would be characterized by low C-/ i ^ + C o ) r a 
t i o s and <5l3c C H ^ - 4 5 °/oo vs PBD compositions Brooks 
et (8). In the future, compositional studies of 
seep gas should determine i f a c o u s t i c a l l y located 
bubble plumes are v a l i d i n d i c a t o r s of petrogenic gas 
seepage· 

Anthropogenic Sources and D i s t r i b u t i o n s . Over the 
past s i x years, the hydrocarbon " s n i f f e r " system, has 
been used to determine the dissolved hydrocarbon con
centrations i n surface water at thousands of l o c a t i o n s 
i n the Gulf of Mexico, contiguous rivers and estu
a r i e s and the Caribbean Sea. Approximately 40 d i s 
crete sample p r o f i l e s have also been analyzed. These 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



218 M A R I N E CHEMISTRY 

SWINNERTON METHOD 
LOCATION: 28e HON 8 92° 41.7 W 

taken over gas seep (October 1973) 

TEMPERATURE 
16 18 20 22 24 26 28 30 
I ι 1 ι ι ι I » 

HYDROCARBON CONCENTRATIONS 

Methane χ ΙΟ" 5 ml/L 
Ethane 8 Ethene χ IO"Snl/L 
Propane, Propene 8 Butene xl0"7ml/L 
130-Butane xl0"̂ nl/L 

Figure 2. Vertical hydrocarbon profile in the vicinity of a bubbling gas seep on the 
Louisiana Shelf 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



13. S A C K E T T A N D BROOKS Low Molecular Weight Hydrocarbons 219 

abundant data were used to e s t a b l i s h the general me
thane d i s t r i b u t i o n i n surface water shown i n Figure 3. 
High dissolved low-molecular-weight hydrocarbon concen
t r a t i o n s (up to s i x orders of magnitude higher than 
open ocean values for some of the butanes) are often 
found i n areas along the continental shelf of the 
northern Gulf of Mexico i n close proximity to offshore 
petroleum production, transportation, and r e f i n i n g oper
ations* Anthropogenic sources and d i s t r i b u t i o n s i n the 
Gulf of Mexico are discussed separately for each of 
three-types of geographical s e t t i n g s : (1) the open 
ocean; (2) the co n t i n e n t a l s h e l f ; and (3) r i v e r s and 
estuaries· 

Open ocean. Mos
ocean, inc l u d i n g mos
equilibrium hydrocarbon concentrations. The most 
l i k e l y anthropogenic sources of l i g h t hydrocarbon con
tamination on the high seas are tankers. In the case 
of c a t a s t r o p i c accidents with s p i l l a g e of thousands of 
tons of l i q u i d petroleum, the r e l a t i v e l y small amounts 
of l i g h t hydrocarbons are unimpressive compared to the 
v i s i b l e and p h y s i c a l manifestations of the high molec
ular weight components. On the other hand, one stan
dard operating procedure used on many tankers i s the 
Load-θη-τορ (LOT) procedure which involves combining 
a l l the tank washings (tank cleaning i s u s u a l l y ac
complished with high v e l o c i t y water j e t s ) into one 
tank, allowing the o i l to separate from the water, 
pumping out the underlying "clean" water and r e t a i n 
ing the o i l and the water near the oil-water i n t e r f a c e 
for processing onshore or incorporation into the next 
shipment. E s s e n t i a l l y , the tanker becomes a g i g a n t i c 
separatory funnel i n which a solvent e x t r a c t i o n takes 
place with the r e l a t i v e l y soluble components of pe
troleum such as the low-molecule-weight a l i p h a t i c and 
aromatic hydrocarbons being s u b s t a n t i a l l y extracted i n 
to the water phase which i s subsequently discharged. 
Thus tankers using t h i s standard operating procedure 
w i l l leave a t r a i l of the water soluble f r a c t i o n of 
petroleum. 

On one c r u i s e i n October 1971, we happened to 
approach a tanker anchored on M i s t e r i o s a Bank i n the 
northwestern Caribbean. As was learned sometime l a t e r , 
pumping of the water underlying an o i l layer had j u s t 
been completed. In f a c t , the pumping had gone some
what too f a r , i n that an o i l emulsion and s l i c k were 
c l e a r l y v i s i b l e . About 1 kilometer from t h i s tanker 
the concentrations of ethane, propane, the butanes and 
the pentanes suddenly increased by one to two orders 
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of magnitude over normal l e v e l s . A chromatogram ob
tained at t h i s time i s given i n Figure 4B. This s i t u 
a t i o n dramatized the f a c t that a standard i n t e r n a t i o n 
a l l y approved procedure i s nevertheless r e s u l t i n g i n 
s i g n i f i c a n t p o l l u t i o n of open ocean surface waters by 
the water soluble f r a c t i o n of petroleum. This f r a c 
t i o n includes some of the most toxic components of 
petroleum such as the l i g h t aromatics and various n i 
trogen, s u l f u r and oxygen containing compounds. 

Continental s h e l f . Several thousand o i l and gas 
wells are being produced from hundreds of offshore 
platforms along the northern continental shelf of the 
Gulf of Mexico. Minor accidents and normal handling 
procedures r e s u l t i
l i q u i d hydrocarbons
operational procedures are introducing very large 
q u a n t i t i e s of the v o l a t i l e and water soluble compo
nents of petroleum into the areas near production p l a t 
forms. These procedures that are sanctioned with some 
l i m i t a t i o n s by the Federal Government at the present 
time are (1) underwater venting of "waste" gases and 
(2) the discharging of co-produced brines. 

Offshore production platforms provide a working 
f a c i l i t y to separate water, l i q u i d and gaseous hydro
carbons. Separation i s required offshore because of 
the extremely large pressure drops which are experi
enced during two-phase flow of l i q u i d s and gases i n a 
p i p e l i n e . Separation then i s made offshore to allow 
single-phase transmission of crude o i l and gas through 
separate p i p e l i n e s . Depending on the economics of 
transportation, the separated gas may either be trans
ported for sale or disposed of i n one of several ways. 
The gas may be disposed of by venting the gas either 
below or above water, by f l a r i n g the gas, or by com
pressing the gas and pumping i t back into the r e s e r v o i r 
to provide gas l i f t . The f i r s t two options account for 
the majority of the natur a l gas di s p o s a l i n the Gulf of 
Mexico. Although some gas i s f l a r e d , i t appears that 
most of the produced gases are vented underwater. Ac
cording to fi g u r e s obtained from the USGS, 1.7 X lOH-
l i t e r s of gas were vented and/or f l a r e d i n the Gulf of 
Mexico during September 1974 (21). They estimated that 
roughly 70% of t h i s amount was vented underwater. The 
petroleum industry considers underwater venting pre
f e r a b l e to above water f l a r i n g because i t eliminates 
possible ship-pipe c o l l i s i o n s or hurricane damage asso
ci a t e d with the l a t t e r procedure. Since platform oper
ations involve the separation of v o l a t i l e and flammable 
gases and l i q u i d s , underwater venting also eliminates 
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the danger associated with burning f l a r e s i n the v i c 
i n i t y of producing platforms. 

At the sea surface underwater vents are v i s i b l e 
as a b o i l i n g turbulent area of "white water covering 
an area of several hundred square meters. Table 1 
shows the analyses of the water overlying some vents 
sampled during cruises aboard the R/V Gyre during 1974. 
They a l l have the same basic r a t i o of hydrocarbon com
ponents although the absolute concentrations are de
pendent on the proximity and depth of the underwater 
vent. 

Figure 5 shows the d i s t r i b u t i o n s of r e l a t i v e me
thane, ethane, propane and isobutane concentrations i n 
surface water around a platform group i n South Marsh 
Island Block 6. A l
which are c e r t a i n l y
show approximately the same r e l a t i v e concentrations. 
The highest values were found within a few meters of 
the surface manifestation of an underwater vent. It 
appears that t h i s p a r t i c u l a r vent was responsible for 
the concentrations three orders of magnitude higher 
than equilibrium found some 8 kilometers down current 
from the vent. 

The sum t o t a l of the hydrocarbon inputs from these 
vents seem to be responsible for the estimated average 
r e l a t i v e hydrocarbon l e v e l s of about 30 i n co a s t a l 
waters. Using the USGS estimates for September 1974 
of 1.7 X 1011 l i t e r s of gas vented, with 70% being 
vented underwater, and assuming 5% s o l u t i o n , would 
give a methane f l u x into c o a s t a l waters of the north
ern Gulf of Mexico of about 800 n a n n o l i t e r s / l i t e r / 
month. This type of c a l c u l a t i o n gives an i n d i c a t i o n 
of the co n t r i b u t i o n of anthropogenic methane and sup-
Table 1. Gaseous Hydrocarbon Concentrations i n Surface 

Water near Underwater Vents 

Vent * CH, 4 
* 

C 2 H 6 C 3 H 8 N-C 4H* Q 

Exxon SMI 6-A 1500 40 15 3.6 3.6 
G.A.T.C. GI 
40B 1400 40 14 3.7 3.0 
G.A.C.C GI 
47C 840 20 7.6 2.0 1.8 
G.A.T.C. WD 
9 6R 200 5 2.2 0.59 0.48 
C o n c e n t r a t i o n s expressed as 10-6 l i t e r s / l i t e r 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



κ m
 I S3 a 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



13. S A C K E T T A N D BROOKS Low Molecular Weight Hydrocarbons 225 

port the contention that underwater vents are respon
s i b l e for the high hydrocarbon l e v e l s i n Gulf of Mex
ico c o a s t a l waters. 

Brines which are co-produced with o i l and gas are 
also sources of the l i g h t and r e l a t i v e l y water soluble 
hydrocarbons i n coa s t a l areas. In many f i e l d s the 
brine production exceeds o i l production. Thus i n 1969, 
the 700 wells i n South Pass Blocks 24 and 27 f i e l d s 
produced 1.4 Χ 10 7 and 3.1 Χ 10 7 l i t e r s per day of o i l 
and brines, r e s p e c t i v e l y (22)· These brines are usu
a l l y discharged to the sea a f t e r passing through an 
oil/water separator. Although government regulations 
require that brines be treated to reduce o i l l e v e l s 
down to le s s than 50 ppm, t h i s concentration represents 
for some constituent
4.6 Χ 10 7 l i t e r s o
Continental Shelf areas i n 1973. Table 2 shows some 
l i g h t hydrocarbon concentrations i n produced brines. 
The concentrations i n these brines represent lower 
l i m i t s since only one of s i x brines was properly c o l 
l ected and stored. Its methane concentration of 13 χ 
10^ n a n n o l i t e r s / l i t e r and benzene concentration of 10 
mg/liter are both within government reg u l a t i o n s . In 
addi t i o n to brines disposed of i n offshore areas, there 
i s another 15 Χ 10 7 l i t e r / d a y discharged i n c o a s t a l 
waters within the three mile l i m i t . If a l l of the 20 
χ 10 7 l i t e r s of brine per day had the methane concen
t r a t i o n s l i s t e d above, the d a i l y methane input would 
represent only one percent of the normal open ocean 
equilibrium l e v e l s predicted i n these c o a s t a l waters. 
However, the ca l c u l a t e d input of 730 metric tons of 
benzene per year could be s i g n i f i c a n t i n discharge 
areas i n so far as t o x i c i t y to marine organisms is concerned. 

Rivers and e s t u a r i e s . There are numerous r i v e r s 
entering the Gulf of Mexico from the United States and 
Mexico. Many of the associated estuaries are ringed 
with petroleum production, r e f i n e r y and petrochemical 
f a c i l i t i e s . These a c t i v i t i e s are concentrated along 
the banks of the Southwest Pass of the M i s s i s s i p p i 
River, the Port Arthur-Beaumont-Orange areas along the 
Sabine and Neches Rivers i n Texas, the Houston ship 
channel leading into Galveston Bay, the Brazos River 
estuary near Freeport, Texas, and the estuary of the 
Santa Maria River near Tampico, Mexico. I n t u i t i v e l y 
the input of hydrocarbons to the Gulf of Mexico i s re
lated to the s i z e of the f a c i l i t y and to the amounts 
and types of e f f l u e n t s from a p a r t i c u l a r operation 
rather than the flow of fresh water to the Gulf. How
ever, the M i s s i s s i p p i , draining 2/3 the t o t a l area of 
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the u n i t e d States and c o n t r i b u t i n g about 62 percent 
of the t o t a l runoff to the G u l f , may be considered a 
s p e c i a l case . Low-molecular-weight petrogenic hydro
carbons added to the upper p o r t i o n of the M i s s i s s i p p i 
are probably l o s t during flow to the G u l f . Water s o l 
uble but r e l a t i v e l y n o n - v o l i t i l e components such as 
benzene may be r e t a i n e d and u l t i m a t e l y c a r r i e d i n t o 
the G u l f . An example of r e l a t i v e hydrocarbon concen
t r a t i o n s for one of s e v e r a l t r i p s up the Southwest 
Pass and down the South Pass of the M i s s i s s i p p i R i v e r 
D e l t a i s shown i n F i g u r e 6. For t h i s p a r t i c u l a r c r u i s e 
r e l a t i v e to hydrocarbon c o n c e n t r a t i o n ratios ranged 
from 102 to 10^. Methane i n c r e a s e d d r a m a t i c a l l y at the 
mouth of each pass, r e f l e c t i n g the acknowledged high 
p r o d u c t i v i t y i n the
t r a n s i t i o n zone betwee
Methane to ethane plus propane r a t i o s were 20 ( p e t 
rogenic) i n the r i v e r and i n c r e a s e d sharply due to 
the i n c r e a s e i n methane l e v e l s , d i s c u s s e d above. The 
e n t i r e p a t t e r n i s complex but each of four cruises i n 
the de l t a showed s i m i l a r trends. 

The o v e r a l l e f f e c t of the i n d u s t r i a l a c t i v i t i e s 
along the northern Gulf coast i s to produce a band of 
high hydrocarbon l e v e l s which decrease seaward due to 
mixing with cleaner offshore water and l o s s to the 
atmosphere· 

In summary, low-molecular-weight anthropogenic 
hydrocarbons, p a r t i c u l a r l y from underwater vents, have 
increased mean concentrations i n the Gulf of Mexico 
coastal waters by an estimated one to two orders of 
magnitude over equilibrium open ocean l e v e l s . This 
non-equilibrium s i t u a t i o n r e s u l t s i n a f l u x of these 
hydrocarbons from the sea to the atmosphere. Using the 
c l a s s i c a l stagnant layer model discussed i n several 
recent papers; eg, Broecker and Peng (f>), the piston 
v e l o c i t y or exchange rate i s on the order of one to two 
meters per day for methane with slower rates for higher 
molecular weight and/or more h y d r o p h i l i c species. By 
eliminating a l l anthropogenic sources, i t would take 
about one-month for coa s t a l waters with an isopycnal 
water column stru c t u r e , such as found for winter 
conditions, to return to equilibrium with respect to 
the atmosphere. This estimate i s based on a mean depth 
of about 50 meters. For summer conditions when a ther-
mocline develops, t h i s exchange would only take place 
r e a d i l y within the mixed l a y e r . High hydrocarbon 
l e v e l s i n the deeper water such as shown on Figure 2. 
might well be l a t e r a l l y advected out into the open Gulf, 
and thereby provide a tag for studying the mixing dy
namics between coa s t a l and open Gulf waters. 
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Figure 6. Relative hydrocarbon concentrations and Ci/(C2 + C3) ratios in the Missis
sippi River at the delta for 1900-2400 LMT on 14 May 1974 
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Summary 
Thousands of to dissolved hydrocarbon de

terminations have been made on water samples from the 
Gulf of Mexico i n order to locate and/or characterize 
(1) natural seeps and (2) man-derived sources of pe
troleum contamination. Rising bubbles from over 100 
natural gas seeps have been located by various groups 
using conventional sonar techniques, but the only bub
bles analyzed thus f a r have hydrocarbon (>99% CHi*) and 
i s o t o p i c (<$ 1 3C C H ^-60°/oo vs PBD) compositions i n d i c a 
t i v e of a b i o l o g i c a l rather than a petroleum o r i g i n . 
Extremely high dissolved hydrocarbon concentrations 
were found i n areas r e c e i v i n g e f f l u e n t s from petroleum 
production, transportatio
Two o i l industry p r a c t i c e
from a p o l l u t i o n point of view; the underwater venting 
of non-commercial amounts of gases i s s u i n g from gas/ 
l i q u i d separators and the discharging of brines with 
high concentrations of the r e l a t i v e l y water soluble 
components of petroleum. The hydrocarbon inputs into 
c o a s t a l waters along the Gulf coast due to natural seeps 
are apparently n e g l i g i b l e compared to man-derived i n 
puts. Loss to the atmosphere i s the primary fate of 
dissolved hydrocarbons i n c o a s t a l waters. 
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14 
Genesis and Degradation of Petroleum Hydrocarbons 
in Marine Environments 
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Environmental Engineering, University of Southern California, 
Los Angeles, Calif. 90007 

Petroleum and i t s related organic matter comprise 
the following ent i t ie s
methane to butane; (b) petroleum, a l iqu id mixture of 
mainly hydrocarbons; (c) asphalt, a semi-solid mixture 
of complex nonhydrocarbons and (a) kerogen, a s o l i d , 
cross-l inked, insoluble multipolymer. Gas, petroleum, 
and asphalt can be found i n reservoirs , but kerogen i s 
located only i n source rocks. Usually, gas, asphalt 
and kerogen are associated with petroleum production. 

The elemental d i s tr ibut ion and composition of a 
typ ica l o i l , asphalt, and kerogen are i l lu s t ra ted i n 
Table 1. In going from gas (alkanes), to o i l (petro
leum), asphalt and kerogen, there is a decrease i n the 
r a t io of hydrogen to carbon i n the material . 

Table I Chemical Composition o £ G&s, 
O u , Asphalt âf lâ Keroeen 

Carbon 
Hydrogen 
Sulphur 
Nitrogen 
Oxygen 

Gas 

76 
23 

0.2 
0.2 
0.3 

O i l 

84 
13 
2 
0.5 
0.5 

Asphalt 

83 
10 
4 
1 
2 

Kerogen 

79 
6 
5 
2 
8 

30% 
Composition of a typ ica l crude o i l consists of 

gasoline (C4-C10), 10% kerosene (C11-C15), 15% 
gas o i l (C lube o i l (020-^40) and'25% 
asphaltic bitumen ( C40). In terms of molecular types, 
an o i l contains 30% paraffins, 50% naphthenics, 15% 
aromatics and 5% asphaltics . The relat ionship of 
different petroleum products together with the boi l ing 
ranges of representative hydrocarbons are i l lu s t ra ted 
i n Figure 1 · 
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PFM %Wt. 

CARBON NUMBER 

Figure 1. (Right) Composition and boiling points of major petroleum fractions. (Left) 
Summary of the boiling points of pure hydrocarbons (based on Ref. 34). 
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Asphalts are derived either from straight run 
residues of d i s t i l l e d crude, or from the bottom of the 
pot with the "visbreaker" thermal cracking process· 
They can also be formed by oxidation of crude residues 
by the "blown" a i r oxidation process. Typical asphalt 
i s a composite material consisting of asphaltene, wax, 
and resins. Asphaltene i s responsible for many 
properties of the asphalt system. Furthermore, 
asphalts also may be converted to asphaltites or 
asphaltoids by weathering and metamorphism (1). One 
of the properties of the asphaltic bitumen or "resid" 
fraction i s i t s concentration of metals such as 
vanadium and nickel (2), as indicated by Figure 1. 

Kerogen i s a s o l i d , insoluble, organic material 
derived through biologica
the sediments. Structurally
multipolymer (3) composed of subunits similar to 
asphaltic bitumens. Kerogen i s the major organic com
ponent i n source rock and shale. 

In terms of carbon distribution on earth, kerogen 
in shales and sandstone constitutes at least 1000 times 
more than the biomass of l i v i n g organisms (Table II) 
(4)· 

Table II Carbon on Earth 
Carbon g/cn£* 

Carbonates 2340 
Shales and Sandstones 633 
Ocean (HCO3-I+CO3- 2) 7.5 
Coal and Petroleum 1·1 
Living matter and dissolved 
Organic Carbon 0·6 

Atmosphere 0·! 
*Gram per square centimeter earth 
surface based on Skirrow (Ref. 8). 

Actually, kerogen i s the most abundant organic 
material i n the ecosystem; surveys indicate (5) the 
dilute reserves are 3200 t r i l l i o n metric tons. This 
amount i s at least 5000 times the volume of known 
petroleum reserves (Fig. 2). 

Gas (C1-C4) usually admixes with petroleum in 
producing reservoirs to a small extent. It i s evolved 
from source rock through the terminal maturation 
sequence as shown i n Figure 3, as well as product of 
metamorphism of a l l f o s s i l fuels during diagenesis. 
The amount i n subsurface water i s considerable. 
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ORGANIC SEDIMENTS 

0.6 

CONCENTRATED DILUTED 

I 1 I I 
PETROLEUM ASPHALTS COALS HYDROCARBONS BITUMEN KEROGEN 

0,3 

(LIGNITE) 
(PEAT) 
7.0 

NON-HYDROCARBON 
(EXTRACTABLE) (NON-EXTRACTABLE) 

60 100 3,200 

(NUMBER
Figure 2. Classification of organic sediments. The abundance of various fossil 

fuels in the ecosphere is presented in trillion tons. 
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Figure 3. Schematic of the origin of petroleum (including the maturation 
process) 
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Biogenesis 

At the 8th World Petroleum Congress for the 
Panel Discussion on '"Recent Advances i n Understanding 
the Origin, Migration and Accumulation of O i l and Gas 
and the Resulting Methods of Evaluating Existing 
Petroleum Prospects" i n 1971, scientists working in 
this f i e l d have agreed to rule out any theories on 
inorganic origin . The general acceptance of a biotic 
origin i s due to the overwhelming evidence of biogenic 
origins supplied by recent research. However, even 
recently, a few people s t i l l advocate the Fischer-
Tropsch formation from the "Petroleum Rain" (6). 

It i s not the intention of the present paper to 
trace the biogenesi
leum since the require
the scope of this presentation, and an excellent 
review has been compiled by Hodgson (7). Rather, the 
emphasis here i s to point out the important evidence 
for organic origin. 

The general similarity of petroleum composition 
and the nature of i t s constituents to the basic 
structural subunits of components occurring i n organ
isms i s a major reason for believing the b i o t i c 
origin of petroleum. For example, i n l i v i n g matter, 
both bacteria and spores contain major concentrations 
of l i p i d s , as shown in Table III, and simple de
carboxylation of those li p i d s w i l l y i e l d hydrocarbons. 
Long-chain hydrocarbons derived from organisms do 
form portions of petroleum, but the amount i s less 
than 10%. The bulk of the petroleum constituents are 
derived from the f o s s i l i z e d biomass through bacterial 
and chemical action. As indicated i n Figure 3, 
kerogen i s the controlling factor for such bio-
stratinomy and taphonomy processes. 

Table III Composition of Living Matter 

Weight % of 
Mftjojr Consequents 

Substance Lipids Proteins Carbohydrates 
Green plants 
Humus 
Phytoplankton 
Zooplankton 
Bacteria (veg.) 
Spores 

2 
6 
11 
15 
20 
50 

7 
10 
15 
53 
60 
8 

75 
77 
66 
5 

20 
42 
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As i n d i c a t e d i n Table IV, long-chain hydrocarbons 
are derived from microorganisms such as algae and 
f u n g i . These include n- and iso-alkanes, alkenes, 
alkadienes and isoprenoids (9). There i s no need f o r 
the more advanced organism to y i e l d s t e r o i d s and t e r 
penoids s i n c e s t e r o i d s have been found i n prokaryotic 
organisms. Furthermore, the algae are r e s p o n s i b l e f o r 
most C j 7 hydrocarbons (Table V). The same **-C]7 
hydrocarbon has been found i n 2.5 b i l l i o n - y e a r Sudan 
Shale. Non-photosynthetic b a c t e r i a y i e l d hydrocarbons 
i n the general range of 0 ^ 5 - 0 2 5 · For the photo-
s y n t h e t i c b a c t e r i a , the c o n t r i b u t i o n i s s h i f t e d t o the 
higher molecular weight range of c y c l i c s and un
saturates (Table VI) (10). The hydrocarbon d i s t r i 
b u t i o n i n C 2 5 - C 3 3 r^ng
and i n s e c t m a t e r i a l

In most anaerobic and aerobic b a c t e r i a , there are 
unsaturated long-chain c a r b o x y l i c a c i d s . These un
saturated a c i d s contain m u l t i p l e unconjugated o l e f i n i c 
double bonds (Table V I I ) (11). U s u a l l y , these i s o l a t e d 
double bond s i t e s may cros"sTink to form high molecular 
weight kerogen analogs or precursors. 

One of the d i r e c t evidences of b i o t i c o r i g i n of 
petroleum i s the remains and d e b r i s found i n kerogens 
through peleobiology. These are spores and even 
specimens of Botrvococus b r a n n i i i n shale samples. 
The kerogen may o r i g i n a t e from lacustrine basins, 
shallow seas, c o n t i n e n t a l platforms and shelves, or 
i n small lakes, bogs, lagoons associated with c o a l -
forming swamps. The types of microorganisms i n each 
set of g e o l o g i c a l environments are d i f f e r e n t . 

A c t i v e enzymes have been i s o l a t e d from kerogen-
bearing shales or r o c k s . T y p i c a l analyses by 
Bergmeyer 1 s method f o r some shales and l i g n i t e s are 
summarized i n Table V I I I (12). 

B i o l o g i c a l Markers 

In Eglinton's d e f i n i t i o n (13)» a b i o l o g i c a l 
marker i s "a compound, the s t r u c t u r e of which can be 
i n t e r p r e t e d i n terms of previous b i o l o g i c a l origin"· 
I t i s e s s e n t i a l that t h i s p a r t i c u l a r compound i s a 
s t a b l e one that can survive through a number of 
environmental s t i m u l i (14). Hitchon (15) has discussed 
d e t a i l e d c l a s s e s of b i o l o g i c a l markers. This review 
i s only l i m i t e d t o c e r t a i n b a s i c p r i n c i p l e s of t h e i r 
nature. 

The best example i s porphyrin. Petroporphvrin 
i s widespread i n a l l petroleum and r e l a t e d substances (16). 
These porphyrins chelate e i t h e r with vanadium or n i c k e l ; other 
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Table IV Lone-Chain Hydrocarbons Produced 
by. Mjcroorgap^sms 

Hydrocarbons 
Range and 
predominant 
carbon no. 

Type of Micro-

n-Alkanes ^^5-033,017 

i-Alkanes 

Alkenes 

Alkadiene 

Isoprenoids 

Anacystis cyanea 
Chroococcus &jr£idus 
Lvnebva aestuarii (A.)* 
Sclerotinia 

29>C29 sclerotiorum (£)** 
c25» c27> c29» c31 Sphacelothlca r e i l i a n a 

ChloTPfilosa f r i t s c h i i 
I*9?tPÇ fftfsçgryffi 
Anacvstis cvanea (A.) 
Chlorella pvrenoidosa 
Anacygtis niduleps 
Scendesmus auadricauda 

(Δ) 
n~ c26" a» n~ c29" û Anaçreti? wntftfffl (4) 
n-C 2 5-«,n-C2 7- a ÇhPgeUa yulfifflls (A) 
n-027-Δ 1,18 
n - C 2 9 - A l , 2 0 Botrvococcus braunii 
η _ 0 3 1 - Δ 1,22 
botryococcene 
isobotryococcene (A,) 
(tetra-M e 

acyclic triterpene) 
squalene MethVlPgoCCW? 

capsulatflg 
hopene-22 |29J Methvlococcus 

capsulatas 
hopene-17 [21J BaçiJ-Î-W? acidocaldarius 

C 1 3 - C 1 9 
C 2 5-C 

c27»
4-Me C 1 7 

7-Me C 1 7 

8-M C j 7 

n-Cj 7- or 
n" c23" e» n" c25* 

*Algae (4). 
**Fungi (£). 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Ta
bl

e 
V 

Hy
dr
oc
ar
bo
ns

 
fr
on
t 
Al

ga
e 

(p
er

ce
nt

 o
nl

y 
of

 t
ot

al
 l

is
te

d)
 

n-
C 1

5 

n-
C 1

6 

A-
C 1

7 

n-
C 1

7 

7-
 a
nd

 8
-m

et
hy

l 
he

pt
ad

ec
an

e 
4-

me
th

yl
-

he
pt

ad
ec

an
e 

No
st

oc
 

An
ac

ys
ti

s 
Ph

or
mi

di
um

 
Ch

or
og

lo
ea

 
Ch

lo
re

ll
a 

mu
sc
or
um

 
ni

du
la

ns
 

lu
ri

du
m 

fr
it

sc
hi

i 
py

re
no

id
os

a 
(b

lu
e-

f
f
ee

n)
 

(b
lu

e-
gr

ee
n)
 

(b
lu

e-
gr

ee
n

) 
(b

lu
e-

gr
ee

n
) 

(g
re

en
 

a
le

a
e)

 

0.
35
 

20
.6
0 

— 
__
_  

n 
0.
35

 
ο .

ςη
 

n 

n-
C 
18
 

0.
35
 

0.
35
 

82
.7
5 

16
.1
0 

0.
41
 

20
.6
0 

2.
50
 

2.
95
 

73
.7
5 

0.
15
 

96
.0
0 

4.
00
 

0.
26
 

87
.3
0 

0.
09
 

12
.2
0 

0.
09
 

0.
13
 

0.
07
3 

81
.5
 

18
.5
 

0.
05
5 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Ta
bl

e 
VI

 
Hy
dr
oc
ar
bo
ns

 f
ro

m 
Ph

ot
os

yn
th

et
ic
 a
nd

 N
on

ph
ot

os
yn

th
et

ic
 
Ba

ct
er

ia
 

(p
er

ce
nt

 o
nl

y 
of

 t
ot

al
 
li

st
ed

) 

Ε·
 c

ol
i 

P.
 s

he
rm

an
ii

 
Cl

os
tr

id
iu

m 
Rh

od
os

pi
ri

li
um

 
Ch

lo
ro

br
iu

m 
(a

er
ob

ic
) 

(a
na

er
ob

ic
) 

ac
id

iu
ri

ci
 

ru
br

um
 

(s
ul

f u
rb

ac
te

ri
a)

 

n"
c1

5 
n-

C 1
6 

Pr
is

ta
ne

 
Ph

yt
an

e 
n-

C 1
8 

n-
C 1

9 

n-
C 2
Q 

n-
C 2

1 

n-
C£

2 
n-
C2
3 

n-
C 2

4 

n-
C 2
5 

n-
C 2
6 

n-
C 2

? 

n-
C 2
Q 

Sq
ua

le
ne
 £
 

hi
gh
 M
W 

cy
cl

ic
s 

--
- 

— 
94
.7
 

0.
5 

2.
1 

1.
0 

0.
01
 

1.
5 

1.
7 

2.
6 

14
.4
 

0.
06
 

0.
75
 

46
.5
 

2.
1 

0.
10
 

0.
5 

5.
5 

13
.3
 

50
.0
 

.
.

. 

1.
0 

1.
3 

3.
50
 

50
.0
 

27
.6
 

3.
6 

4.
5 

0.
5 

12
.0
 

3.
8 

4.
9 

0.
35
 

1.
3 

10
.0
 

3.
8 

3.
1 

0.
45
 

1,
3 

5.
5 

4.
2 

1.
9 

0.
32
 

1.
0 

6.
0 

4.
1 

1.
7 

0.
24
 

1.
5 

8.
3 

3.
1 

1.
0 

.
.

. 
3.
0 

7.
4 

1.
5 

1.
0 

.
.

. 
4.
1 

6.
0 

1.
0 

0.
7 

.
.

. 
6.
9 

3.
3 

0.
5 

0.
5 

.
.

. 
10
.8
 

3.
3 

0.
5 

-
-

-
.

.
. 

13
.1
 

0.
5 

— 
2.
1 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



Ta
bl

e 
VI

I 
Ha
s.
 N
at

ur
e 

££
 

Un
sa

tu
ra

te
d 

Ac
id

s 
Fo
un
d 

i
n 
So
me
 

Sp
ec

ie
s 

of
. B

ac
te

ri
a 

(M
ai

nl
y 
fr

om
 S

ch
eu

er
br

an
dt

 &
 
Bl

oc
h)

 

Ba
ct

er
ia

l 
sp

ec
ie

s 

Ae
ro

bi
c 

ba
ct

er
ia

: 
My

co
ba

ct
er

iu
m 

ph
le

i 
Co

rv
ne

ba
ct

er
iu

m 
ov

is
 

An
ae

ro
bi

c 
ba

ct
er

ia
: 

La
ct

ob
ac

il
lu

s 
ar

ab
in

os
us

 
Ps
eu
do
mo
na
s 

fl
uo

ré
sc

en
s 

Rh
od
op
se
ud
om
on
as

 s
ph

er
oi

de
s 

an
ae

ro
bi

c 
cu

lt
ur

e 
(l

ig
ht

) 
ae

ro
bi

c 
cu

lt
ur

e 
(d

ar
k)

 
Cl

os
tr

id
iu

m 
bu

tv
ri

cu
m 

Cl
os

tr
id

iu
m 

pa
st

eu
ri

an
um

 

Nu
mb
er

 o
f 

ca
rb

on
 a

to
ms

 i
n 
th

e 
ac

id
s 

(6
%)

 
(3

%)
 

(0
.3

%)
 

(1
%)

 

(3
%)

 
(1

4%
) 

(4
%)

 
(3

1%
) 

(3
%)

 
(3

%)
 

(8
%)

 
(3

%)
 

JJ
L 

9 
(7

%)
 

9 
(6

%)
 

11
 
(3

5%
) 

11
 
(1

2%
) 

11
 
(6

9%
) 

11
 
(7

8%
) 

11
 

(2
%)

 
11
 

(2
%)

 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



14. Y E N Petroleum Hydrocarbons in Marine Environments 241 

types of metals are r a r e l y found (2) . 
The predominant types of petroporphyrin, both the 

DPEP (Desoxyphilloerythroetioporphyrin) and the etio 
(Etioporphyrin), are unsymmetrically substituted. 
They are quite different from the non- or symmetrically 
substituted porphins synthesized from e l e c t r i c d i s 
charge or chemical condensation of pyrroles and alde
hydes. Further the sequential evolution scheme of the 
porphyrin structure can only be explained and traced 
stepwise by biodiagenesis. F o s s i l porphyrins from 
chlorophyll a, to DPEP, to Etio and formally to a r y l -
porphyrin can be il l u s t r a t e d by Figure 5. A detailed 
account of the biological diagenesis of petroporphyrin 
has been reviewed b  Ye  (2)

The predominanc
petroleum i s also closely related to chlorophyll 
pigments. The sequence can be depicted i n Figure 6. 
In recent marine sediments, biological markers such 
as pheophorbides and chlorins are detected. The 
simil a r i t y of the composition i n organisms and i n 
recent sediments has enhanced greatly the bi o t i c 
origin claim (see Figure 4) ( 1 7 ) . 

Carbon isotope ratio studies indicate that 
organic compounds of petroleum and of the associated 
shales have s i m i l a r i t i e s . Silverman (18) has indicated 
the difference between marine and nonmarine lip i d s and 
their relationship to crude o i l (Fig. 7 ) . Silverman 
( 1 9 ) has analyzed narrow petroleum d i s t i l l a t i o n 
fractions and revealed that there i s minimum i n the 
425-450OC range (Fig. 8). Since fractionation w i l l 
result i n higher isotopic ratios by s p l i t t i n g of the low-
isotopic r a t i o methane molecule, compounds located i n 
minimum must be unaltered, naturally occurring mole
cules. Actually, i t was found that the 425-450°C 
fraction consisted of steriods and t r i terpenoids. 
Furthermore, there i s a maximum i n optical a c t i v i t y 
corresponding to the minimum isotopic positions. 

For a Rio Zulia crude o i l , there i s more than one 
minimum (Fig. 9 ). The minimum at 150°C indicates 
isoprenoids of C J Q type which are present i n petroleum 
i n considerable amounts (Table IX). 
Geological Fence 

Classical Cox's "posts" theory (20) i s s t i l l 
useful for the limiting factors under which organic 
material could transform into petroleum. Some of the 
"posts" are as follows: Temperature not exceeding 
200°C, pressure not exceeding 500 p s i , and at least 
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40Γ 

Figure 4. η-Paraffin distribution in plant and insect waxes 
and recent sediments (based on Ref. 17) 

PHiOPORPHYfUN 4 r PHYUOEAYTHRIN T>EOXOPHYU.O£J\rTHRlN 

Figure 5. Diagenesis of petroporphyrins from chlorophyll a (I) to DPEP (VII) 
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CHLOROPHYLL 
I 

HYDROLYSIS 
i 

C-G-C^-Ç- G3-C-C3-G * C " C " 0 H 

c c è c 
PHYTOL 

OXIDATION - Ο Ο β ^ ^ ^ Ε Ο ϋ Ο Τ Ι Ο Ν -ΗβΟ 

/ \ 
c è c c c c c c 

Figure 6. Fate of pristane and phytane 
in petroleum 

and Etio (VIII). The end-product of MS-a-naphthyl-porphyrin (XII) is also shoum. 
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Figure 8. Generalized curve relating carbon isotope ratios and 
boiling temperature of petroleum distillation fractions (based on 

Ref. IB) 
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Table VIII Enzvmes Isolated from 
State? â£à M f i P t W 

i y (B^rfi^yey's Method) 
Aldolase 3.2-25.3 
ot-Amylase 111 .5-701.4 
Creatine phosphokinase 0.0-10.2 
Glutamate dehydrogenase 40.3-150.3 
Glutamic-oxalacetic 
transaminase 130.1-800.2 

Glucos e-6-phosphate 
dehydrogenase 14.3-96.3 

Isocitrate dehydrogenase 7.6-30.4 
Malate dehydrogenas
Leucine aminopeptidas
Trypsin 43.5-240.3 

Table IX CiQ-Isoprenoid Fraction 
Com Ponca Citv Crude O i l 

Compos B.P. (QQ) Cone, (vol. Ρ 
2,6 Dimethyloctane 160.4 0.50 
2-Methyl, 3-ethylheptane 160.9 0.64 
A l l other isomers 
(49 possible) 155-165 0.44 
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Figure 9. Relation between CJ3/Ci2 ratio and optical rotation in Rio Zulia crude 
oil distillation fractions (based on Ref. 19) 
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Figure 11. Reaction of variation in number of taxa of total plants and 
animals over geological time. The right band rotation is percent reserves 

of total free world (based on Ref. 21 ). 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



14. Y E N Petroleum Hydrocarbons in Manne Environments 247 

Figure 10. Redox potential vs. pH for different types of deposits 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 
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one million years to allow the transformation» 
Refinement of these geological constraints has included 
the elevation of temperature and pressure and the re
duction of maturating time, since Pleistocene o i l has 
been discovered. In order to preserve the organics, a 
reducing environment i s much favored. Under marine 
conditions, a situation of high production of organics 
and a rapid sedimentation i s often required. 

Petroleum deposits tAiich behave as any other 
mineral ore concentrate are formed at a given set of 
pHHEh boundary regions (Fig. 10)· Again, the condition 
of preservation i s enhanced either i n the absence of 
bacteria or i n the presence of fine-grained sediments 
such as s i l t s or clays, and carbonate reefs. In 
studies of the habita
the amount of reserve
taxa (Fig. 11) (21). 

The condition of petroleum production i s well 
exemplified i n the hinge-be It of major downwarps, for 
example, the east-west Tethyan Belt of Eurasia and 
the eastern Circum-Pacific Belt (Fig. 12). These 
temperate zones have the conditions favorable to the 
overproduction of food. The major o i l fi e l d s of the 
world are included i n those two major belts. 

Major kerogen deposits are limited by the con
ditions l i s t e d i n Table X. In this case, the micro
organisms1 source material i s different for different 
set of geological conditions. 

Molecular Diagenesis 
Major reactions under geochemical conditions are 

i n dynamic equilibrium. Major reaction types can be 
exemplified by these types outlined i n Figure 13. 
Decomposition (spallation) and condensation (polymeri
zation) s t i l l explain many petroleum transformations. 
Using expressions i n Figure 13, Ρ i s a large complex 
molecule when complexed to a. Examples of this could 
be the fragmentation of methane from pentacyclic 
triterpenoids, e.g., aromatization of betulinic acid 
to 2,9-dimethylpicene (Fig. 14). Condensation 
reactions can be i l l u s t r a t e d by the melanoidin for
mation from the interaction of amino acids and simple 
sugars. This condensate can be further polymerized to 
melanoidin structure (22). 

The most frequent conversion for f o s s i l fuels i s 
dehydrogenation which i s i l l u s t r a t e d by the second 
type. Depicted by a triangular plot/ the end-product 
i s concentrated i n the shaded region (Fig. 15) from 
the starting material such as cellulose or carbon 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Decomposition ond Condensation 

a + P i aP 

Nophthenic- Aromatic interconversion 

Ν * A + H 2 

Ν Ξ Η Α + η Η 2 * A + mH 2 

m>n 

Tronsalkvlation 

RmAst RnA* 
Figure 13. Major processes of petroleum dia- # R p A « * A 

genesis m>n> >p 

Figure 14. Dehydrogenation and the accompanying methane formation 
fromhetulinic acid to 2,9~dimethylpicene 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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monoxide and water. Aromatization i s also i l l u s t r a t 
ed by the change of aromaticity for the more aged 
sample. In many cases, cracking of aliphatics, or 
the opening of the strained naphthenics, with 
respect to aging are found. For petroporphyrins, 
the ratio of DPEP/Etio i s related to the depth of 
burial of petroleum (Fig. 16) (23). 

The last type of transformation, transalkyla-
tion i s the major control for maturation process. 
For example, the p a r t i a l mass spectrum of petro
porphyrin i n old samples exhibit wider distribution 
of masses when paired with those of the recent 
sediments (14). This important principle forms the 
basis of carbon preference indexes (CPI). For 
recent samples, ther
get old, this shar
carbon numbers of the hydrocarbons i n samples becomes 
almost equal. This CPI concept can be i l l u s t r a t e d 
i n Figure 17· 

Other miscellaneous changes w i l l involve 
weathering, or mild oxidation of petroleum components. 
Allomerization may i l l u s t r a t e the above as one of 
such processes (25). Actually, chlorin and purpurin 
have been isolated (Fig. 18). A number of decarb
oxylation, reduction and other reactions are occur
ring. For a complete survey of other reactions, 
readers should consult the paper of Breger (26)· 
Microbial Modification 

Maturation s i g n i f i e s , i n a broad sense, the 
transformation from an uneven, distorted distribution 
of homologs of compounds to an even, symmetrically 
Gaussian-type, bell-shaped distribution. During the 
primary migration of petroleum from source to 
reservoir and the secondary migration which involves 
the u p l i f t by buoying, shift by faults or alternative 
paths by capillary a c t i v i t i e s , constant contact of 
subsurface water to petroleum i s required. Types of 
water i n close contact are summarized i n Table XI. 

Table XI Subsurface Water During 
Petroleum I_ii£ra£ion 

No. Source Type Nature 
1 Vadose surface meteoric sulfate 
2 Connate trapped alkaline 

carbonate 
3 Juvenile magmatic chloride 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Studies (27) for the microbiological alternative of 
crude oil~Tn reservoirs, have indicated the follow
ing: (a) the aerobic microbes w i l l selectively 
oxidize η-paraffins; (b) the altered o i l s are 
usually located i n r e l a t i v e l y shallow reservoirs 
which would be more easily reached by percolating 
surface waters with oxygen. The resultant crude o i l 
w i l l lose the paraffin wax fraction and increase the 
naphthenic content. Laboratory conditions indicate 
such modification i s completed i n one day or so by 
acclimated mixed culture of sewage-oxidizing 
bacteria (Fig. 19) (28 ). Bacteria which w i l l attack 
petroleum hydrocarbons i n saline medium include 
CorypebftcteffAVPi, Arthrobacter and Achrobacter (29). 

Kuznetsov (30
water i s r i c h i n sulfate
be active with sulfate reducers. In the presence of 
Desulfovibrio desulfuricans organics such as methane 
w i l l be consumed: 

Na2S(>4 + CH4—• Na2C03 + H2S + H2O 
Sulfide w i l l be formed and, furthermore, deposits of 
secondary calcite w i l l be accumulated, i n many cases, 
even to seal the o i l deposits for further bacterial 
decomposition. 

CaCl 2 + Na 2COj^CaC0 3 + 2 KaCl 

Sulfur-oxidizing bacteria such as Thiobacillus 
thiooarus were found to be in mixed waters and 
subsurface waters containing hydrogen sulfide. In 
deep formation waters of the upper Paleozoic era 
i n the Volga region, various group of bacteria were 
found. These include protein-utilizing, methane-
oxidizing, glucose-fermenting, denitrifying, sulfate-
reducing, methane-synthesizing and sulfur-oxidizing 
types (30). 

In general, i f the sulfate i s absent and the 
water-transfer i s low, bacteria w i l l cause the an
aerobic decomposition of o i l into methane and 
nitrogen. In case the water-exchange i s enhanced, 
and, especially, during the exploitation of the o i l 
deposit, the oxygen-containing waters penetrate into 
the stratum and the o i l i s aerobically decomposed by 
hydrogen-oxidizing bacteria. In many cases, the o i l 
becomes heavy and subsequently, high sulfur, or high 
vanadium asphaltic fractions w i l l be formed. The 
p o s s i b i l i t y of c e l l material as a source for the 
vanadium and porphyrin during bituminization has been 
considered (31). 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Biochemical Degradation 
The mechanism of fatty acids degradation by 

hydrocarbon u t i l i z e r s i s well understood through bio-
-oxidation. For example, palmitic acid can be 
f i r s t , transformed into i t s coenzyme A ester through 
ATP, coenzyme A and thiokinas, then undergo de-
hydrogenation (which was catalyzed by flavoprotein), 
hydration (catalyzed by enoylhydrase; followed by 
oxidation (catalyzed by dehydrogenase) and f i n a l l y 
bond cleavage of a 2-carbon fragment resulting in a 
Cj4 acid (catalyzed by thiolase). The alkanes can be 
degraded by both aerobic and anaerobic conditions. 
One of such routes can be expressed by the scheme 
shown in Figure 20
sample acids or alcohols
anaerobic bacterium, e.g., Desulfovibrio 
desulfuricans « the oxidation of alkanes i s always 
favorable energetically (Table XII)· 

Table XII Free Energy of Alkane Oxidation 
H3J& Stflfgt:? â F H E c 

HvflgpçarbQP 
Methane 

Propane 

Δ F AF/S0 4= 
(fcÇfrl) reduced (kcal) 

CH4+SO4+2H — 
H2S+CO2+2H2O 
2C3H8+5SO4+COH — • 
5H?S+6C02+2H20 

η-Octane 4CQHI3+25SO4+5OH — I 
25H2S+32C02+36H20 

n-Undecane 2CJJH24+17S04+30H -
17H2S+22C02+24H20 

-22.8 

-141 
-744 

-507 

-22.8 

-28.2 
-29.8 

-29.8 
Other microorganisms that dehydrogenate alkanes under 
aerobic conditions are as i n Table XIII (32). 
Table XIII Anaerobic Dehvdrogenation o£ Alkgpe? 

Organisms Alkane Pffçdtfcys 
r-Decane AçhgQW>b^ct^r sp. 

Capdidfl rugosa 
£· t r o p i c u s 
D. desulfijriçfrps 
Pçç^rdi^ sp. 
Pseudomonas 
aeroginosa 

n-Decane 
n-Decane 
n-Hexadecane 
n-Decane 

n-Heptane 

n-Decanol, decyl 
aldehyde, decanoic 
acid 
n-Decene, n-decanol 
n-Decane, n-decanol 
n-Hexadecane 

n-Heptene 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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R C H 2 C H 2 C H 3

 1 - • R C H 2 C H 2 C H 2 0 H 

H 2 0 
RCH2 C H 2 C 0 0 H « RCH2CH2CH0 

- 2 H I 
OH 

Figure 20. Biodégradation of n-paraffins 

β- oxidation 
RC00H + C H 3 C O O H 
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In a not only the alkanes, but the arenes, 
naphthenics as well as terpenoids also undergo de
gradation (Table XIV). 

In many cases, simple acids and alcohols 
isolated from the degradation intermediates can be 
further fermented into methane and carbon dioxide by 
methane-producing bacteria. For example, acetic acid 
can be essentially converted to methane by acetate-
fermenting species such as Methanosarcina barberi 
and Methanococcus mazei. 

In this equation, i t seems that methane i s derived 
from the methyl rad i c a l
simultaneously, redo
methane i s derived from carbon dioxide reduction: 

2 C H o C O O H + 2 H o 0 - * 4 HCOOH + 8 H (oxidation) 
C 0 2 + 8 H - * C H 4 + 2 H 2 0 (reduction) 

which i s 

2 CH3COOH + C02-*CH4+ 4 HCOOH + 2 H 2 0 

It can be generalized that many intermediates can be 
directl y converted into carbon dioxide and water 
(Fig. 19). 

Other components i n petroleum^ such as aromatic 
hydrocarbons and heterocyclic compounds even with 
multiple rings can be degraded by microorganisms. 
A detailed discussion i s out of the scope of the 
present paper, but i s available elsewhere (33). 

As discussed i n the last section, bituminous 
materials are the end-products and are resistant to 
further biodégradation. But under a set of special 
conditions, miscellaneous bituminous materials can be 
degraded (Table XV ). 

Table XV Microbiological Att?cfc Ql Miscellaneous 
Bituminous MaCerj^l? 

CH3COOH—*CH 4 + C 0 2 

Bitumens M^qfQQjrfi^sm 

Coal tar 
Crude o i l 
Humic acid 
M e l l i t i c acid 

C f r p d j l d a 
Cladosporia 
Steptomvcetes 
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Table XV Microbiologica 1 Attack g£ Miscellaneous 
m ttflirtPPil» MfiteyJlals (cont.} 

Bitumens Microorganism 

Graphitic acid Cephalosporium 
ascrimonium 

Graphitic acid Aspergillus penicilloides 
Asphalt Mycobacteria 
Asphalt Norcardia 
Lignin Pseudomonas 
Petroleum waxes Corvnebacteria 
Tar sands Desulfovibrio 

Strictly speaking, every substance synthesized by 
living matter also
Probable reasons for resistance or refractoriness to biological 
degradation can "be listed in Table XVI· 

Table XVI Resistance to Biodégradat ion 

1. The material is inaccessible to organisms 
2 · An essential factor for the growth of organisms 

is absent 
3. The environment is toxic 
4. The damaging agent is inactivated 
5. The chemical or physical composition of the 

material is unsuitable for biotic attack 
No organism exists which might attack the material 
in question. 

In conclusion, petroleum can be formed and also can 
undergo degradation according to the particular set 
of conditions and environments. The purpose here, for the 
environmental scientist, is to familiarize himself -with the 
fundamental principles governing both types of transformations. 
Study of a given site should take into account all parameters 
underlying those dynamic conversions. 
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15 
A Comparison of Analysis Methods for Hydrocarbons 
in Surface Sediments 

J. W. FARRINGTON and B. W. TRIPP 
Chemistry Department, Woods Hole Oceanographic Institution, 
Woods Hole, Mass. 02543 

Concern about the inputs, effects, and fate of oil in the 
marine environment has instigated an increased level of research 
activity in all areas of oil pollution studies. An integral part 
of most studies is the analysis of sediments, water, or organisms 
to detect petroleum and estimate the concentration of petroleum 
compounds. A variety of analytical methods have been employed in 
this task (1-3). Our laboratory has investigated some aspects of 
the problem of estimating the concentrations of petroleum 
in marine samples and the problems inherent in trying to compare 
data obtained in different laboratories where different methods of 
analysis are used. We have reported results obtained with our 
colleagues concerning the intercalibration of analyses for hydro
carbons in marine tissue samples and lipid extracts of marine 
organisms (4-6). We have also reported some of our results com
paring the efficiency and accuracy of three extraction procedures 
for isolating hydrocarbons from shellfish and the application of 
such procedures and further analytical methodology such as column 
chromatography and gas chromatography for estimating petroleum 
hydrocarbon concentrations in shellfish (7). We report here the 
initial results of investigations of the efficiency of extraction 
and precision and accuracy of some procedures for the estimation 
of petroleum hydrocarbons in sediment samples. 

There have been several studies of the fate of oil spilled or 
leaked into the marine environment (1, 2, 8). It is clear from 
several of these studies that one fate of oil inputs is the depo
sition to and/or incorporation into surface sediments. Once 
incorporated, oil may persist for years resulting in some degree 
of exposure of the benthic ecosystem and thus the marine environ
ment as a whole for that period of time. For this reason, the 
estimation of petroleum hydrocarbons in marine sediments is an 
integral part of oil pollution studies and is of concern when 
considering studies of the environmental impact of offshore drill
ing and production, offshore tanker terminals, refinery siting in 
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the c o a s t a l zone, loading and o f f l o a d i n g areas i n harbors, and 
other sources o f input r e s u l t i n g from man*s a c t i v i t i e s . 

The e s t i m a t i o n of petroleum hydrocarbon composition and c o n 
c e n t r a t i o n i n marine surface sediments i s complicated f o r the 
f o l l o w i n g reasons: 

1) There are very complex mixtures of compounds with a wide 
range of molecular weight and p o l a r i t y i n petroleum. Consequent
l y , a complete a n a l y s i s of a crude o i l using one method of a n a l y 
s i s i s not p o s s i b l e a t t h i s t ime. In f a c t , i t i s o f t e n s t a t e d , 
and we concur, t h a t there has y e t t o be a r e p o r t of a complete 
a n a l y s i s o f a s i n g l e crude o i l and i t i s u n l i k e l y t h a t there w i l l 
be i n the near f u t u r e . 

2) There are a l a r g e number of sources of petroleum hydro
carbons i n the marine environment introduced by man1s a c t i v i t i e s 
(2). The composition o
i n some l o c a t i o n s i n th
together c o m p l i c a t i n g the mixture to an even g r e a t e r e x t e n t . 

3) Hydrocarbons are formed by b i o s y n t h e t i c processes of 
both marine and land organisms and then released to the marine 
environment. Our knowledge o f the b i o s y n t h e t i c production of 
c e r t a i n c l a s s e s of hydrocarbons ( n - a l k a n e s , branched a l k a n e s , and 
n-alkenes) i s reasonably complete but d e f i n i t i v e s t u d i e s of the 
production or l a c k of b i o s y n t h e t i c production of other c l a s s e s of 
petroleum compounds such as c y c l o a l k a n e s , c y c l o a l k e n e s , aromatic 
hydrocarbons, naphthenoaromatic hydrocarbons, and heteroatom r i n g 
compounds are s c a r c e . Furthermore, only a l i m i t e d number of 
species have been i n v e s t i g a t e d and only a few s t u d i e s of geo
g r a p h i c a l and temporal v a r i a b i l i t y have been reported (2, 3). 

4) There are a number of geochemical processes i n t r o d u c i n g 
hydrocarbons i n t o the marine environment. The natural seepage of 
o i l i s an obvious example o f t h i s category. Weathering of a n c i e n t 
sediments and the r e s u l t i n g t r a n s p o r t of the sediment and a s s o 
c i a t e d a n c i e n t hydrocarbons to the marine environment by f l u v i a l 
or e o l i a n processes can r e s u l t i n the i n t r o d u c t i o n of an assem
blage of hydrocarbons and other compounds s i m i l a r to the composi
t i o n of petroleum. Two other processes - f o r e s t f i r e s and e a r l y 
d iagenesis of organic matter deposited to surface sediments a l s o 
must be c o n s i d e r e d . The c o n t r i b u t i o n of these geochemical 
processes are not w e l l known e i t h e r q u a n t i t a t i v e l y or q u a l i t a t i v e 
l y a t t h i s time w i t h the exception of the o i l seepage r a t e which 
has been estimated w i t h poor confidence (2). 

The natural b i o s y n t h e t i c and geochemical processes c o n t r i b u t e 
to the natural base load of hydrocarbons and other compounds on 
which i s superimposed an ever i n c r e a s i n g discharge of petroleum 
hydrocarbons and other o i l components due to man1s a c t i v i t i e s . 
The general a n a l y t i c a l approach f o r i s o l a t i n g hydrocarbons i n 
surface sediments i s an organic solvent e x t r a c t i o n which y i e l d s a 
l i p i d e x t r a c t , removal of elemental s u l f u r , fol lowed by i s o l a t i o n 
of the hydrocarbons from other l i p i d s by column or t h i n l a y e r 
adsorpt ion chromatography (2, 3). The i s o l a t e d hydrocarbons 
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contain a mixture from both natural processes, and inputs from 
man's a c t i v i t i e s . From a n a l y s i s of t h i s hydrocarbon mixture an 
estimate of the c o n c e n t r a t i o n of petroleum hydrocarbons from man's 
a c t i v i t i e s must be deduced. In a d d i t i o n , an o i l s p i l l may occur 
i n an area such as a harbor where there has been a chronic input 
from small s p i l l s and e f f l u e n t discharges f o r several years p r i o r 
to the s p i l l under c o n s i d e r a t i o n . The e s t i m a t i o n of the geo
g r a p h i c a l extent and s e v e r i t y of the impacts of the new s p i l l w i l l 
depend to some degree on the a b i l i t y of the a n a l y s t to d e t e c t the 
f r e s h l y s p i l l e d o i l i n the presence of the c h r o n i c o i l i n p u t s . 
We w i l l d i s c u s s t h i s p o i n t l a t e r i n t h i s paper and present some 
data p e r t i n e n t to t h i s problem. There are a t present no d e f i n i 
t i v e c r i t e r i a f o r separating those hydrocarbons introduced from 
some of the natural geochemical processes and those from man's 
a c t i v i t i e s * Some c r i t e r i a of a s s i s t a n c e i n d i s t i n g u i s h i n g be
tween r e c e n t l y biosynthesize
by man's a c t i v i t i e s have been set f o r t h elsewhere ( 1 - 3 ) . 

In t h i s r e p o r t we w i l l concentrate p r i m a r i l y on saturated 
hydrocarbons (cycloalkanes and alkanes) and leave a d i s c u s s i o n 
of the aromatic hydrocarbons and heteroatom components of p e t r o 
leum to l a t e r papers. For those i n t e r e s t e d i n aromatic hydro
carbons i n marine surface sediments, two recent papers ( 4 , 10) 
are suggested. We r e a l i z e t h a t there are several e x t r a c t i o n , i s o 
l a t i o n , and instrumental methods which we have not y e t explored 
i n our s t u d i e s . The methods we have i n v e s t i g a t e d are among those 
most e x t e n s i v e l y a p p l i e d to date i n s t u d i e s of o i l p o l l u t i o n i n 
the marine environment and the e v a l u a t i o n of these methods i s 
important. 

Methods 

We have examined the hydrocarbons obtained from three 
methods of e x t r a c t i o n a p p l i e d to a Narragansett Bay sediment. 
The sediment sample used was a large composite grab sample, taken 
from a l o c a t i o n i n West Passage t h a t i s r e l a t i v e l y uncontaminated. 
Precautions to avoid contamination must be taken a t the sampling 
s i t e as wel l as during a n a l y s i s ( 1 - 3 ) . During sampling, care i s 
taken to avoid contact with a l l dTTs, l u b r i c a n t s , and p l a s t i c s 
and the sample i s allowed to contact only solvent r i n s e d s t a i n l e s s 
s t e e l or g l a s s . Samples of the s h i p ' s f u e l and l u b r i c a t i n g o i l s 
are r o u t i n e l y taken f o r comparison to sediments t h a t i n d i c a t e 
p o s s i b l e contamination ( 1 - 3 ) . 

In g e n e r a l , the e x t r a c t i o n techniques used w i l l separate a 
complex l i p o p h i l i c mixture from the environmental sample. The 
p r e l i m i n a r y e x t r a c t i o n i s fo l lowed by the separat ion of hydrocar
bons from the other l i p i d s and then the hydrocarbon mixture can 
be analyzed by a v a r i e t y of techniques i n an attempt to deduce 
the r e l a t i v e amounts of n a t i v e and f o s s i l hydrocarbons. A blank 
of the complete e x t r a c t i o n procedure i s r e g u l a r l y run along w i t h 
samples to determine i f i n t e r f e r i n g compounds are introduced 
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during the a n a l y s i s . 
The Soxhlet e x t r a c t i o n procedure w i t h benzenermethanol has 

been used by several i n v e s t i g a t o r s (1-3) and has been modif ied to 
f i t our circumstances. About 100 g , wet weight, of spiked or u n -
spiked sediment i s weighed i n t o a s i n g l e t h i c k n e s s paper e x t r a c 
t i o n thimble and Soxhlet e x t r a c t e d f o r 24 hours w i t h 1:1 benzene: 
methanol. A t the end of t h i s p e r i o d , the e x t r a c t i s t r a n s f e r r e d 
to a storage f l a s k and the sample i s f u r t h e r e x t r a c t e d with f r e s h 
s o l v e n t . The e x t r a c t i o n i s continued f o r a t h i r d day, again 
using f r e s h s o l v e n t a f t e r each twenty-four hour p e r i o d . 

The combined e x t r a c t i s t r a n s f e r r e d to a separatory funnel 
and shaken w i t h a c i d i c , saturated NaCl s o l u t i o n . The benzene 
phase i s separated from the aqueous methanol phase. The l a t t e r i s 
then e x t r a c t e d two more times with pentane. The combined 
pentane-benzene e x t r a c t i s back-washed w i t h f r e s h saturated NaCl 
s o l u t i o n and d r i e d over
p o r t i o n of the o r i g i n a l e x t r a c t i s d i s c a r d e d . 

The d r i e d s o l u t i o n of t o t a l e x t r a c t a b l e l i p i d i s evaporated 
a t reduced pressure a t or below room temperature. The sample i s 
removed as soon as the pressure drops to ^5 T o r r . E x t r a c t s are 
weighed d i r e c t l y on an a n a l y t i c a l balance. The t o t a l e x t r a c t a b l e 
l i p i d i s s a p o n i f i e d under r e f l u x f o r two hours w i t h 0.5 Ν Κ0Η i n 
methanol : benzene 1:1 w i t h 25% H2O added. This a l k a l i n e h y d r o l y s i s 
removes f a t t y a c i d s , wax e s t e r s and t r i g l y c e r i d e s which are a p a r t 
of the t o t a l l i p i d e x t r a c t . I t i s important t h a t 25% H2O i s added 
to t h i s h y d r o l y s i s to prevent t r a n s e s t e r i f i c a t i o n of e s t e r s which 
may be present. The hydrolyzed sample i s cooled and e x t r a c t e d as 
above w i t h s a l t s o l u t i o n and pentane. The pentane e x t r a c t i s 
evaporated as above and the residue weighed a g a i n . 

An a c t i v a t e d copper column i s used to remove i n t e r f e r i n g e l e 
mental s u l f u r from the n o n - s a p o n i f i a b l e l i p i d e x t r a c t ( 1 ) . The 
sample i s charged to the column and e l u t e d w i t h three column 
volumes of pentane-benzene. The s o l v e n t i s again evaporated and 
the sample weighed as above. 

The s u l f u r - f r e e , n o n - s a p o n i f i a b l e l i p i d e x t r a c t i s f u r t h e r 
separated by chromatography through a column of (1:1) A12Û3 
(alumina) packed over Si02 ( s i l i c a ) . The Al2Ο3 and S iÛ2 are 
a c t i v a t e d overnight a t 250OC and 120°C r e s p e c t i v e l y and then both 
are d e a c t i v a t e d w i t h 5% water. The sample of s u l f u r - f r e e , non-
saponif i a b l e l i p i d s i s charged to the column w i t h a small volume 
of pentane. The r a t i o of column m a t e r i a l to n o n - s a p o n i f i a b l e 
l i p i d s i s 100:1 or g r e a t e r . The f o l l o w i n g e l u t i o n scheme i s 
employed: 

F r a c t i o n 1 f l - 1 column volume of pentane 
F r a c t i o n 2 f 2 - 1 column volume of 10% benzene i n pentane 

1 column volume of 20% benzene i n pentane 
F r a c t i o n 3 f 3 - 1 column volume o f benzene 

The three f r a c t i o n s are evaporated to dryness on a r o t a r y 
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evaporator a t room temperature or s l i g h t l y below w i t h care taken 
to remove the sample v i a l as the pressure drops to ^5 Torr . The 
hydrocarbon f r a c t i o n s are then taken up i n 50 to 200 y l of CS2 
and an a l i q u o t of 5 to 10 μ ΐ i s weighed on the Cahn E l e c t r o b a l -
ance. An a l i q u o t of 1-5 μ ΐ i s i n j e c t e d i n t o the gas chromato
graphic column. 

The second e x t r a c t i o n technique i s the d i r e c t a l k a l i n e 
h y d r o l y s i s of a sediment sample. Fol lowing the procedure of 
Farr ington and Quinn 50 g of the e s t u a r i n e sediment i s 
r e f l u x e d f o r three hours w i t h benzene and 0.5 Ν methanolic Κ0Η. 
A f t e r c o o l i n g , the solvent i s f i l t e r e d w i t h s u c t i o n and the r e 
maining sediment s t i r r e d w i t h methanol and 1 Ν HC1. This mix
ture i s a l s o f i l t e r e d and the residue i s washed on the f i l t e r 
w i t h methanol fol lowed by pentane. The combined f i l t r a t e i s 
e x t r a c t e d two times w i t
back-washed w i t h d i s t i l l e
evaporation o f the s o l v e n t , the sample i s weighed and then 
c a r r i e d through the s u l f u r removal and column chromatography 
steps as described i n the preceding d i s c u s s i o n . 

An e x t r a c t i o n procedure using an a c i d wash p r i o r to three 
days of Soxhlet e x t r a c t i o n w i t h benzene-methanol has a l s o been 
t e s t e d . A sediment sample was washed two times w i t h 1 Ν HC1 and 
once w i t h d i s t i l l e d H2O, c e n t r i f u g i n g between washings and saving 
the supernate. The sample i s then weighed i n t o an e x t r a c t i o n 
thimble and e x t r a c t e d as descr ibed above. The sample i s t r e a t e d 
e x a c t l y as i n the o r i g i n a l Soxhlet e x t r a c t i o n procedure except 
t h a t the combined a c i d washings are added to the benzene-
methanol e x t r a c t during the r e - e x t r a c t i o n w i t h pentane plus s a l t 
s o l u t i o n . 

Each e x t r a c t i o n technique used r e s u l t s i n three separate 
f r a c t i o n s of hydrocarbons a t the end of column chromatography. 
The data presented here are our i n t e r p r e t a t i o n s of g r a v i m e t r i c 
analyses of the three f r a c t i o n s and gas chromatographic a n a l y s i s 
of the pentane f r a c t i o n from the column chromatography of non-
saponif i a b l e l i p i d s . A packed 0V-101 (5 f t . , 1/8" s t a i n l e s s 
s t e e l , 152 on 100/120 HP Chrom G, helium c a r r i e r gas at 15-20 
ml/min) column and an 0V-101 SCOT ( P e r k i n - E l m e r , 50 f t . , helium 
c a r r i e r gas a t 4 - 6 ml/min) column i n s t a l l e d i n Varian model 1440 
and 2740 gas chromatography were used. The columns were r o u 
t i n e l y temperature programmed from 75°C to 275°C a t 6 0 / m i n . , 
using a c h a r t speed of 0.5 in/min. 

The SCOT column i s p r e f e r r e d because of i t s c a p a b i l i t y f o r 
higher r e s o l u t i o n , but we have experienced some d i f f i c u l t y with 
the r e s o l u t i o n of SCOT columns a t the higher end of the molecular 
weight range t h a t we encounter. A n a l y s i s of q u a n t i t i e s of 
greater than 10 nanograms of each hydrocarbon produces sharp 
peaks with good r e s o l u t i o n , but smal ler amounts on the order of 
1 nanogram or l e s s r e s u l t i n poorer r e s o l u t i o n and s i g n i f i c a n t 
l o s s e s of the alkanes above n-C24. Some of the probable causes 
of t h i s e f f e c t such as s p l i t r a t i o , i n j e c t o r and/or d e t e c t o r 
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temperature and f l o w r a t e have been i n v e s t i g a t e d and we have 
concluded t h a t these were not the cause. Some of the SCOT 
columns could be kept operating by p e r i o d i c i n j e c t i o n of a con
centrated s o l u t i o n o f crude o i l . E v i d e n t l y , the l o s s of r e s o l u 
t i o n i s due to an i n t e r a c t i o n between "hydrophobic" s i t e s i n the 
column and the sample m a t e r i a l . P e r i o d i c c o a t i n g of these s i t e s 
w i t h high molecular weight components of crude o i l i s u s u a l l y 
s u f f i c i e n t to r e s t o r e the operating c a p a c i t y of the column. 

A standard n-alkane mixture of known c o n c e n t r a t i o n i s used 
to measure d e t e c t o r response per u n i t weight of a l k a n e . The 
areas of peaks plus unresolved complex mixture are measured using 
planimetry and compared to the standard alkane mixture. 

Results and D i s c u s s i o n 

Comparison of E f f i c i e n c i e
r e s u l t of comparison of three methods of e x t r a c t i o n are given i n 
Table I. Based on our present data we conclude t h a t there are 
no s u b s t a n t i a l d i f f e r e n c e s i n the e f f i c i e n c i e s of the e x t r a c t i o n 
procedures. Chemical treatment of the sediment by a c i d or base 
does not s i g n i f i c a n t l y increase the y i e l d of hydrocarbons as 
compared to organic solvent e x t r a c t i o n a l o n e . This i s i n c o n 
t r a s t to the e x t r a c t i o n of f a t t y a c i d s from sediments where KOH 
d i g e s t i o n or s a p o n i f i c a t i o n e x t r a c t i o n y i e l d e d a s i g n i f i c a n t l y 
g r e a t e r amount of f a t t y a c i d s (11). We do not have s u f f i c i e n t 
data to e x p l a i n t h i s d i f f e r e n c e and can only speculate t h a t i t 
may be the r e s u l t of the d i f f e r e n c e s i n e a r l y d iagenesis of the 
two c l a s s e s of compounds. 

The p r e c i s i o n of the measurements of hydrocarbons i n s e d i 
ments i s not as good as the p r e c i s i o n f o r measurements of hydro
carbons i n clams Mercenaria mercenaria sampled a t the same 
l o c a t i o n s ( 7 ) , as i s i n d i c a t e d i n Table I I . We t h i n k the poorer 
p r e c i s i o n σ Γ the data f o r sediments r e f l e c t s the greater d i f f i 
c u l t y of o b t a i n i n g a homogeneous mixture of the wet sandy s i l t 
sediment and r e p r o d u c i b l y subsampling i n comparison to the clam 
homogenate. The f a c t t h a t the a n a l y s i s o f the hydrocarbons e x 
t r a c t e d from the clams y i e l d s a b e t t e r p r e c i s i o n i n d i c a t e s t h a t 
the column chromatography and weighing of i s o l a t e d hydrocarbons 
i s not the source of the poorer p r e c i s i o n f o r the sediment 
hydrocarbon d a t a . This contention i s a l s o supported by analyses 
of hydrocarbons i n marine l i p i d s and marine t i s s u e s conducted as 
p a r t of an i n t e r c a l i b r a t i o n program ( 4 - 6 ) . The poorer p r e c i s i o n 
of the sediment hydrocarbon analyses may a l s o be the r e s u l t of 
d i f f e r e n c e s i n the molecular weight range of hydrocarbons being 
q u a n t i f i e d i n each case. Gas chromatographic analyses show that 
the heavier molecular weight hydrocarbons are more predominant 
i n the sediment hydrocarbon mixture compared to the clam hydro
carbon mixture. I t may be more d i f f i c u l t to o b t a i n p r e c i s e 
measurements of heavier molecular weight hydrocarbons due to 
d i f f i c u l t i e s a s s o c i a t e d w i t h e x t r a c t i o n or column chromatography. 
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This c e r t a i n l y warrants f u r t h e r i n v e s t i g a t i o n . 
One argument f a v o r i n g use of the d i g e s t i o n procedure i s 

t h a t i t s imultaneously e x t r a c t s and s a p o n i f i e s the samples 
whereas an a d d i t i o n a l step i s r e q u i r e d f o r the Soxhlet e x t r a c t i o n 
I t may be f e a s i b l e to conduct the s a p o n i f i c a t i o n i n the Soxhlet 
pot thereby e l i m i n a t i n g t h i s disadvantage. However, i f the 
a n a l y s t wishes to simultaneously analyze the sediment sample f o r 
c h l o r i n a t e d hydrocarbons such as DDT and f o r nonchlor inated 
hydrocarbons, then s a p o n i f i c a t i o n must not occur before s p l i t t i n g 
the l i p i d e x t r a c t i n order to avoid chemical t ransformation o f 
the DDT during s a p o n i f i c a t i o n . 

The r e s u l t s of Soxhlet e x t r a c t i o n and subsequent hydrocar
bon analyses f o r samples of surface sediments from three d i f f e r 
ent d e p o s i t i o n a l regimes are given i n Table i n  The agreement of 
d u p l i c a t e a n a l y s i s f o r surfac
sediment s t a t i o n G187D
Narragansett Bay S t a t i o n C subsamples. However, agreement of 
the d u p l i c a t e analyses of the deep sea abyssal p l a i n surface 
sediment i s not as good. Our i n v e s t i g a t i o n of the i n f l u e n c e of 
d i f f e r e n t sediment type and varying concentrat ions of hydrocar
bons i n the sediment on the p r e c i s i o n of measurement i s not y e t 
complete. A l s o , we have not completed the analyses of the 
f r a c t i o n 2 and f r a c t i o n 3 hydrocarbons and we o f f e r the data i n 
Table 3 as i n i t i a l r e s u l t s . 

The concentrat ion of hydrocarbons i n the surface sediments 
a t S t a t i o n C i n Narragansett Bay are c l o s e to t h a t reported three 
years ago - 130 to 160 ug/g dry weight f o r f r a c t i o n 1 and f r a c 
t i o n 2 hydrocarbons (12) as compared to 202 and 265 ug/ gram 
dry weight f o r the l a t e s t a n a l y s i s . We cannot be c e r t a i n a t 
t h i s time whether t h i s d i f f e r e n c e i s a r e s u l t of the s l i g h t l y 
d i f f e r e n t methods of a n a l y s i s or i s a r e a l increase i n hydro
carbon c o n c e n t r a t i o n . This i l l u s t r a t e s the need f o r the type of 
i n v e s t i g a t i o n of a n a l y t i c a l methods we are p u r s u i n g . 

Analyses of Sediment Samples Spiked w i t h 10 PPM API No. 2 
f u e l o i l . We have a p p l i e d the Soxhlet e x t r a c t i o n procedure to 
the a n a l y s i s of S t a t i o n C surface sediments spiked w i t h 10 ug, 
API No, 2 Fuel O i l (13) per gram dry weight of sediment. As 
expected and shown i n Table I, g r a v i m e t r i c q u a n t i f i c a t i o n of the 
column chromatography f r a c t i o n s by weighing on the Cahn e l e c t r o -
balance d i d not d e t e c t the added No. 2 f u e l o i l i n the presence 
of the base load of hydrocarbons. 

Gas Chromatographic Analyses. The r e p r o d u c i b i l i t y of the 
gas chromatographic analyses of d u p l i c a t e s of f r a c t i o n 1 hydro
carbons i s demonstrated i n f i g u r e s 1 and 2 . The r e p r o d u c i b i l i t y 
of the gas chromatogram f o r the saturated f r a c t i o n of the abyssal 
p l a i n sediment hydrocarbons was s i m i l a r . The main f e a t u r e s of 
the gas chromatograras a r e : 
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Figure 1. Gas chromatograms of fraction 1 hydrocarbons from 
surface sediments of Narragansett Bay Station C subsamples 
a and b. Pr—pristane; 17:1 n-heptadecene; 17, 25, 27, etc. in
dicated number of carbon atoms in n-alkanes elating at the 
position indicated by the peak. UCM is unresolved complex 
mixture. Bottom recorder trace is column bleed signal. 
Hatched area was measured to obtain values given in Table IV. 
X designates cycloalkenes and alkenes of unknown structure. 

G.C. column was SCOT OV101. 
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Figure 2. Gas chromatograms of fraction 1 hydrocarbons from 
surface sediments of the Hudson Trough Station G187DG. Sub-
samples a and b. Explanation of notations given in legend of 

Figure 1. 
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i ) The predominance of an unresolved complex mixture of 
alkanes and cycloalkanes w i t h a wide molecular weight range. 
This i s s i m i l a r to that found i n petroleum and i s not predomi
nant, i f present a t a l l , i n r e c e n t l y biosynthesized hydrocarbons. 
The sources of these hydrocarbons are most l i k e l y petroleum d i s 
charged to the marine environment v i a a combination of man's 
a c t i v i t i e s . The var ious f a c t o r s bearing on t h i s contention have 
been p r e v i o u s l y discussed ( 2 , 3 , 4 , 12). We t h i n k t h a t f o r c o n 
c e n t r a t i o n s of hydrocarbons about an order of magnitude lower 
than t h a t reported f o r s t a t i o n G187DG, the source of the u n r e 
solved complex mixture may be weathering of a n c i e n t sediments 
and t r a n s p o r t and d e p o s i t i o n of the sediments and t h e i r a s s o 
c i a t e d p e t r o l e u m - l i k e hydrocarbon assemblages to the surface 
sediments o f the c o n t i n e n t a l s h e l f and e s t u a r i n e a r e a s . In 
a d d i t i o n , a t low c o n c e n t r a t i o
be some as y e t undefine
g e n e t i c processes i n surface sediments which produce such a 
hydrocarbon assemblage. 

i i ) The presence o f the p a r t i a l l y resolved n-C-|7, p r i s t a n e , 
C]7 m o n o - o l e f i n . These hydrocarbons are most l i k e l y of recent 
b i o s y n t h e t i c o r i g i n ( 2 , 3 ) . 

i i i ) The presence of the heavier molecular weight n - C 2 3 to 
n- C 3 1 n-alkanes w i t h an odd carbon predominance. Land p l a n t s 
and marsh grasses are probable sources f o r these n-alkanes ( 2 , 3 ) . 

i v ) The presence of f u l l y or p a r t i a l l y resolved components 
i n the n - C 2 7 t o n - C 3 i molecular weight range f o r S t a t i o n G187DG 
sediments wnich have been t e n t a t i v e l y i d e n t i f i e d as t r i terpanes 
and steranes based on gas chromatographic r e t e n t i o n data and 
gas chromatography - mass spectrometry. These compounds are 
probably present i n S t a t i o n C sediment but are not w e l l resolved 
i n the presence of the higher c o n c e n t r a t i o n of unresolved com
plex mixture of c y c l o a l k a n e s and a l k a n e s . The o r i g i n of these 
compounds i s probably a combination o f b i o s y n t h e s i s and d i a -
genesis ( 2 , 3 , 1 4 ) . 

v) The presence of p a r t i a l l y resolved hydrocarbons i n d i 
cated by the X i n the gas chromatograms. The s t r u c t u r e s of 
these hydrocarbons are not known. Gas chromatograph - mass 
spectrometer analyses of the compounds a f t e r t r a p p i n g from gas 
chromatography and before and a f t e r h y d r o g é n a t i o n i n d i c a t e s 
t h a t the major component of the mixture i s a 25 carbon c y c l o -
alkene w i t h an i s o p r e n o i d s i d e c h a i n ( 1 5 ) . 

Regardless o f the o r i g i n of the hydrocarbons i n the surface 
sediments at S t a t i o n C and S t a t i o n G187DG, they represent present 
baseload concentrat ions and composit ions. S t a t i o n C i s located 
i n Narragansett Bay, an estuary which has s u b s t a n t i a l tanker 
t r a f f i c and e f f l u e n t discharges ( 1 2 ) , S t a t i o n G187DG i s on the 
Continental S h e l f i n the Hudson Trough e a s t - s o u t h e a s t of the New 
York B i g h t . I t i s adjacent t o the proposed Outer Continental 
S h e l f D r i l l i n g and Production s i t e s . I t i s a l s o near sewage, 
sludge and dredge s p o i l dump s i t e s , tanker r o u t e s , and could 
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receive petroleum contaminated municipal and industrial effluent 
from the adjacent coastal area. Any determination of the con
centrations and composition of hydrocarbons incorporated into 
these sediments as a result of an accidental spi l l or new nearby 
chronic releases of oi l would have to take these present hydro
carbon concentrations and compositions into account. 

A simple but necessary experiment was conducted to determine 
the feasibi l ity of detecting a low concentration of 10 ppm fresh
ly spilled fuel oi l incorporated into the Station C sediments. 
The results of the gas chromatographic analyses are given in 
figure 4 along with the gas chromatogram of the fraction 1 hydro
carbons of the API No. 2 Fuel O i l . A comparison of the gas 
chromatograms of figures 1 and 3 shows that the presence of the 
10 ppm spike of No. 2 fuel oi l in the sediment sample is clearly 
detected. Obviously, highe
be detected using simila
lower concentrations of spiked fuel o i l hydrocarbons i .e . at the 
1 ppm level will be more d i f f i cu l t . The detection of the pres
ence of the No. 2 fuel oi l in sediments by gas chromatography as 
was accomplished with the West Falmouth oi l spi l l studies (16, 
17, 18) does not provide a quantitative measurement of low con
centrations of the No. 2 fuel oi l hydrocarbons. In the case of 
the West Falmouth oi l spi l l i t was evident for the sediments with 
the heaviest concentration of oi l (1,000 ug/ g dry weight sedi
ment) that gravimetric determination of the hydrocarbons using a 
Cahn electrobalance or analytical balance provided a fair assess
ment of the No. 2 fuel oi l concentration. However, the results 
previously reported in this paper clearly demonstrate that at 
concentrations of about 100 ug total hydrocarbons/ gram dry 
weight of sediment the gravimetric determination cannot detect 
the presence of the No. 2 fuel o i l at the 10 ppm concentration 
level. This applies to many of the sediment samples analyzed in 
the West Falmouth oi l spi l l as well as at other oi l spi l l sites 
(19). A good method of measurement is needed i f correlations of 
acute and chronic biological effects at low concentration levels 
of No. 2 fuel oi l are to be determined. Likewise, a method of 
measurement is necessary to provide a true assessment of the 
geographical extent of the spread of petroleum hydrocarbons from 
an oi l spi l l site and the persistence of a given low concentration 
of o i l in sediments over a period of time. 

One method for measurement of petroleum hydrocarbons spiked 
to a marine l ip id extract which has been used with some success 
(4) is calibration of the flame ionization detector of the gas 
cfiromatograph with a standard mixture of n-alkanes followed by 
quantification of the gas chromatograph detector signal for the 
hydrocarbons from the sediments for the spiked and unspiked 
samples. We have conducted an in i t ia l test of this approach by 
quantifying the detector signal for the n - ^ to n- C2o molecular 
weight range of the fraction 1 hydrocarbons of the No. 2 fuel oi l 
using planimetry. The gas chromatograms used were those shown in 
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Figure 3. Gas chromatograms of fraction 1 hydrocarbons from surface 
sediment of Narragansett Bay Station C spiked with No. 2 fuel oil and of 
fraction 1 hydrocarbons of the No. 2 fuel oil. Ph-phytane; all other nota

tions given in legend of Figure 1. 
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f i g u r e 1 and the d u p l i c a t e of the one a t the top of f i g u r e 3 , 
Agreement of the d u p l i c a t e analyses i s f a i r as i s shown i n 

Table IV. Recovery of the f r a c t i o n 1 hydrocarbons from column 
chromatography o f the API No. 2 f u e l o i l and evaporation to con
c e n t r a t e the sample are a l s o given i n Table IV. The lower 
b o i l i n g hvdrocarbons i n the f u e l o i l are l o s t during t h i s p r o 
cedure ( 7 j . The measurement of the No. 2 f u e l o i l hydrocarbons 
i n the spiked sediment samples gives 2.9 ug hydrocarbons/ g dry 
weight o f sediment which i s lower than the 4.9 ug/ g dry weight 
p r e d i c t e d from the recovery experiments w i t h the No. 2 f u e l o i l . 
This lower value i s probably due to a more extensive l o s s of 
lower b o i l i n g hydrocarbons i n the f u e l o i l s p i k e due to the 
extensive handling during several c o n c e n t r a t i o n steps i n the 
sediment a n a l y s i s procedure. A comparison of the gas chromato
grams i n f i g u r e 3 suggests t h a t t h i s i s the c a s e . Incorporation 
of an i n t e r n a l standard
t i o n would probably improve accuracy ( 4 ) . This involves s p l i t 
t i n g the sample and a n a l y z i n g s u b s a m p î ê s with and without an 
i n t e r n a l standard i n order t o avoid masking information on the 
indigenous hydrocarbons and to c o r r e c t f o r the i n t e r f e r e n c e of 
indigenous hydrocarbons w i t h measurement of the i n t e r n a l standard. 

We do not have gas chromatographic a n a l y s i s of the f r a c t i o n 
2 and f r a c t i o n 3 hydrocarbons to present a t t h i s t ime. However, 
we are applying procedures s i m i l a r to those descr ibed above to 
analyses of these f r a c t i o n s . 

The l i m i t e d data we have presented suggests t h a t the methods 
as descr ibed above have a good p o t e n t i a l f o r p r o v i d i n g r e l i a b l e 
estimates of f u e l o i l hydrocarbons i n surface sediment samples. 
We r e a l i z e t h a t the experiments performed do not take i n t o 
account a l t e r a t i o n of the o i l by weathering or degradation during 
and a f t e r i n c o r p o r a t i o n i n t o the surface sediments. However, i f 
the methodology f a i l s the simple t e s t s we are apply ing then i t 
has l i t t l e p o s s i b i l i t y of working f o r the more d i f f i c u l t f i e l d 
t e s t . A p p l i c a t i o n of these methods to the f i e l d s i t u a t i o n r e 
q u i r e s a surface sediment from the area p r i o r to the o i l p o l l u t i o n 
i n c i d e n t or a c o n t r o l s t a t i o n nearby which has a s i m i l a r hydro
carbon composition and c o n c e n t r a t i o n as the o i l s p i l l area p r i o r 
to the p o l l u t i o n i n c i d e n t . 

We are c e r t a i n l y not yet a t the p o i n t where we can formulate 
a standard method of a n a l y s i s f o r petroleum hydrocarbons i n s e d i 
ments a t the 10 ppm l e v e l . Our s t u d i e s are ongoing and f u r t h e r 
t e s t s w i t h var ious sediment t y p e s , var ious baseload concentrat ions 
of hydrocarbons, and s p i k i n g w i t h several d i f f e r e n t types of o i l s 
over a range o f concentrat ions are contemplated and needed. The 
a n a l y t i c a l methodology t o be t e s t e d i s by no means l i m i t e d t o the 
methods we have discussed i n t h i s paper and we urge others i n t h i s 
f i e l d of research to pursue t e s t i n g procedures such as these to 
i n v e s t i g a t e the e f f i c i e n c y , p r e c i s i o n , a p p l i c a b i l i t y , and l i m i t a 
t i o n s of other methods of a n a l y s i s . Without such t e s t i n g , i n t e r 
p r e t a t i o n of the data c o l l e c t e d during the s t u d i e s of the i n p u t , 
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fate, and effect of petroleum pollution in the marine environ
ment will be unnecessarily restricted. 

Abstract 

Three extraction procedures - Methanol : benzene Soxhlet 
extraction with and without pretreatment of sediment with IN HC1 
and alkaline hydrolysis extraction - were applied to subsamples 
of a surface sediment sample. The three procedures yielded 
similar amounts of hydrocarbons as determined by gravimetric 
analysis. Gas chromatographs of the alkane-cycloalkane portion 
of the hydrocarbons exhibited a very complex mixture of hydro
carbons with a wide molecular weight range extending from n-C-|4 
to beyond n-C3-j. Biogenic hydrocarbons from land plants and 
possibly from marine organisms were present. 

Subsamples of the
dry weight of API No. 2 fuel oil. The spike was not detected by 
gravimetric analysis. However, the spike was detected by gas 
chromatography. An estimate of 2.9 ppm out of a possible 10 ppm 
No. 2 fuel oil was obtained by quantification of the g.c. de
tector signal. 
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16 
Lipid Geochemistry of Recent Sediments from the 
Great Marsh, Lewes, Delaware 

PAUL J. SWETLAND* and JOHN F. WEHMILLER 
Department of Geology, University of Delaware, Newark, Del. 19711 

Understanding the significance of ancient sedi
mentary organic matte
ganic distributions common to modern environments. 
Organic geochemical studies of recent sediments seek 
to determine: 1) the biological sources from which 
organic compounds in modern sediments were derived, 
2) the organic distributions in different modern depo
sitional environments for comparison with ancient ana
logs , and 3) the early diagenetic alterations of re
cent sedimentary organic matter. 

This study was designed to investigate the compo
sition and early diagenesis of organic matter deposit
ed in a modern salt marsh environment. Salt marshes 
are generally highly productive environments that con
tribute large amounts of herbaceous organic matter to 
sediments. Herbaceous, or leafy, land plants are char
acterized by long chain hydrocarbons and fatty acids 
which serve as a waxy protective coating (1). Because 
of the abundance of this waxy material in higher land 
plants, high-wax petroleums are thought to be derived 
from coastal environments where inputs of land plant 
organic matter are great (2,3). Since sediments of 
salt marshes contain about ten times more l ip id mate
r i a l than those of marine-lagoon or open-shelf environ
ments, salt marshes are considered probable source en
vironments for high-wax petroleum (4). 

The main emphasis of this study was placed on the 
identification of sediment l ip id (n-alkane and n-fatty 
acid) distribution patterns as primary source material 
or as products of diagenesis. Correlations of sediment 
l ip id distributions to specific biological sources are 
suggested. The nature and possible rates of various 
diagenetic reactions responsible for alteration of the 

*Pres. Address: U. S. Geological Survey, 
Federal Center, Denver, CO 80225 
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l i p i d d i s t r i b u t i o n s are a l s o discussed. 

Study Area and Sample C o l l e c t i o n 

The Great Marsh occupies an area of approximately 
f i v e square miles along Delaware Bay northwest of the 
town of Lewes, DE (Figure 1). I t i s subjected to a 
t i d a l range of about 30 cm with s a l i n i t i e s varying 
from 5 to 30 o/oo. Present marsh vegetation i s domi
nated by the halophytic grasses Spartina a l t e r n i f l o r a , 
S. patens, and D i s t i c h l i s s p i c a t a . Other p l a n t species 
include S a l i c o r n i a sp., Iva frutescens, Baccharis 
h a l i m i f o l i a , and Phragmites communis, as w e l l as a 
v a r i e t y of marine algae. 

The combinatio
r a p i d sedimentation
vironment favorable f o r the preservation of organic 
matter. T y p i c a l Eh and pH values f o r subsurface sam
ples i n t h i s area are -200 mv and 7.1, r e s p e c t i v e l y 
(_5) . Average sedimentation rates are on the order of 
10-15 cm/100 years (6) based upon radiocarbon dates on 
a v a r i e t y of peat and s h e l l samples found at various 
depths i n the general area. 

The g e o l o g i c a l h i s t o r y of the Great Marsh i s 
c l o s e l y associated with the l a t e Holocene marine t r a n s 
gression (7). A large p a r t of the present Great Marsh 
area was once a shallow lagoon which began f i l l i n g 
about 3000 y r s . B. P. ( 7 ) . F r i n g i n g marshes adjacent 
to headland areas gradually accreted upward while abun
dant f i n e - g r a i n e d m a t e r i a l accumulated i n near-shore 
lagoonal environments. Later stages i n t h i s h i s t o r y 
have involved the development of a broad marsh over 
both the f r i n g i n g marsh and lagoonal deposits (7). 

The samples of i n t e r e s t i n t h i s work come from 
one core and one surface sample taken f o r comparative 
purposes at a nearby l o c a t i o n (see Figure 1). Both 
l o c a t i o n s are w i t h i n an area that i s dominated by 
Spartina a l t e r n i f l o r a (8) . A core of approximately 
four meters length was taken by pounding a 6.35 cm i . d . 
p l a s t i c pipe i n t o the marsh sediment using the proce
dures described by K r a f t (9). Samples were immediately 
returned to the laboratory and were frozen at -20 C. 
u n t i l analyzed. 

Core pipes were s p l i t lengthwise using a hand
held rotary saw and d e s c r i p t i o n s were made on wet sam
p l e s . Two d i s t i n c t l i t h o l o g i e zones are recognized i n 
the core (Figure 2) and can be c o r r e l a t e d to other 
s t r a t i g r a p h i e sections i n the immediate area that have 
radiocarbon age c o n t r o l (6). Coarse sands occupy the 
lower 1.5 meters of the core? o v e r l y i n g these are 2.5 
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NEW JERSEY 

\ \ 
DELAWARE 

^ MARSH 

GREAT MARSH 

Figure 1. Study area and sample locations 

DESCRIPTION 
Dusky yellow brown rootrrat 
Olive pray s i l t y clay, plant, fragments 
Brownish black s i l t y clay, large plant fragments 
Dusky yellow brown s i l t y clay, lar^e plant 
fraçments 

Dark yellow brown s i l t y clay, few plants 

Olive sray s i l t y clay, lare;e plant fragments 

Black peat 

Olive çray ccarse sand, pebbles, few plants 

Inediun <=rray coarse sand, l i t t l e plant material 
Key ι plant V pebble # sand φ 

s i l t ··· clay — 

FIGURE 2 GREAT MARSH CORE SECTION 

Figure 2. Great Marsh core section 
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meters of o r g a n i c - r i c h s i l t y c l a y , with a basal peat 
u n i t being the lowermost component of t h i s organic r i c h 
zone. The organic r i c h zone i s i n t e r p r e t e d to record 
continuous marsh sedimentation ( f r i n g i n g marsh evolving 
to broad marsh) f o r the past 2500 years, the approxi
mate radiocarbon age f o r other f r i n g i n g marsh deposits 
at comparable depths i n the area (6). This i n t e r p r e 
t a t i o n i s supported by the presence of continuous i n 
t e r l o c k i n g network of roots and rhizomes throughout 
the upper 2.5 meters. The age of the lower core sandy 
sediments i s uncertain. They are most l i k e l y pre-
transgression i n age, though i t has been suggested that 
they represent channel deposits that accumulated during 
the transgression p r i o r to establishment of a f r i n g i n g 
marsh (J) . Such an
sediments were i n contac
as noted below, the d i s t r i b u t i o n of n-alkanes i n the 
sediments implies a marine source f o r at l e a s t some of 
the organic matter i n these lower core sands. 

A n a l y t i c a l Procedures 

Selected 20 cm core i n t e r v a l s were f r e e z e - d r i e d 
and d i v i d e d i n t o three parts f o r 1) mechanical analy
s i s , 2) i g n i t i o n l o s s determination, and 3) e x t r a c t i o n 
of f a t t y acids and hydrocarbons. The percent sand, 
s i l t , and c l a y of each sample were determined by p i 
pette a n a l y s i s according to the method of Polk (10). 
An approximate measure of the organic carbon content 
was obtained by determining the weight l o s s on i g n i 
t i o n at 375° f o r 16 hours (11). 

The f r e e z e - d r i e d core samples were extracted with 
a benzene-methanol azeotropic mixture followed by 
chloroform f o r one hour each using u l t r a s o n i c v i b r a 
t i o n s . E x t r a c t i o n mixtures were centrifuged and f i l 
t e red through coarse f i l t e r paper. The solvent ex
t r a c t s were then combined and taken to dryness by r o 
tary evaporation. 

An 18 cm by 20 mm diameter coluntnof a c t i v a t e d 
(110° C.) s i l i c a g e l i n hexane was prepared to sepa
rate the crude e x t r a c t residue i n t o three f r a c t i o n s . 
The residue was r i n s e d , t r a n s f e r r e d to the column and 
su c c e s s i v e l y e l u t e d with 1) hexane, 2) benzene, and 
3) benzene/dioxane/acetic a c i d . Two column volumes 
(150 mis) of each eluate were c o l l e c t e d . 

The hexane eluate containing saturated hydrocar
bons was reduced i n volume and t r a n s f e r r e d to an a c t i 
vated copper column to remove elemental s u l f u r (12). 
The s u l f u r - f r e e e x t r a c t was then reduced i n volume by 
rotary evaporation, t r a n s f e r r e d to a pre-weighed v i a l 
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and evaporated under a stream of nitrogen. 
The benzene/dioxane/acetic a c i d f r a c t i o n contain

ing f r e e f a t t y acids was reduced to near dryness by 
rot a r y evaporation. Fatty acids were then converted to 
t h e i r methyl esters with BF3/MeOH by the procedure of 
Metcalfe and Schmitz (13). The methyl es t e r residue 
was t r a n s f e r r e d i n benzene to a s i l i c a g e l column and 
eluted with two column volumes each of benzene and ben
zene-ethyl acetate (9:1). The benzene f r a c t i o n con
t a i n i n g the f a t t y a c i d methyl e s t e r s , was d r i e d under 
nitrogen i n a pre-weighed v i a l . Since no s a p o n i f i c a 
t i o n of the t o t a l sediment or the sediment e x t r a c t was 
performed, these f a t t y acids c o n s t i t u t e what must be 
defined as the f r e e f a t t y a c i d f r a c t i o n of the s e d i 
ments (14 ) . 

Gas chromatographi
F & M Model 1609 gas chromatograph equipped with a 
flame i o n i z a t i o n detector. Saturated hydrocarbons and 
f a t t y a c i d methyl e s t e r s were chromatographed on a 1.52 
meter by 3.2 mm O.D. copper column of 1 % Apiezon L on 
Chromosorb W. A flow rate of 30 mls/min. was used f o r 
the helium c a r r i e r gas with the oven temperature pro
grammed from 45°C to 285°C at a rate of 4°C/minute. 
I d e n t i f i c a t i o n of peaks was made by comparison of r e 
t e n t i o n times with standards, c o - i n j e c t i o n of standards 
and mass spectrometry. 

Urea adduction followed by gas chromatography was 
used to help c h a r a c t e r i z e normal ( s t r a i g h t chain satu
rated) alkanes and normal f a t t y a c i d s . The adduction 
procedures of Sever (1_5) were followed. By t h i s tech
nique stra i g h t - c h a i n e d compounds are separated from 
hi g h l y branched and c y c l i c compounds. In most cases 
core sediment f a t t y acids and hydrocarbons were r e l a 
t i v e l y simple mixtures of normal compounds and the ad
duction separation was not required. 

To minimize contamination a l l reagent grade s o l 
vents were r e d i s t i l l e d . Glassware was s t e r i l i z e d by 
heating i n an oven at 300°C f o r 24 hours. Procedural 
blanks were run p e r i o d i c a l l y to check contamination 
l e v e l s of solvents and glassware. Working at the same 
concentration and s e n s i t i v i t y used f o r sediment l i p i d s , 
no gas chromatographic peaks from the blanks could be 
detected i n the l i p i d d i s t r i b u t i o n range. 

Results and Discussion 

Table I presents basic data on g r a i n s i z e d i s t r i 
bution, organic carbon content, t o t a l saturated hydro
carbons and t o t a l free f a t t y a c i d s . Table II presents 
the carbon preference i n d i c e s f o r both n-alkanes (16) 
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and η-fatty acids (17) vs. depth i n the core, and the 
r a t i o of unsaturated to saturated f a t t y acids (C18:1/C 
18:0 and C16:1/C16:0) at s e l e c t e d depths. Estimated 
ages f o r various depths i n the core are a l s o given i n 
Table I I . 

The r e s u l t s o u t l i n e d i n these tables can be i n t e r 
preted as being the combined e f f e c t of varying sources 
of organic matter during sedimentation and of varying 
diagenetic reactions occuring a f t e r d e p o s i t i o n (Figure 
3). A dramatic d i f f e r e n c e i n t o t a l organic carbon i s 
seen i n comparison of the lower, sandy u n i t with the 
upper, o r g a n i c - r i c h u n i t . Within t h i s upper u n i t there 
i s a steady decrease i n the organic carbon content from 
about 15% to about 5%, except f o r the basal peat u n i t 
(220-240 cm) that contain
p l a n t m a t e r i a l and ha
Concentrations of saturated hydrocarbons and of free 
f a t t y acids a l s o r e f l e c t the l i t h o l o g i e break at 240 
cm. In the upper, o r g a n i c - r i c h u n i t , t o t a l saturated 
hydrocarbon concentrations when normalized to t o t a l 
organic carbon, are v a r i a b l e with depth while f r e e f a t 
ty acids show an i n i t i a l increase i n concentration to 
a depth of about 100 cm (ca. 1000 yrs) followed by a 
decrease i n concentration at greater depths w i t h i n both 
the upper and lower u n i t s . There does not appear to be 
any r e l a t i o n between the decreasing abundance of any 
p a r t i c u l a r f a t t y a c i d and the i n c r e a s i n g abundance of 
the corresponding normal alkane. In the case of both 
f a t t y acids and saturated hydrocarbons, the normal 
acids and alkanes c o l l e c t i v e l y account f o r a large per
centage of the t o t a l f r a c t i o n , as determined by r e l a 
t i v e peak area measurements by gas chromatograms. F i g 
ure 4 shows the normalized percent composition of the 
normal alkanes and normal f a t t y acids f o r samples from 
s e l e c t e d depths i n the core. Each of these groups of 
compounds i s discussed i n d e t a i l i n the sections to 
follow. 

Saturated Hydrocarbons. There i s l i t t l e evidence 
f o r major diagenetic a l t e r a t i o n of t h i s group of com
pounds i n the 2500 years represented by the samples 
from the upper core. The alkane f r a c t i o n s from a l l 
depths i n the core show l i t t l e trend toward i n c r e a s i n g 
complexity (branching or c y c l i z a t i o n ) as might be ex
pected from diagenetic a l t e r a t i o n of a comparatively 
simple mixture (18, 19). The carbon preference index 
( C P I H ) v a r i e s from 3.0 to 5.1 i n the upper core and i s 
somewhat lower i n the basal peat and i n the underlying 
sands. C P I H values provide a q u a l i t a t i v e index of 
source v a r i a t i o n and diagenetic a l t e r a t i o n . CPIH 
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Figure 3. Abundances of total carbon, saturated hydrocarbons, free fatty acids, and 
long chain (C24-30) fattv acids in Great Marsh sedimentary sequence 

Figure 4. Relative abundances 
of N-alkanes and N-fatty acids in 
Great Marsh sediments (depths in 
cm) 
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values f o r marsh pl a n t alkanes are g e n e r a l l y greater 
than 5.0 (15) while micro-organisms generally have C P I H 

values much l e s s than 5.0 and often as low as 1.0 (20). 
The lower CPIfj values f o r the lower core sandy u n i t may 
r e s u l t from the more r a p i d rates of diagenetic a l t e r 
a t i o n that have been observed i n sandy marsh sediments 
(18). However, e x t r a p o l a t i o n of these estimated rates 
to the probable age of the sandy core sediments of t h i s 
study would p r e d i c t a much greater degree of a l t e r a t i o n 
than i n f a c t i s observed. This conclusion, combined 
with the observed large r e l a t i v e abundance of n-hepta-
decane and the smaller t o t a l amount of saturated hydro
carbon m a t e r i a l i n these sandy sediments implies that 
the alkane d i s t r i b u t i o n i n these sediments i s p r i m a r i l y 
a record of the sourc
t i c a l t e r a t i o n . As
ture of the d e p o s i t i o n a l environment of these sands i s 
uncertain, but i n terms of t o t a l organic carbon, t o t a l 
saturated hydrocarbons, and d i s t r i b u t i o n of n-alkanes, 
these sandy sediments look q u i t e s i m i l a r to modern 
sandy sediments i n lower Delaware Bay (21). The abun
dance of n-heptadecane suggests a marine a l g a l source 
(22). Preservation of carbohydrate and c h l o r o p h y l l -
derived residues i n these pre-transgression sands has 
also been recognized (23), though a s p e c i f i c source f o r 
these compounds was not i d e n t i f i e d . 

Saturated hydrocarbon d i s t r i b u t i o n s i n the upper 
core sediments are c h a r a c t e r i z e d by an abundance of 
long chain odd-carbon normal alkanes (Figure 4). The 
predominant n-alkane v a r i e s among n-C25, n-C27, n-C29, 
and n-C31. These long chain normal alkanes are common 
i n the waxes of higher plants (24). E s s e n t i a l l y three 
d i f f e r e n t patterns are seen: a pattern with n-C25 and 
n-C27 each c o n s t i t u t i n g about 20% of the normal alkanes 
i s most common and occurs at a l l i n t e r v a l s not shown i n 
Figure 4, while a pattern with n-C29 dominant occurs at 
three l e v e l s i n the upper core (surface, 20-40 cm, and 
180-200 cm) and a pattern with n-C31 dominant occurs at 
one i n t e r v a l , 140-160 cm. Though there are many p o s s i 
b l e sources that might be invoked to e x p l a i n the v a r i 
ations i n these alkane d i s t r i b u t i o n s , i t i s i n t e r e s t i n g 
to note that two of the major plants that are common to 
the Great Marsh area, Spartina a l t e r n i f l o r a and D i s t i c h -
l i s s p i c a t a , have n-alkane peak abundances at n-C29 and 
n-C31, r e s p e c t i v e l y (15,18,21). Sediment normal alkane 
d i s t r i b u t i o n s may therefore r e f l e c t the o r i g i n a l marsh 
pla n t contributors of organic matter and provide a r e 
cord of the changing vegetation during e v o l u t i o n of the 
marsh. The i n t e r p r e t a t i o n of the n-alkane sedimentary 
record would then be as f o l l o w s : S. a l t e r n i f l o r a i s , 
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and has been, the dominant grass during the p e r i o d of 
accumulation of the upper 20-40 cm of sediment, and 
was a l s o the dominant grass during the p e r i o d of accu
mulation of sediments at the 180-200 cm i n t e r v a l . 
D i s t i c h l i s s p i c a t a would have been the dominant alkane 
source during the time of deposition of sediments i n 
the 140-160 cm i n t e r v a l . The source of the alkane 
d i s t r i b u t i o n most commonly seen through the core, that 
with n-C25 and n-C27 dominant, i s not known, but since 
t h i s pattern i s seen i n the basal peat i t might be 
associated with the Spartina patens community that pre
s e n t l y occupies the headland regions of these marshes 
(8). 

Free Fatty Acids
a c i d d i s t r i b u t i o n s (Figur
long chain even carbon normal f a t t y acids from C-20 to 
C-30. The presence of these long chain f a t t y acids i n 
sediments has been a t t r i b u t e d to h y d r o l y s i s of p l a n t 
wax esters (25). Analyses of marsh pl a n t f a t t y a c i d s , 
however, show them to be composed p r i m a r i l y of the s a t 
urated n-Cl6 and unsaturated C-18 f a t t y acids (2£, 2_7) . 
With the exception of S a l i c o r n i a (26) and S. a l t e r n i -
f l o r a (18), only trace q u a n t i t i e s of normal f a t t y acids 
longer than C-19 have been reported i n marsh p l a n t s . 
Thus there i s not a c l e a r c o r r e l a t i o n between the abun
dant f r e e f a t t y a c i d m a t e r i a l i n the sediments and the 
most probable b i o l o g i c a l sources. A number of p o s s i b l e 
explanations e x i s t to account f o r the predominance of 
long chain f r e e f a t t y acids i n sediments: 1) an un
known b i o l o g i c source with a predominance of these ac
i d s , 2) p r e f e r e n t i a l d e s t r u c t i o n or metabolism of the 
shorter-chain f r e e f a t t y a c i d s , and 3) m i c r o b i a l resyn-
t h e s i s of long chain f a t t y acids from precursor materi
a l . Long chain f a t t y acids have been observed i n the 
s a p o n i f i e d extracts of F l o r i d a s a l t marsh sediments Ç28) 
but t h e i r abundance r e l a t i v e to shorter-chain f a t t y 
acids was observed to decrease with depth i n a sedimen
ta r y sequence with ages comparable to those i n conside
r a t i o n here. 

The abundances of t o t a l and of i n d i v i d u a l f r e e 
f a t t y acids i n the core sediments are best i n t e r p r e t e d 
i n l i g h t of the conceptual model f o r f a t t y a c i d diage-
nesis of Farrington and Quinn (29) , and because of the 
time framework provided by the sedimentary sequence of 
the Great Marsh i t i s p o s s i b l e to estimate apparent 
rate constants f o r some of the p o s s i b l e reactions i n 
volved. T o t a l free f a t t y acids r i s e to a peak concen
t r a t i o n i n sediments approximately 1000 years i n age 
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(Figure 3) and then decrease i n concentration at great
er depths. The r e l a t i v e abundance of the long chain 
f a t t y acids ( t o t a l of n-C24, n-C26, n-C28, and n-C30) 
follows a s i m i l a r h i s t o r y , reaching a maximum value i n 
sediments of the same age (Figure 3). Both of these 
observations can be i n t e r p r e t e d to be the r e s u l t of 
reactions that l i b e r a t e large amounts of f r e e , long-
chain normal f a t t y acids i n e a r l y diagenesis, followed 
by reactions that remove these f a t t y acids from the 
free f a t t y a c i d pool by e i t h e r i n c o r p o r a t i o n i n t o humic 
ma t e r i a l or degradative consumption (29,30). The l i b 
e r a t i o n reactions are defined as those which produce 
solvent-extractable f a t t y acids (14), hence they could 
be reactions that involve h y d r o l y s i s of e i t h e r p l a n t 
wax esters or humic
m i c r o b i a l synthesis
The long-chain f a t t y acids increase i n r e l a t i v e abun
dance as the abundance of f r e e f a t t y acids increases, 
implying e i t h e r that there i s p r e f e r e n t i a l l i b e r a t i o n 
of long-chain acids or p r e f e r e n t i a l recombination (or 
destruction) of the shorter-chain a c i d s . 

I f the free f a t t y acids can be considered as non-
d i f f u s a b l e m a t e r i a l , then the foll o w i n g simple f i r s t -
order k i n e t i c model can be app l i e d to a smooth curve 
drawn through the t o t a l f r e e f a t t y a c i d data of Figure 
3: ν 

k^ R 
Bound Fatty Acids • Free Fatty Acids ψ 

(BFA) (FFA) 

where Bound Fat t y Acids (BFA) r e f e r s to those f a t t y 
acids that can only be obtained by s a p o n i f i c a t i o n of 
the sediment and free f a t t y acids (FFA) r e f e r s to those 
that are recovered by solvent e x t r a c t i o n without sapo
n i f i c a t i o n (14). k L r e f e r s to the e f f e c t i v e rate con
stant f o r the l i b e r a t i o n of fre e f a t t y acids and k R r e 
fe r s to the e f f e c t i v e rate constant f o r the removal of 
free f a t t y a c i d s . The general equation f o r the concen
t r a t i o n of t o t a l free f a t t y acids as a fu n c t i o n of time 
w i l l be: 

FFA = £ k L / ( k R + k LQ BFA 0 ( e ^ L 1 - e"***) + F F A Q e " ^ 1 

where BFA Q and FFA Q are the abundances of bound and 
free f a t t y a c i d s , r e s p e c t i v e l y , at time zero ( i . e . , the 
marsh su r f a c e ) . 

A n a l y s i s of the r e s u l t s presented i n Figure 3 sug
gests that values f o r k L and kg are on the order of 
3.7 χ 1 0 - 4 y r s " 1 and 9.5 χ 10"* y r s " 1 , r e s p e c t i v e l y . 
Obviously the absolute values, and the i n t e r p r e t a t i o n , 
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of these rate constants require c a r e f u l s c r u t i n y i n 
l i g h t of the assumptions inherent to the model o u t l i n e d 
above, but these estimates provide a working model f o r 
future studies of diagenetic k i n e t i c s . S i m i l a r values 
f o r k R could be i n f e r r e d from the data on free f a t t y 
acids i n sediments of comparable age from Saanich Inlet, 
B r i t i s h Columbia (30). C l e a r l y i n d i v i d u a l f a t t y acids 
would each have t h e i r own e f f e c t i v e rate constants f o r 
the reactions presented above. 

There i s some evidence to suggest that the diage
n e t i c reactions o u t l i n e d above have not completely 
erased the record of some s p e c i f i c source. The three 
l e v e l s i n the core that showed high n-C29 alkane abun
dance (surface, 20-40cm, and 180-200cm) al s o show a 
f a t t y a c i d pattern tha
v a l s : n-C24 > n-C26
amounts of n-C16 and n-C20 f a t t y a c i d s . Since the 
dominant marsh plants do not e x h i b i t these high abun
dances of long chain f a t t y acids (26̂ ,27), the i n t e r p r e 
t a t i o n of t h i s unique f a t t y a c i d d i s t r i b u t i o n i s o b v i 
ously d i f f i c u l t , but i t s apparent c o r r e l a t i o n to the 
normal alkane d i s t r i b u t i o n s that are t e n t a t i v e l y r e l a 
ted to s p e c i f i c sources warrants f u r t h e r i n v e s t i g a t i o n . 

Of s p e c i a l i n t e r e s t i s the normal C-20 f a t t y a c i d , 
a r a c h i d i c a c i d , which ranges from s i x to t h i r t y - o n e 
percent of the t o t a l f r ee f a t t y a c i d mixture, and i s i n 
some cases the dominant f a t t y a c i d . I t s i d e n t i t y has 
been confirmed by mass spectrometry. Sediment f a t t y 
a c i d d i s t r i b u t i o n s are u s u a l l y c h a r a c t e r i z e d by high 
r e l a t i v e concentrations i n the n-C14 to n-C18 and n-C24 
to n-C28 ranges and low concentrations f o r f a t t y acids 
i n the intermediate range (30) . S i m i l a r amounts of 
a r a c h i d i c a c i d have been reported i n the F l o r i d a s a l t 
marsh study of M i l l e r (28), and h i s study convincingly 
demonstrated that a r a c h i d i c a c i d (as w e l l as the longer 
chain f a t t y acids) was uniquely associated with s a l t 
marsh sediments i n the area of study. S p e c i f i c source 
ma t e r i a l f o r these long chain acids remains uncertain, 
though reduction of long chain polyunsaturated f a t t y 
acids derived from planktonic and benthic marine orga
nisms could be the simplest explanation (29,31). 

The free f a t t y acids i n the lower core sandy s e d i 
ments are two orders of magnitude l e s s abundant than i n 
the o v e r l y i n g marsh sediments. This observation could 
be i n t e r p r e t e d as a r e f l e c t i o n of a greater age (hence 
more extensive removal of free f a t t y acids) f o r the 
sandy sediments, or as a r e f l e c t i o n of a lower amount of 
m a t e r i a l o r i g i n a l l y deposited with the sediments. The 
steep concentration gradient of f r e e f a t t y acids across 
the l i t h o l o g i e break implies that d i f f u s i o n a l mixing of 
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these p o l a r organic compounds might be a f f e c t i n g the 
composition of the lower sands, and i n f a c t the 260-280 
cm i n t e r v a l (not shown i n Figure 4) has a f a t t y a c i d 
d i s t r i b u t i o n almost i d e n t i c a l to that seen i n the 60-80 
cm i n t e r v a l . The d i s t r i b u t i o n of f a t t y acids at 320-
340 cm (Figure 4 i s q u i t e s i m i l a r to that seen i n mod
ern Delaware Bay sandy sediments (21), though the n-
C16 and n-C18 abundances are reversed from what i s seen 
i n the modern sediments. Modern Delaware Bay sediments 
contain about one order of magnitude more free f a t t y 
a c i d m a t e r i a l than i s found i n the lower core sands 
(21). Since i t has p r e v i o u s l y been concluded from the 
d i s t r i b u t i o n pattern of n-alkanes i n these lower core 
sands that the sands were deposited i n contact with 
estuarine waters, w
d i s t r i b u t i o n represent
f a t t y a c i d (30) from a fxee f a t t y a c i d mixture much 
l i k e that of modern Delaware Bay sediments. 

Mono- and poly-unsaturated f a t t y acids are abun
dant components of l i v i n g organisms (18,27,32,33) and 
these compounds could be the sources, v i a hydrogénation 
or metabolic a l t e r a t i o n , of many of the saturated long 
chain f a t t y acids i d e n t i f i e d i n the marsh sediments. 
The disappearance of unsaturated f a t t y acids with time 
i s perhaps the most unequivocal evidence f o r diagenetic 
a l t e r a t i o n : Table II shows that the two most r e a d i l y 
i d e n t i f i e d and most abundant unsaturated f a t t y a c i d s , 
C16:l and C18:1, both disappear w i t h i n the time repre
sented by the upper core marsh sediments, i . e . , about 
2000 y r s . A l o s s of unsaturated f a t t y acids with depth 
has also been reported f o r a l g a l mats (34) , estuarine 
sediments (30,35) , hypersaline lakes (36) and <ealt marsh 
sediments (18). Rhead and co-workers (37) have shown 
that labeled o l e i c a c i d (C18:1) i s r a p i d l y consumed (11 
days) when i n j e c t e d i n estuarine sediments, and that 
only 12% of the l a b e l could be accounted f o r among d i f 
ferent f a t t y a c i d and f a t t y a l c o h o l products. Normal 
f a t t y acids from C12 to C20 were among the products of 
a l t e r a t i o n of C18:1, with C16:0 being one of the most 
common of the saturated f a t t y a c i d products. 

In examining the rates of disappearance of unsatu
rated f a t t y a c i d s , i t i s u s e f u l to consider the r a t i o 
of the abundance of an unsaturated f a t t y a c i d to the 
abundance of i t s saturated counterpart. With a few 
exceptions, the C16:l/C16:0 and C18:1/C18:0 r a t i o s 
(Table II) show p a r a l l e l decreasing trends with depth 
i n the core. The simplest model f o r t h i s o v e r a l l d i a 
genetic r e a c t i o n would assume that unsaturated f a t t y 
acids are hydrogenated to t h e i r saturated analogs r and 
though some of the evidence c i t e d above (37) does not 
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support t h i s model, i t s v a l i d i t y i s suggested by the 
data presented here, e s p e c i a l l y f o r the r e a c t i o n C18:l 

• C18:0. The f i r s t - o r d e r model f o r t h i s r e a c t i o n 
would be: 

kir ^ - k H t 
C=C C-C and A/(A+B) = e 
(A) (B) 

where Η i s the f i r s t - o r d e r rate constant f o r hydrogén
a t i o n of the double bond of the p a r t i c u l a r f a t t y a c i d 
i n question, and A and Β are the general notation f o r 
the unsaturated and saturated f a t t y acids involved i n 
the r e a c t i o n . An exponential decrease i n the r a t i o A/ 
(A+B) with time would imply that the f i r s t - o r d e r model 
was a p p l i c a b l e . 

Figure 5 shows
to the r e s u l t s f o r th
rate constant f o r hydrogénation that would be i n f e r r e d 
from t h i s observation would be on the order of 1.4 χ 
10~3 y r s " l . This represents a minimum value since 
other evidence (37) implies that C18:0 i s not the only 
"daughter product"" of diagenesis of C18:1. Since C16:0 
i s one of the products of C18:l a l t e r a t i o n (37), the 
e r r a t i c behavior of the C16:1/C16:0 r a t i o as a func t i o n 
of time can perhaps be explained as being the r e s u l t of 
more complex diagenetic pathways f o r the C16:1-C16:0 
p a i r than f o r the C18:1-C18:0 p a i r . 

Using the value f o r kH derived above, and an e s t i 
mate of the t o t a l amount of "unsaturation" i n surface 
sediments, we estimate that the t o t a l steady-state 
amount of hydrogen consumption v i a the "sa t u r a t i o n " r e 
act i o n i s on the order of 2 χ 10""2 jimoles H2/cm 2/yr. 
Since t h i s i s about three orders of magnitude l e s s than 
measured methane ev o l u t i o n rates i n the Great Marsh (5) 
v i a the r e a c t i o n : 

C0 2 + 4H 2 • • CH 4 + 2H 20 (38) 
i t appears that hydrogen production i s not the r a t e -
determining step i n the reduction of unsaturated f a t t y 
a c i d s . Hence the assumption of f i r s t - o r d e r k i n e t i c s 
appears v a l i d . 

Summary 

S t r a t i g r a p h i e and chronologic c o n t r o l on a c o n t i n 
uous sequence of marsh sediments provides a framework 
f o r the evaluation of e a r l y diagenetic reactions of 
f a t t y acids and alkanes derived from native s a l t marsh 
organic matter. L i t t l e evidence i s seen f o r a l t e r a t i o n 
of alkane m a t e r i a l ; v a r i a t i o n s with depth are not mono-
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Figure 5. Decrease in unsaturated fatty acids vs. sediment age 
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t o n i c and appear to r e f l e c t v a r i a t i o n s i n source mate
r i a l . Therefore, normal alkane d i s t r i b u t i o n s provide a 
record of the types of organic matter that have been 
supplied to the d e p o s i t i o n a l environments of the Great 
Marsh as represented by one p a r t i c u l a r core. 

The f a t t y acids determined i n t h i s study represent 
the free f a t t y a c i d f r a c t i o n i n the sediments, and 
t h e i r d i s t r i b u t i o n i n sediments of d i f f e r e n t ages i s 
consistent with conceptual models f o r h y d r o l y t i c l i b 
eration, reduction, and recombination of free f a t t y ac
ids during e a r l y diagenesis. I t appears that some 
source m a t e r i a l or some diagenetic pathway that i s 
unique to s a l t marshes i s responsible f o r the produc
t i o n of large r e l a t i v e abundances of long-chain (C20, 
C24, C26, C28, C30
t i o n of abundant mono-unsaturate
p l e t e w i t h i n 2000 years i n the environment under study. 
The f i r s t - o r d e r k i n e t i c s observed f o r the disappearance 
of o l e i c a c i d imply that simple hydrogénation reactions, 
rather than complex metabolic ones, may be dominant i n 
the e a r l y diagenesis of t h i s p a r t i c u l a r f a t t y a c i d . 
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Chemical Factors Influencing Metal Alkylation in 
Water 

K. L. JEWETT and F. E. B R I N C K M A N 
National Bureau of Standards, Inorganic Chemistry Section, Washington, D.C. 20234 
J. M. BELLAMA 
Chemistry Department, University of Maryland, College Park, Md. 20742 

Because of their toxi  properties  th  rol  that heav  metal
play in the environment
study. It is observed that heavy metals i  thei  inorganic forms 
exhibit relatively low toxicity toward biota when compared to 
these metals with certain carbofunctional groups attached. For 
example, alkylmercurials are from 10-100 times more toxic than 
inorganic mercury compounds (1,2), and similar effects are noted 
for organotins (2 ) . 

Many heavy metals, however, are released into the aquatic 
environment in relatively nontoxic form. They subsequently acquire 
this enhanced toxicity as organometals through environmental inter
actions involving both biological and non-biological processes (3) . 
It is therefore fundamental to environmental concerns to investi
gate the chemical factors which bring about this transformation 
from inorganic to organometal compounds in aqueous media. 

Two important factors responsible for the conversion of heavy 
metals into organometals are ligand interactions and photochemical 
processes. In this paper an initial effort is made to evaluate the 
potential importance of these factors in bringing about metal 
transformations. 

Examples have now appeared in the literature which show the 
occurrence of metal transformations in aqueous solution (3), 
including a wide range of transmethylation reactions between heavy 
metal ions (4) . On the one hand, the known cellular metabolite 
methylcobalamin has been shown to transfer with ease its methyl 
group to mercuric ion in aqueous solution to form the highly 
neurotoxic methylmercury ion (5). In another study (6) , Jerne lôv 
et al.j have implicated anthropogenic alkyHead discharges in 
formation of high methylmercury concentrations in St. Clair River 
sediments. Hence we have an example of methylation also occurring 
environmentally in apparently a straightforward metathetical 
reaction. 

Work has also been advanced in the area of photochemistry. 
For example, a me thy1chromiurn bond has been formed in the photoly
sis of tertiary-hutoxy radicals and chromium(II) in aqueous 

3 0 4 
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solution (7). I t was found that i n the presence of acetate ion or 
acetic acid i n aqueous solution, Hg 2 + was photolyzed i n sunlight 
to form a methylmercury bond (8). We have examined t h i s l a t t e r 
reaction and similar ones. These l a s t reactions are consistent 
with early findings (9) that (RCC>2)2H9 compounds decompose i n pro-
t i c organic solvents under u l t r a v i o l e t i r r a d i a t i o n to y i e l d a l k y l -
mercurials, RHg(OCOR). 

Experimental 

Metal Coordination VS. Rate of Reaction. Two of the organotin 
compounds, Me3SnNC>3 and Me3SnC10i+ (Me = CH3) were prepared (10) by 
Reacting Me3SnBr with an equivalent amount of the appropriate 
s i l v e r s a l t i n methanol. The solutions were then f i l t e r e d and the 
solvent was removed fro
techniques. Both desire
in vacuo and found to be suitable for use by spectrometric tech
niques. Other compounds used were found not to require further 
p u r i f i c a t i o n . A l l solutions were prepared using d i s t i l l e d water; 
the presence of dissolved a i r had no detectable eff e c t on reaction 
rates observed. 

In order to investigate the a b i o t i c methylation of Hg 2 + i n 
water, the eff e c t of ligands on reaction rate was studied. I t had 
been previously determined (4) that Me3Sn+ undergoes f a c i l e loss 
of one methyl group to quantitatively form MeHg+ from aquo-Hg 2 + as 
shown by the following equation: 

Me 3Sn + + Hg 2 + H2° > Me 2Sn 2 + + MeHg+ (1) 

Reactions were monitored by proton magnetic resonance (pmr) 
employing procedures described elsewhere (.4 #11) · Figure 1 shows a 
char a c t e r i s t i c pmr spectrum. Areas under these curves were 
measured by planimetry and normalized to adjust for i n t e n s i t i e s due 
to the varying amounts of protons. At any time, extent of reaction 
(X) i s therefore equal to 3/2·(Area Me 2Sn 2 +)/(Area Me3Sn +)· 
i m 3 S n + ] . U i a V or 3· (Area MeHg +)/(Area Me 3Sn +) · [Me3Sn+].. 
These data were then subjected to regression analysis and the 
results are summarized i n Table I. 

Methylation of mercury was found to obey the second order 
rate law, 

- À TO 

where A and Β represent the i n i t i a l concentrations of reactants 
and χ i s the extent of reaction at any given time ( t ) . Figure 2 
shows a plot of data t y p i c a l l y obtained. Within experimental 
error, e.g., ± oa. one standard deviation, both the formation of 
methylmercury and dimethyltin ions have the same slope as predic
ted i n equation 1. The lines shown through these data points i n 
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Figure I. Characteristic nuclear magnetic spectrum of all protonated metal species indi
cated by Equation 1 

I 1 1 1 ι ι 
0 5 10 15 20 25 

SECONDS Χ 10 3 

Figure 2. When production of either MeHg* or Me2Sn2* is incorporated in the 
2nd order rate expression shown on the ordinate, slopes (k2) for either species are 
in reasonable agreement. For all Cl~ dependent reactions discussed here, 

d [ M ] /dt = d[Me2Sn2^ /dt. 
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Table I 

Relationship Between Total Chloride and Mercuric 
Concentrations of Transmethylation 

Ion 

Total CI 
Total Hg 

<kn ^ ^iStd.Dev^xlO 3 

I mol" 1sec" 1 

Data 
Points 

(#) 

Correlation 
Coefficient 

(R) 

Extent of 
Reaction 

(%) 

1.25 3.56 ± .35 16 0.938 82.2 

2.00 7.77 ± 

2.92 9.04 ± .36 18 0.987 84.9 

4.00 11.29 ± .77 18 0.965 90.3 

5.00 9.56 ± .67 18 0.963 88.5 

6.07 7.80 ± .58 17 0.962 88.5 

10.07 7.77 ± .38 17 0.983 83.1 

22.17 4.40 ± .25 18 0.975 72.1 

Figure 2 represent the best s t a t i s t i c a l f i t for each data set. 
By varying the r a t i o of t o t a l chloride ion concentration to 

t o t a l mercury(II) ion concentration (Cl/Hg), the effec t of chloride 
ion strength on the rate of reaction could be determined. Approx
imately 0.05 M solutions of each reactant i n d i s t i l l e d water were 
prepared. Compounds were selected to y i e l d appropriate total 
chloride concentrations. For example, i n this scheme, for 

Me3SnX + HgY2 + Me 2Sn 2 + + MeHg+ + X" + 2Y 2" (3) 

Cl/Hg = 0, χ = γ = C l O O for Cl/Hg = 1, Χ = C l " and Y = ClO^"; 
and for Cl/Hg = 2, Χ = ClOiT and Y = C l " . In a l l other cases Χ = Y 
= C l " . 

Because of i t s propensity to remain uncoordinated with metal 
ions (12), perchlorate was chosen as the gegenion for situations 
where Cl/Hg = 0, 1 or 2. Sodium chloride was used to f o r t i f y 
solutions when Cl/Hg > 3. For each of these reactions, approxi
mately 0.05 M solutions of HgCl 2 were prepared by dissolving that 
compound into saline solution of appropriate concentration. The 
other reactant (CH3)3SnCl was prepared i n d i s t i l l e d water. There 
was no evidence that use of Na + as a counter ion affected k i n e t i c 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



308 M A R I N E CHEMISTRY 

results. 
A combination electrode was used to make pH measurements of 

reactant solutions. For the s p e c i f i c case Cl/Hg = 3, the pH of a 
thermostated reaction mixture was measured as a function of time, 
and found to follow the simple relationship, kt = [ H + ] 2 . 

Photolysis of Heavy Metals Compounds. Approximately 0.05 M 
d i s t i l l e d water solutions of mercuric acetate and methylmercurie 
acetate were prepared i n the dark. Some of each solution was 
placed into thin-wall fused s i l i c a nmr tubes, which were main
tained i n d i r e c t contact with a "pencil-probe" u l t r a v i o l e t l i g h t 
(253.7 nm) source. While control tubes were maintained i n the 
dark, the reaction tubes were irradiated i n ten-minute increments 
up to a t o t a l of 100 minutes. After each exposure to radiation, 
both control and reactio
Extent of reaction for
concentration measured i n the control tubes, u t i l i z i n g methylmetal 
peak areas as before, as well as the methyl peak area i n acetate 
ion. A solution of 0.05 M mercuric acetate i n deuterium oxide 
(D2O) was also irradiated and v o l a t i l e decomposition products were 
examined. 

D i s t i l l e d water solutions (0.05 M) of sodium acetate and of 
thallium(I) acetate were also i r r a d i a t e d as a function of time. 
Experimental conditions were the same as those used i n photolysis 
of mercury compounds. 

Gas evolution and metal p r e c i p i t a t i o n were cha r a c t e r i s t i c for 
the irradiated acetate solutions containing Hg(II) or Tl(I) but 
not sodium acetate alone. V o l a t i l e decomposition products were 
analyzed by gas chromatography and mass spectrometry. For elemen
t a l mercury and trace organomercury analyses, a combination gas 
chromatograph-mercury s p e c i f i c atomic absorption apparatus was 
used (13). 

Results and Discussion 

The abi o t i c transmethylation of H g 2 + i n water was examined by 
measuring the effect on the rate constant of varying the r a t i o of 
t o t a l chloride to t o t a l mercury (Cl/Hg) i n equation 3. The results 
are shown in Figure 3. In the al1-perchlorate system, i.e.3 C l / 
Hg = 0, no reaction was found to occur. With increasing Cl/Hg 
r a t i o s the rate of reaction reaches a maximum at Cl/Hg = 4 and 
decreases thereafter. When nitrate ion was substituted for per-
chlorate i n the s p e c i f i c case of Cl/Hg = 2, rate constants for 
this and the perchlorate reaction were not s i g n i f i c a n t l y d i f f e r e n t . 

In Figure 3 i t i s apparent that a s i g n i f i c a n t change i n the 
rate of reaction occurs when the t o t a l chloride ion concentration 
introduced into equation 2 i s altered with respect to the concen
tra t i o n of mercury present i n t h i s system. Since chloride i s a 
very strong coordinating ligand and mercury i s known to form a 
number of complex species i n aqueous solution (14), we sought to 
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Figure 3. Results of chloride ion dependence study on reaction rate. Regression 
analyses of these data yielded relative standard errors in the k2 values (slopes) 

from 3^6%. 
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identify which chlorohydroxymercury complexes were present under 
the varying [Cl~]/[Hg 2 +] ratios used in the above rate studies, 
and to ascertain which species are actually necessary for the 
transmethylation reaction. It is postulated that the most reac
tive intermediate mercury complex wi l l show a variation in rela
tive abundance which will parallel the changes in the reaction 
rate shown in Figure 3. 

It i s also useful to note here that previous work illustrated 
in Figure 4 predicts that a large pH range has l i t t l e effect on 
the nature of [HgCl n] 2" n species, whereas small changes in 
chloride ion concentration produce significant changes in the 
relative abundances of chloromercury complexes. Thus, the shaded 
ellipse represents pH and pel values found by us i n the estuarine 
environment (3), whereas the conditions approximately covered in 
our present laboratory investigatio
ellipse. 

During the course of each reaction in the current study, the 
pH of each solution characteristically changed by approximately 
one pH unit. Attempts were therefore made to quantitatively 
relate the change in [H+] with the second order rate equation. 
These tests include S- [H+] vs. time, and S/[H+] vs. time, and 
5- [H+] V 2 Vs. time where S represents the second order rate expres
sion shown in equation 2. Least squares regression analysis for 
a l l of the above cases incorporated data for any one run in three 
ways: total data points vs. time, f i r s t half of the data points 
vs. time and second half of data points vs. time. Since our rate 
data typically included 13-18 nmr spectra taken over an eight hour 
period, the latter two analyses were deemed necessary in the event 
that there was a significant change in kinetics during such + 

extended periods. In any of the calculations incorporating [H ], 
[H+] V 2 , or 1/[H+], we found significantly poorer f i t s than for 
those runs not involving these hydrogen ion concentration terms. 
We therefore conclude that within the precision of our methods 
(of. Table I), the transfer of methyl from tin(IV) to mercury(II) 
is not directly pH dependent in saline media. 

A computer program, modified from one originally developed by 
Swedish workers (15) to calculate the most abundant mercury species 
at given pH and pCl values, indicated that several of fourteen 
possible [Hg(0H) mCl n] 2" m~ n complexes exist under conditions of 
environmental interest. The three complexes shown in Figure 5 
predominate under such conditions, and account for over 99% of a l l 
mercury(II) present in the total system. While HgCl2 decreases 
with increasing chloride ion concentration, HgCli^ shows the 
reverse trend. The only chloromercury species to reach a maximum 
concentration over this environmental salinity range i s HgCl3~. 

It was previously determined that the rate of appearance of 
either of the products formed in equation 1 i s equal to the f o l 
lowing expression: 
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Figure 4. Stability fields for Hg(OH)mCln species determined from 
equilibria for mercury complexes as a function of pH and pCl 
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d ^ M ^ g ^ = k 2 ( o b s d ) [Total Mercury] [Organotin] (4) 

I t i s assumed that organotin species are invariant with changing 
Cl/Hg r a t i o s i n these aqueous solutions, and t h i s view i s consis
tent with the low s t a b i l i t y constants reported for [(CH3)3SnCl n] 1~ n 

complexes i n aqueous solution (16). I f the rate of product forma
tion i s dependent only (or c h i e f l y dependent) on the presence of a 
s p e c i f i c chloromercury species, [ H g C l n ] 2 ~ n , a new rate constant 
k 2' , can be defined: 

d t M f f + 1 = k 2'[(Hgcl n) 2" n][Organotin] (5) 

We further expect k2* t
t i v e mercury species i s present at lower concentrations under these 
conditions. 

Moreover, the energy of activation for the reaction shown i n 
equation 1 has been previously determined (4,11)- A r e l a t i v e l y 
low value of 14.2 kcal/mole i s consistent with a reaction involv
ing Me3Sn+ and HgCl3~, i n that large coulombic repulsions are not 
expected i n formation of the activated complex (17). 

Although i o n i c interferences have hampered attempts to 
d i r e c t l y determine p e l values i n laboratory experiments, refined 
pCl approximations have led to several conclusions. When using 
the modified computer program along with the estimated pCl values 
for the laboratory reaction conditions, i t was again found that 
only HgCl3~ reaches a maximum concentration i n the Cl/Hg range 
for which k 2 ( , reaches a maximum. Inasmuch as the reaction 
shown i n equations 1 and 3 i s f i r s t order i n mercury, and the rate 
constant reaches a maximum when the Cl/Hg r a t i o i s varied, we 
would expect a chloromercury complex to show such similar behavior. 
Since there i s only one mercury species exhibiting the expected 
behavior under laboratory conditions, we conclude that HgCl3~ i s 
the only or most important rate-determining mercury complex. 

One case f o r usefully extending the present findings becomes 
apparent. In our survey (4) , we have previously examined the 
following reaction: 

H 20 
CdCl 2 + (CH3) 3SnCl No Reaction (6) 

Chlorohydroxycadmium ions analogous to the present Hg cases are 
mainly dissociated under these conditions (18). Consequently, 
reaction may be mainly hindered by the anticipated large energy of 
activation required for the two p o s i t i v e l y charged aquated species, 
e.g.y C d 2 + and Me3Sn+, to undergo transmethylation. In addition, 
preliminary r e s u l t s suggest that some halide ion (Cl~ or Br") must 
also be present along with oxo-anions (NO3"" or ClOi^") to insure 
that methyl transfer occurs. That i s , the presence of other 
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possible negatively charged HgL3" (i.e.* L = N03~, Ac", etc.) 
complexes may not be s u f f i c i e n t for transmethylation. We are 
currently reexamining this prospect for reaction at a suitable pH 
where coordination of cadmium i s shifted by excess C l ~ to an 
abundance of [CdCl3]~. Good aqueous methylating agents such as 
trimethyltin ion or trimethylead ion (£#11) may then become 
effe c t i v e i n methyl transfer to cadmium, although the fate of any 
intermediate methylcadmium species i n saline waters i s presently 
unknown. 

Through these studies one c l e a r l y sees that the potential 
effects of coordination and ionic e q u i l i b r i a on organometal trans
formations may indeed be very s i g n i f i c a n t . Photolysis, however, 
may have a similar or an even more widespread impact on environ
mental transformations of metals. We have therefore i n i t i a t e d 
studies seeking to asses
on metal transformations

When an aqueous solution of mercuric acetate i s irradiated, 
the results as a function of time are shown i n Figure 6. Note 
that acetate ion (Ac") decreases i n an almost exponential manner. 
Methylmercury ion i s rapidly formed and increases to a maximum 
concentration, but t h i s species f i n a l l y diminishes i n concentra
t i o n upon further i r r a d i a t i o n . Dimethylmercury only forms after 
methylmercury has reached i t s maximum concentration. I t appears 
that dimethylmercury reaches some point where i t s rate of forma
tio n approximates the rate of decomposition, but f i n a l l y t h i s 
species also decreases i n concentration. 

During the course of reaction, gas evolution and metal precip
i t a t i o n are observed. These products have also been characterized. 
By using gas chromatography and mass spectrometry, ethane and 
carbon dioxide were i d e n t i f i e d . Mercury metal was determined using 
a gas chromatograph i n tandem with mercury-specific atomic absorp
tion spectrophotometer (GC-AA) which i s described elsewhere (13). 

When mercuric acetate (0.05 M) i n D2O was irradiated and 
v o l a t i l e products subsequently examined by mass spectrometry, no 
incorporation of deuterium was observed. Only ethane and carbon 
dioxide were again detected. Decomposition of reactive methyl-
species must therefore involve some concerted bimolecular process 
i n which solvent (H 20 or D20) protolysis i s not actively involved. 

At the point where methylmercury reaches maximum concentra
tion both methylmercury and acetate ions are observed to be of 
comparable concentrations. Consequently, similar behavior for the 
i r r a d i a t i o n of methylmercurie acetate i s anticipated. A similar 
pattern i s seen for product formation after methylmercuric ion 
reaches i t s maximum concentration (Figure 6) when compared with 
the results found on i r r a d i a t i n g methylmercuric acetate as shown 
i n Figure 7. The slopes of each of the species represented i n 
Figure 7 show much the same behavior as their analogues i n Figure 
6. The f i n a l products for this reaction are i d e n t i c a l to those 
observed for the photolysis of mercuric acetate. 

Photolysis of systems involving mercury(II) i n the presence 
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îoo-l 

Ι.β 1.4 1.2 I. Ο .· β .4 .2 
pCl 

Figure 5. At the chloride ion concentrations (pCl) shown, the above 
mercury species are expected to occur 

SBC. * 10 2 

Figure 6. Relative concentrations for the various proton-
ated reactants and products were determined during pho
tolysis relative to a control sample which was maintained in 

the dark 
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Figure 7. The photolysis of methylmercuric acetate is seen to follow a 
reaction sequence similar to that observed for mercuric acetate after half-

reaction 
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of a number of other known b a c t e r i a l metabolic products i n 
aqueous solution has also been attempted. Thus, stoichiometric 
amounts of acetone, ethanol or propionic acid, when irradiated i n 
the presence of aqueous mercuric chloride, have also been found to 
produce the same organomercury species, a l b e i t at diff e r e n t rates. 

Photolysis of mercury compounds has also been found to occur 
i n very d i l u t e solutions even under normal laboratory fluorescent 
l i g h t i n g . A solution of 20 ppm (yg/g) mercury (as HgCl2) and 40 
ppm acetate (as NaAc), placed i n a quartz cuvette, was found to 
produce trace amounts of methylmercury ion, dimethylmercury, and 
mercury metal. The amounts of these same species were found to be 
i n s i g n i f i c a n t i n the control solution which was maintained i n the 
dark. Again, the presence of each of the products was v e r i f i e d by 
GC-AA analysis. This study implies that some mercury compounds 
normally used i n the laborator
by just s i t t i n g on the shelf

A survey of the photolysis of acetate ion i n the presence of 
other metal ions has also been i n i t i a t e d . Among other metals, 
thallium was selected for i n i t i a l study because of the recent 
demonstration of i t s b a c t e r i a l u t i l i z a t i o n and transport (19). 
Thallium(I) shows evidence of involvement i n a photolytic process 
similar to that seen for Hg(II). Thus, when thallium(I) acetate 
i s i r r a diated a decrease i n acetate concentration occurs? however, 
i f a solution of sodium acetate i s s i m i l a r l y i r r a d i a t e d , no dimin
ution of acetate concentration i s observed over the same period of 
time. Also, as with the case for Hg, continued i r r a d i a t i o n of 
Tl(I) acetate f i n a l l y produces free metal, along with gaseous 
products. 

Two important factors emerge from these results: (1) pres
ence of a metal cation capable of appropriate (possibly bidentate) 
coordination of the acetate moiety may be necessary for ef f e c t i v e 
photoalkylation to occur; and (2) possible formation of a transient 
methylthallium(I) species, similar to those reaction intermediates 
reported for Pd(II) and Pt(II) (4), forms but rapidly decomposes 
to observed products. That i s , as soon as the organothal1ium 
species i s produced i t undergoes further reaction, presumably d i s -
proportionation to Tl(III) and the metal (20). This prospect i s 
currently under investigation, and e f f o r t s are being made to 
id e n t i f y elusive intermediate species, and any possible stable 
methylthallium(III) by-products. 

These studies c l e a r l y indicate that s a l i n i t y and photolysis 
may have important roles i n bringing about organometal transforma
tions i n the environment, and should be considered i n further 
studies of the ro l e of metals i n the environment. S a l i n i t y has 
been demonstrated to regulate the rate of one kind of transmethyl
ation reaction to an important extent, and may be a key factor i n 
other cases. In addition, photolysis has been demonstrated to be a 
process desirable for further study. Even i n the ppm range methy1-
ation of mercury has been demonstrated as a f a c i l e process occur
ring under t y p i c a l laboratory l i g h t i n g conditions. This l a s t point 
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w i l l bear future considerations on common ana l y t i c a l methods 
employed for both environmental or laboratory samples. 

The aforementioned results represent model studies into the 
effects that ligand interactions and photolysis may play i n the 
environment. I t i s through our understandings attained i n these 
studies that we may more capably investigate appropriate reac
tions occuring under environmental conditions. 
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Chemical and Bacterial Cycling of Heavy Metals in 
the Estuarine System 

F. E. B R I N C K M A N and W. P. I V E R S O N 

Institute for Materials Research, National Bureau of Standards, Washington, D.C. 20234 

A central problem faced by environmentalists is determining 
pathways by which heavy metals are transported through the aquatic 
media, and the rates by which these events occur. This rests on 
establishing those important reservoirs or "sinks" wherein such 
heavy metals accumulate, and the key metal-containing species 
affording transport between compartments (i.e., sediments, water, 
and primary trophic levels). In practical terms, once having 
determined the presence of a metal of interest in the f ield (one 
is dealing here principally with potentially toxic pollutant 
metals), the researcher is confronted with evaluating its 
local distribution or concentration gradient. Also one must 
contend with the larger problem of characterizing the abiotic and 
biotic transformations of the key species, and the matrix effect 
upon rates of these transformations in each compartment. 

Over the past several years our collaborative f ield studies 
in the Chesapeake Bay (1) have provided a consistent picture of 
substantial partitioning for heavy metals between major compart
ments. The case is presently most developed for a well-known 
anthropogenic element, mercury. It is found (Figure 1) that 
substantial accumulations of mercury, determined as total metal, 
appear in sediments and associated plankton, although local waters 
support very much lower concentrations of the metal. In general, 
we have found (2) that mercury concentrations in plankton reflect 
the extent of mercury loading in surface sediments for that 
locale, with so-called bioaccumulations of total metal in plankton 
relative to seawater in the range of >7,000 for heavily impacted 
sites to <1,000 for pristine locales. Metal loadings in suspended 
inorganic matter have not been considered in the present study. 

It is apparent that in order to effectively engage in studies 
on transport or cycling of heavy metals in the estuary, we must 
deal with both geographical, or macroscopic, concentrations of 
metals as well as the localized, or microscopic systems. Chiefly, 
our approach has been to investigate the metal transformations and 
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m o b i l i z a t i o n of metals by b i o l o g i c a l agents, p r i m a r i l y e s t u a r i n e 
b a c t e r i a , and to couple these f i n d i n g s with our concurrent e f f o r t s 
i n c h a r a c t e r i z i n g the underly ing chemistry of the r e l e v a n t 

aquated metal s p e c i e s . 

AIR 

10 

Ο 
Ι — 

WATER 0.37 ±- 0.01 ppb 

χ οι ppms 

Figure 1. The idealized water column for a Baltimore Harbor sampling 
site typically demonstrates substantial partitioning for total mercury con
centrations (pg/g, dry weight) in the surface sediment, ambient water, and 
plankton compartments. The vertical scale illustrates depths in meters. 

In some i n s t a n c e s , as has been described elsewhere (3) , there 
i s p o t e n t i a l f o r a combination of both b i o l o g i c a l and n o n - b i o l o g i 
c a l pathways which might serve as means f o r metal t r a n s p o r t , par
t i c u l a r l y across sediment-water-organism i n t e r f a c e s . Some of the 
r e s u l t s to be discussed i n t h i s paper w i l l touch on these p r o s 
pects and means f o r t h e i r e l u c i d a t i o n . 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



B R i N C K M A N AND IVERSON Cycling of Heavy Metals 321 

Figure 2. Distribution of total mercury concentrations (μ-g/g, dry weight) in 
surface (OS cm) sediments of the northern reach of the Chesapeake Bay col
lected over an annual period. In general, those locales subject to heavy com
mercial traffic and industry show a 10 to 50-fold increase in the mercury 
loading as compared with "background' levels (0.01-0.02 ppm) observed at 

pristine sites. 
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D i s t r i b u t i o n and S p e c i a t i o n of Heavy Metals i n the EstuarineSystem 

Not unexpectedly, our survey of t o t a l mercury d i s t r i b u t i o n i n 
surface sediments i n the Chesapeake Bay reveals a pattern l a r g e l y 
r e f l e c t i v e of recent use of i t s waters and corresponding anthropo
genic metal inputs (Figure 2 ) . Comparable surveys of the e n t i r e 
range of the Bay f o r surface sediment d i s t r i b u t i o n s of other heavy 
metal s are not a v a i l a b l e , although several important s t u d i e s i n 
l o c a l areas have appeared ( 4 , 5). On the b a s i s of our survey we 
have concentrated our s t u d i e s i n several s i t e s , c h a r a c t e r i s t i c o f 
three p r i n c i p a l s e t t i n g s i n mid-estuary: a h i g h l y u r b a n - i n d u s t r i 
a l , p o l l u t e d harbor stream (Colgate C r e e k ) ; a deep channel ship 
lane ( o f f Matapeak P o i n t ) ; and a p r i s t i n e , shallow sub-estuary 
e x p l o i t e d f o r s h e l l f i s h i n g i n Eastern Bay (Parson I s l a n d ) . In 
each of these s i t e s we hav
mation w i t h respect to v e r t i c a
as w e l l . The present d i s c u s s i o n w i l l mainly focus on some c u r r e n t 
r e s u l t s a v a i l a b l e f o r the Colgate Creek s i t e inasmuch as our 
information on metals and other contaminents present i n the 
sediment column i s best developed f o r t h a t s i t e . 

Figure 3B i l l u s t r a t e s a t y p i c a l c o n c e n t r a t i o n g r a d i e n t f o r 
t o t a l mercury i n sediment columns obtained a t Colgate Creek. In 
g e n e r a l , we f i n d t h a t t o t a l mercury concentrat ions increase with 
depth f o r h e a v i l y contaminated areas w h i l e the reverse i s t rue f o r 
n o n - p o l l u t e d l o c a l e s , such as Parson or Kent I s l a n d s . The immedi
ate question occurs as to whether or not such a mercury c o n c e n t r a 
t i o n g r a d i e n t r e f l e c t s d i f f e r e n c e s i n the form o f sedimentary 
mercury, and whether or not there are present other m a t e r i a l s which 
cause p r e f e r e n t i a l accumulation of the metal (or are r e s p o n s i b l e 
f o r i t s a c t i v e t r a n s p o r t ) w i t h i n the sediment column. 

Reimers et al. (6) have observed t h a t mercury s t r o n g l y 
adsorbs on almost a l l suspended m a t e r i a l , p a r t i c u l a r l y c l a y s and 
organic complexes ( e . g . , h u m â t e s ) . A l s o , i t i s g e n e r a l l y held 
t h a t i n sediments supporting high concentrat ions of s u l f i d e i o n , 
c e r t a i n l y i n those anaerobic benthos subjected to organic o u t 
f a l l s , any mercury d e p o s i t i o n s w i l l be immobilized as the h i g h l y 
i n s o l u b l e s u l f i d e , HgS (7_). In f a c t , presumed i n s o l u b i l i t y of 
metal s u l f i d e s i n such n a t u r a l systems i s not as simple as t h a t 
described by l a b o r a t o r y s o l u b i l i t y product d a t a , s i n c e i t 
has been w e l l demonstrated t h a t a number of " i n s o l u b l e " s u l f i d e s 
( including those o f copper, n i c k e l and iron) are r e s o l u b i l i z e d by 
a e r o b i c b a c t e r i a l a c t i v i t y ( 8 , £ ) . Even the case f o r mercuric 
s u l f i d e i s shown to be i n doubt s i n c e F a g e r s t r ë m and J e r n e l ô v 
(10) have demonstrated t h a t the r e s o l u b i l i z a t i o n of HgS may occur 
as a r e s u l t of a e r o b i c m i c r o b i o l o g i c a l processes. 

In Figure 3A we show the c o n c e n t r a t i o n g r a d i e n t f o r f r e e 
elemental s u l f u r i n the Colgate Creek sediment core described 
above. A g a i n , as with mercury, s u l f u r c o n c e n t r a t i o n increases 
with sediment depth, but the two contaminents bear no s t a t i s t i c a l 
r e l a t i o n s h i p (R<0.37). Since large amounts of f r e e s u l f u r are 
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C O L G A T E C R E E K 

0.5 

100 

CORE DEPTH, cr 

Figure 3. Concentrations (dry weight) of elemental sulfur and total mercury as func
tions of depth in a core sample taken at Colgate Creek, Baltimore Harbor. Regression 
analyses of either the element concentration vs. depth or the relative concentration of 
both elements at given depth indicates no significant correlations (R). Generally, as in
dicated here, the concentration of total mercury increases with depth (to at least a meter) 

at more highly polluted Bay stations. 
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present in this locale, this can be diagnostic of a substantial 
bacterial sulfur cycle (11) suggested in Figure 4. 

tfeS <r 
(SEDIMENT) 

ST % > HoS 
(AIR/SEDIMENT) *· (AIR) 

(WATER) (SEDIMENT) 

Figure 4. Simple representation of estuanne sulfur cycle showing removal 
of sulfide as volatile hydrogen sulfide or insoluble mercuric sulfide 

The biogenic character of the free sulfur found by determina
tion of the sulfur isotope ratios is suggested for this site and 
a number of others. The 3 2 S/ 3 I + S ratios for a number of sites are 
summarized in Table 1. Here, the extent of change, 6 , in isotope 
ratios for the environmental samples is compared with a reference 
meteoritic sulfur standard by the relationship (12) 

,3k = 
( 3 * S / 3 * S ) S T D » ( 3 2 S / 3 ^ S ) S A M p L E 

(*Ws) STD 
X 1 , 0 0 0 

Thus, where 3HS increases, ( 3 2 s/3^ ) s a m p - | e decreases, and 63k is 

It is evident that there is considerable fractionation of 
the sulfur isotopes which would indicate biogenic activity (12). 
It should be noted that while very low sulfur concentrations are 
found in pristine Eastern Bay (Parson Island), the depletion of 
3 2 S has almost reached its theoretical maximum (13). A large 
number of reports Q 2 , T3, 1_4, 15) substantiate the idea that 
biogeochemical cycling results in the depletion of the heavier 
3<4S isotope relative to the lighter one in free sulfur deposits. 
The assumption is generally made that the sulfur is formed under 
anaerobic conditions from the oxidation of biologically produced 
H2S (Figure 4, pathway A) which originated from aqueous sulfate. 
The mechanism of such an oxidation reaction in step Β is not clear 
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( 1 6 ) . The p o s i t i v e 6 -values i n the t a b l e , however, i n d i c a t e low 
37s/3*+5 r a t i o s , or an enrichment of the SkS i s o t o p e . This might 
be expected to happen i f 3 2 S - e n r i c h e d H 2 S were p r e f e r e n t i a l l y 
removed w i t h respect to S0k

=

 9 l e a v i n g r e s i d u a l l y 3 i f $ - e n r i c h e d 
s u l f a t e trapped i n the sediment. Since there i s an a c t i v e f l o w of 
water due to t i d a l a c t i o n a t these s i t e s , a removal mechanism does 
e x i s t . Moreover, i t has been e x p e r i m e n t a l l y observed t h a t such 
enrichment of b a c t e r i a l l y produced H 2S i n the heavy isotope can 
occur with an increase i n time ( 1 3 ) . 

Thus we conclude t h a t w h i l e s u b s t a n t i a l biochemical s u l f u r 
c y c l i n g occurs i n such mercury-laden sediments, no simple r e l a 
t i o n s h i p e x i s t s f o r the data depicted i n Figure 3 which might 
suggest extensive sequestering of the t o t a l metal by such l a r g e 
excesses of t r a n s i e n t s u l f i d e ion i n continuous p r o d u c t i o n . Con
sequently , we have examined the question of whether or not mercury 
found i n these sediment
e n t i r e l y bound to sediment (presumably as s u l f i d e ) o r present i n 
another more l a b i l e form which i s not immobilized by excess 
s u l f i d e . The organic e x t r a c t s used f o r determination of f r e e 
s u l f u r and corresponding s u l f u r isotope r a t i o s have t h e r e f o r e a l s o 
been analyzed f o r " e x t r a c t a b l e mercury". These r e s u l t s are 
compared with t o t a l sedimentary mercury f o r several s t a t i o n s i n 
Table 1 , and i n Table 2 compared f o r a higher v e r t i c a l r e s o l u t i o n 
study of the Colgate Creek c o r e s . 

From the viewpoint of l a t e r a l d i s t r i b u t i o n s , the s i t e - t o - s i t e 
comparison i n Table 1 i n d i c a t e s a s u b s t a n t i a l decrease i n 
a v a i l a b l e "extractable mercury" with increased t o t a l s u l f u r l o a d 
i n g . That i s , w i t h an increase o f about 100X i n f r e e s u l f u r we observe 
a corresponding decrease of 50X i n e x t r a c t a b l e mercury. In a l l 
c a s e s , the t o t a l s u l f u r to t o t a l mercury r a t i o remains a t about 
1 0 ^ . Nonetheless, c l o s e r examination of the v e r t i c a l r e l a t i o n s h i p 
between s u l f u r and forms of mercury w i t h i n a more h i g h l y p o l l u t e d 
sediment column i n d i c a t e s a more complex s i t u a t i o n . In Table 2 , 
i t i s seen t h a t s u b s t a n t i a l e x t r a c t a b l e mercury i s a v a i l a b l e even 
i n the presence of high s u l f u r concentrat ions i n the surface 
sediment; however, no s i g n i f i c a n t c o r r e l a t i o n (R < 0 . 4 9 ) r e s u l t s 
f o r the e n t i r e column with respect to s u l f u r versus e x t r a c t a b l e 
mercury, j u s t as was the case f o r t o t a l mercury. 

C l e a r l y , " l a b i l e mercury" can e x i s t i n some l o c a l e s or a t 
c e r t a i n depths w i t h i n the sediment matr ix which i s not i n s o l u -
b i l i z e d by l a r g e and continuous excesses of s u l f i d e i o n . The 
molecular form o f l a b i l e mercury found i n organic solvent e x t r a c t s 
(here, acetone or a chlorof1uoroethane) i s not y e t known. We know 
t h a t several e s t u a r i n e f a c u l t a t i v e or anaerobic microorganisms 
i s o l a t e d from t h i s or other Chesapeake Bay s i t e s are capable of 
formi ng methylmercurial s from i n o r g a n i c Hg(II) ( 1 7 ) . In a d d i t i o n , 
evidence f o r p r e v a l e n t , but low amounts ( c a . 0 .03%) o f methyl -
mercury r e l a t i v e to t o t a l sedimentary mercury i n aquatic sediments 
i s a v a i l a b l e ( 1 8 ) . A l s o s i g n i f i c a n t i s the r e p o r t t h a t many-fold 
( 1 0 - 3 0 X ) enrichment of i n t e r s t i t i a l mercury over t h a t found i n 
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a s s o c i a t e d s u r f a c e w a t e r s , f a r i n excess o f t h a t p r e d i c t e d f o r 
HgS s o l u b i l i t y , may be due to formation o f organic and p o l y s u l f i d e 
complexes o f the metal ( J £ ) . Presence o f only small amounts of 
v o l a t i l e methylmercurial s i n the sediments under study i s r e f l e c t 
ed i n our e v a l u a t i o n o f t o t a l v o l a t i l e m e r c u r i a l s recovered from 
wet sediments by pumping under hard vacuum. In those experiments 
(see Appendix), i t i s shown t h a t e i t h e r slow oven-drying o r pump
i n g o f f water and other v o l a t i l e s to constant sample weight does 
not a l t e r t o t a l mercury assays s i g n i f i c a n t l y , nor does the 
v o l a t i l i z e d water c o n t a i n more mercury than t h a t suggested by 
reported methylmercury l e v e l s . 

TABLE 2 

Comparison of Total Mercur
Vertical Distribution o
gate Creek Site. 

CORE 
DEPTH, cma 

TOTAL Hg 
ug/gb 

EXTRACTABLE Hg 
Ug/gG % d 

FREE 
SULFUR, % e 

0-4 0.700±0.025 0.316 45.1 0.7710.00 
10-14 0.712±0.001 0.187 26.3 1.0610.02 
20-24 1.240±0.208 0.114 9.2 0.9310.01 
30-34 1.424±0.015 0.124 8.7 1.7310.00 
40-44 1.644±0.005 0.196 11.7 1.0910.00 
50-54 1.465±0.032 0.189 12.9 1.1410.01 
60-64 1.20110.021 0.238 19.8 1.7710.01 
70-74 2.19710.030 0.073 3.3 1.6310.01 
80-84 2.52110.042 0.135 5.4 1.1810.01 
90-94 1.60610.120 1.3810.01 

"Effective depth taken as mean of homogenized 4 cm core 
sections indicated 

Wan 1 average deviation for three determinations 

Reported as dry weight for original sample 

^Percentage of total mercury 

Corrected for Hg blank in acetone extraction procedure; 
mean 1 average deviation for three aliquots 
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Examination of the o i l y residues obtained i n the s u l f u r 
a n a l y s i s procedure (20) i s underway employing a combination of 
gas chromatography coupled with both flame i o n i z a t i o n and atomic 
absorption d e t e c t o r s (17). We have not i d e n t i f i e d any small 
mercury-containing molecules, such as a l k y m e r c u r i a l s , although 
our d e t e c t i o n system can s p e c i a t e such organometal l ic compounds 
a t the nanogram l e v e l . Nonetheless, as i s i l l u s t r a t e d i n Figure 
5 , we can detect mercury-containing compounds i n the o i l s e l u t i n g 
a t r e t e n t i o n times c h a r a c t e r i s t i c f o r e i t h e r >C2o petroleum compo
nents or a r y l m e r c u r i a l s . P r e s e n t l y , i t can be presumed t h a t such 
e x t r a c t a b l e mercury f r a c t i o n s are 1igated with f a i r l y l a r g e 
s o l u b i l i z i n g organic groups, and, a d d i t i o n a l l y , t h a t these species 
are q u i t e r é s i s t e n t to p r e c i p i t a t i o n as inorganic mercuric s u l f i d e 
i n the presence of a copious excess of a c t i v e s u l f u r . 

That the mercury, o
ated w i t h sediment "sinks
very important p o i n t . In cooperation w i t h R. C o l w e l l ' s group we 
have determined t h a t such p e t r o l e u m - r i c h f r a c t i o n s i n Colgate 
Creek can c o n t a i n very s u b s t a n t i a l q u a n t i t i e s of mercury - perhaps 
4,000 times the ambient sediment c o n c e n t r a t i o n . A l s o s i g n i f i c a n t 
are Walker and Colwel l*s a d d i t i o n a l f i n d i n g s (21) t h a t several 
other t o x i c heavy metals accumulate i n the o i l y compartment. 
Based on a v a i l a b l e data ( 4 , 21J f o r metal concentrat ions i n 
Colgate Creek sediments and o i l d e p o s i t i o n s , some o f these metals 
are a l s o g r e a t l y concentrated i n o i l s as compared with the ambient 
sediment m a t r i x . P r i n c i p a l among these are chromium, copper, 
n i c k e l , l e a d , and z i n c which show p a r t i t i o n c o e f f i c i e n t s [ e . g . , 
(ug/g metal i n oi l)/(pg/g metal i n sediment)] of 7, 1, 1, 0 . 7 , 
and 2 . 5 , r e s p e c t i v e l y . Since a l a r g e mercury c o n c e n t r a t i o n was 
a l s o found i n water-borne o i l i s o l a t e s , we can a l s o perceive a 
means f o r t h i s metal's l a t e r a l t r a n s p o r t i n the a c t i v e sub-
e s t u a r i n e f l o w system. 

Colgate Creek i s a h i g h l y p o l l u t e d s i t e w i t h i n Balt imore 
Harbor, c o n t a i n i n g , along with high metal l o a d i n g s , a l a r g e 
amount of petroleum p o l l u t a n t s . However, we should not conclude 
t h a t such anthropogenic petroleum s i n k s are e n t i r e l y r e s p o n s i b l e 
f o r concentrat ing or s o l u b i l i z i n g metals. As shown i n Table 1, 
the petroleum-free Parson Is land s i t e a l s o demonstrates both a 
very high l e v e l of s u l f u r c y c l i n g and y e t supports a large amount 
of e x t r a c t a b l e mercury i n much l e s s p o l l u t e d circumstances. I t 
should a l s o be noted t h a t these m e t a l - c o n t a i n i n g petroleum f r a c 
t i o n s are a l s o s u b j e c t to extensive b i o d é g r a d a t i o n by m i c r o 
organisms shown to be capable o f metal transformations as w e l l 
( 2 , 11, 2 2 ) . The process o c c u r r i n g i n natural waters provides a 
pathway f o r s u b s t a n t i a l r e r e l e a s e of the metals w i t h p o t e n t i a l 
c y c l i n g through the primary t r o p h i c l e v e l . 

Thus, aside from the d i r e c t undesirable a e s t h e t i c and b i o l o g 
i c a l e f f e c t s of petroleum, a v e h i c l e f o r the m o b i l i z a t i o n and 
t r a n s p o r t of heavy metals i s provided. Heavy metals trapped 
or sequested a f t e r t r a n s p o r t may l a t e r be released i n concentra-
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Figure 5. Simultaneous chromatograms obtained by a 
flame ionization detector (FID) and a mercury-specific 
flameless atomic absorption detector (AA) are compared 
for a known, Hg-free calibration mixture of C1!rC16 par
affins (top) and oil extracts from two sections of a Colgate 
Creek core. The 0-A cm sample contained total Hg = 
0-7 μ-g/g with 45% as extractable Hg, plus 0.8% free S°; 
the 10-14 cm sample contained total Hg = 0.7 \*.g/g with 
26% as extractable Hg, plus 1.1% free S°. Significantly 
different retention times of ca. 22 and 36 min were noted 
for the ligated mercury effluents, respectively. The pa
rameter jump seen at "B" in the lowest set of spectra 
results from a Hg baseline check made by momentarily 
replacing the GC effluent stream with a reference air 

stream in one of the AA dual-beams. 
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t i o n s that could be immediately t o x i c to the surrounding b i o t a 
and l a t e r t o x i c to higher b i o t a and man as a r e s u l t of accumula
t i o n mechanisms. 

Further evidence i n d i c a t i n g t h a t mercury i s not completely 
sequestered i n sediments as the s u l f i d e , but may a l s o e x i s t or 
be transported i n the elemental s t a t e , has been found. E a r l i e r 
work (22) and our l a t e r s t u d i e s (17) on p r i n c i p a l mercury process
ing b a c t e r i a from the Chesapeake Bay impl ied t h a t s u b s t a n t i a l 
e l i m i n a t i o n of sediment mercury as v o l a t i l e elemental gas might 
occur i n n a t u r a l s e t t i n g s . D i r e c t examination of f r e s h l y obtained 
sediment samples has been conducted aboard the R/V Ridgely 
W a r f i e l d employing a dual-beam f l a m e l e s s atomic absorpt ion 
spectrophotometer adapted t o determination of gaseous mercury 
contained i n atmospheres over benthic samples (22). F igure 6 
i l l u s t r a t e s presence of elemental mercury i n sediments c o l 1ected 
a t the p r i s t i n e Eastern
t i o n l e v e l s found here are not i n c o n s i s t e n t with those observed 
f o r laboratory demonstrations with pure c u l t u r e s on s y n t h e t i c 
marine matrices c o n t a i n i n g comparable amounts of i n o r g a n i c mer
cury. 

The metal species found i n b i o t a are l a r g e l y unknown; how
e v e r , i n the case of mercury, the r e s i d e n t form found i n f i s h and 
man i s c h i e f l y the h i g h l y t o x i c methylmercury. The mechanism 
through which t h i s form appears i n these higher b i o t a , whether i t 
i s through bioaccumulat ion, via the food c h a i n , or d i r e c t forma
t i o n on or w i t h i n the body of the f i s h i t s e l f , i s not c l e a r (23, 
24). N e v e r t h e l e s s , i t appears t h a t b a c t e r i a may be involved i n 
both of these mechanisms (24, 25). 

B i o t i c and A b i o t i c Transformations of Metals 

Since Jensen and Jerneluv (26) discovered t h a t b i o l o g i c a l 
methylation of mercury occurs i n n a t u r e , having reported i t s 
formation from H g C l 2 i n lakes and aquarium sediments, a number of 
b a c t e r i a i n c l u d i n g Clostridium cochlearium (27), Pseudomonas 
fluorescens, Mycobacterium phlei, Escherichia coli; Aerobacter 
aerogenes, Bacillus megaterium (28), and b a c t e r i a i s o l a t e d from 
the Chesapeake Bay, have been demonstrated to produce e x t r a 
c e l l u l a r methylmercury. I n t r a c e l l u l a r methylmercury formation has 
a l s o been demonstrated by several fungi (28, 29). Methylmercury 
may be b a c t e r i a l l y degraded w i t h the formation o f elemental Hg 
(30, 31). In a d d i t i o n to the m i c r o b i a l formation of methylmercury 
from i n o r g a n i c mercury ( H g 2 + ) b a c t e r i a have been reported to p r o 
duce the elemental form (17, 32, 33, 34). Using a gas chroma-
tograph coupled w i t h a double-beam atomic absorption d e t e c t o r , 
Nelson, et al. (22) have demonstrated >50% conversion of phenyl -
mercuric acetate to elemental mercury by a prevalent Pseudomonas 
s t r a i n i n the Chesapeake Bay. An index of such mercury metab
o l i z i n g b a c t e r i a a t a given sampling s i t e i n the natural e n v i r o n 
ment may be provided by determining the t o t a l number of mercury 
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Figure 6. The captive atmosphere above a freshly ac 
quired surface sediment core sample (0-3 cm) taken at 
Parson Island is compared with that above two local bot
tom water samples by means of a dual-beam flameless 
atomic absorption spectrophotometer coupled to a circu
iting pump and a special sediment sample cell. The core 
signal illustrated here was compared against the average 
of two blanks and a H g in seawater calibration curve pre
pared on the site. The bottom differential curve thus ob
tained indicates the net gaseous mercury detected for the 
entire sediment sample (ca. 20 g) within the measurement 
volume (400 cc) over the flow period of about 2 min. Sub
sequent laboratory analysis indicated a dry weight con
centration of 0.04 μg/g total mercury in the core sample. 

t o l e r a n t b a c t e r i a (25). 
I t had been known, p r i o r to the discovery of m i c r o b i a l mer

cury m e t h y l a t i o n , t h a t a number of other heavy m e t a l s , viz: 
a r s e n i c , selenium and t e l l u r i u m , could a l s o be b i o l o g i c a l l y 
methylated. A g a i n , as i n the case of mercury, the methylated 
species are h i g h l y t o x i c . 
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T r i m e t h y l a r s i n e production has been demonstrated by a number 
of fungi and b a c t e r i a grown i n media c o n t a i n i n g t h i s element (35, 
36). A r s e n i c v o l a t i l i z a t i o n has been a l s o observed to occur i n 
s o i l s (37) and i n l a k e s , w e l l s , and ponds where as high as 68% of 
the t o t a l a r s e n i c present i n the form of a l k y l a r s e n i c a l s (38). 
The reduction of arsenate to a r s e n i t e occurs i n c u l t u r e s of the 
y e a s t , Pichia guiilermondi (44), chioreiia (45), and marine b a c t e r i a 
( 4 6 ) , whi le the o x i d a t i o n of a r s e n i t e to arsenate i s brought about 
by Pseudomonas sp. (47). Dimethyl selenium has been reported to 
be formed from s o i l s r i c h i n selenium ( 3 9 ) , probably as a r e s u l t 
of m i c r o b i a l a c t i o n . Several fungal c u l t u r e s have a l s o been 
shown to evolve dimethyl selenium (40, 41 , 4 2 ) . T e l l u r i u m , l i k e 
w i s e , may be methylated by a number of pure fungal c u l t u r e s ( 4 1 , 
42, 43) but i t has not been determined whether b i o l o g i c a l methyla-
t i o n occurs i n natural ecosystems ( 3 9 ) . 

The most r e c e n t l y demonstrate
methylated i s t i n ( 3 ) . The same s t r a i n of Pseudomonas i s o l a t e d 
from the Chesapeake Bay, and which was q u i t e a c t i v e i n forming 
elemental mercury from phenylmercuric a c e t a t e or H g 2 + , produced 
a methylated t i n s p e c i e s , as yet u n i d e n t i f i e d , from S n ^ . A 
summary of a l l these m i c r o b i a l transformations i s shown i n Figure 
7. Of the f i v e metals which have been demonstrated to be 
b i o l o g i c a l l y methylated, three {viz.: selenium, t e l l u r i u m , and 
mercury) have a l s o shown to be a l s o b i o l o g i c a l l y reduced to t h e i r 
elemental form (32, 4 4 ) . 

1. SE° 
(44) 

S E 0 3
Z " 

S E Q ^ 

(40, 41, 42) 
- > ( C H 3 ) 2 S E 

2 . TE° < -

T E « + 

T E 0 3
2 " 

.6-
L T E 0 6 " J 

(40, 41, 42) 
( C H 3 ) 2 T E 

5. 

[θ - A s (0H)/| 

(b - As(OH)] 

M • 

(36) 

(44, 45, 46) 
(36) 

(17, 27, 29) 

(3) 

- > (CH 3) 2As + 

- > (CH3)3As 

- > C H 3 H G + 

( C H 3 ) N S N 

Figure 7. Biotransformations of inorganic substrates can be accomplished by 
either bacterial or fungal agents cited by references given in the text (italics). Such 
metabolites may be found to occur as labile, volatile methyl derivatives or in re

duced form as the element. 
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I t should not be presumed, however, t h a t metal t ransforma
t i o n s or t r a n s p o r t i n natural s e t t i n g s r e s u l t only from b i o l o g i 
c a l f o r c e s . JernelOv and h i s co-workers have demonstrated (48) 
an a b i o t i c t r a n s a l k y l a t i o n process between anthropogenic 
a l k y l l e a d compounds and i n o r g a n i c mercury i n r i v e r sediments. 
Japanese workers have r e c e n t l y shown formation of methylmercury 
i n a c a u s t i c soda f a c t o r y wherein only inorganic source m a t e r i 
a l s are a v a i l a b l e , i n c l u d i n g m e t a l l i c mercury and calcium carbide 
(49). F u r t h e r , there i s now evidence t h a t p h o t o a l k y l a t i o n of 
mercury may occur i n s u n l i g h t , e.g., p h o t o l y s i s of acetate ion i n 
the presence of aqueous Hg(II) leads to the formation of methyl -
mercury ion (50, 5 1 ) . A d d i t i o n a l experimental r e s u l t s suggest 
t h a t the f r e e - r a d i c a l pathway a v a i l a b l e f o r forming methylmercury 
bonds may a l s o e x i s t f o r other heavy m e t a l s , i n c l u d i n g Sn(IV) and 
Pb(IV) (52). Such a demonstration i s reported f o r formation of 
l o n g - l i v e d methylpentaaquochromium(III
organoxy substrate i n the presence of aquo-Cr 2 ( 5 3 ) . 

The underly ing chemistry supporting these m e t a t h e t i c a l or 
p h o t o l y t i c a l k y l a t i o n processes f o r aqueous metal ions i s not 
wel l understood ( 5 4 ) , but a s u b s t a n t i a l increase i n i n t e r e s t i n 
t h i s f i e l d has developed w i t h i n the past several y e a r s , 
p a r t i c u l a r l y with respect to s t r u c t u r a l features of organometal l ic 
ions s o l v a t e d by water (55). In our l a b o r a t o r y , we have under
taken a survey of p o t e n t i a l t ransmethylat ion r e a c t i o n s which might 
occur between aqueous metal ions under a b i o t i c c o n d i t i o n s (56). 
Several of the more important of these r e a c t i o n s are summarized 
i n the f o l l o w i n g equations: 

( C H 3 ) 3 S n + + P t C V ^ [ C H 3 P t C l 3 - ] ^ C 2 H 6 + P t ° + ( C H 3 ) 2 S n 2 + . 

Tr imethyl lead i s a f a r more r a p i d methylator of Hg(II) than i s the 
analogous t i n i o n , being comparable to m e t h y l c o b a l a m i η (57) i n i t s 
a b i l i t y to t r a n s f e r CH 3 to mercury. Noble metal ions such as 
P d ( I I ) , A u ( I I I ) , or P t ( I I ) are methylated by t r i m e t h y l t i n c a t i o n 
a t about the same r a t e as H g ( I I ) , but these lead to s i g n i f i c a n t l y 
d i f f e r e n t r e a c t i o n pathways. Evidence f o r unstable aquo-methyl-
metal intermediates was obtained f o r the Pd and Pt c a s e s , and 
these r a p i d l y decompose to ethane, or methyl c h l o r i d e i n excess 
s a l i n i t y , thereby prov iding a means f o r i r r e v e r s i b l y e j e c t i n g 
"active methyl" from the r e a c t i o n system. 

For those cases where we have determined k i n e t i c s of t r a n s 
m e t h y l a t i o n , we f i n d t h a t second-order r a t e laws are obeyed, 
i . e . , the r e a c t i o n s are f i r s t order with respect to each 
r e a c t a n t metal i o n . These r e a c t i o n s do not appear to be pH-

(CH 3 ) 3 Sn+ + H g 2 + ( C H 3 ) 2 S n 2 + + CH 3 Hg + 

( C H 3 ) 3 P b + + H g 2 + ( C H 3 ) 2 P b 2 + + CH 3 Hg + 
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dependent. These f i n d i n g s are important with respect to the more 
complicated k i n e t i c s observed f o r the c e l l u l a r m e t a b o l i t e , 
methylcobalami η , which can s i m i l a r l y methyl ate several aqueous 
metal ions ( 5 7 ) , depending sometimes on a v a i l a b i l i t y of the metal 
ions i n several o x i d a t i o n s t a t e s as wel l as p H . 

A number of environmentally important parameters do a f f e c t 
the r a t e of t ransmethylat ion between simple metal i o n s , however. 
In the paper by Jewett e t . al_. ( i n t h i s Symposium) we demonstrate 
the s u b s t a n t i a l i n f l u e n c e o f s a l i n i t y or more a c c u a t e l y c h l o r i d e 
ion c o n c e n t r a t i o n , on the absolute r a t e o f methyl t r a n s f e r between 
t i n ( I V ) and mercury(II) i n water (51). We s i m i l a r l y d e s c r i b e the 
r i c h array of methylated products which can a l s o r e s u l t from m i l d 
p h o t o l y s i s of Hg(II) i n the presence of a number of well-known 
b a c t e r i a l metabol i tes which, i n e f f e c t , can a c t as methyl p r e 
c u r s o r s . These substrates i n c l u d e e t h a n o l , acetone, and acetate 
i o n . 

An i n t e r e s t i n g and provocative question a r i s e s from t h i s 
i n q u i r y . Does there e x i s t a pathway by which both n o n - b i o l o g i c a l 
and b i o l o g i c a l events may be important to transformations and 
t r a n s p o r t of a metal or metals? From a purely e m p i r i c a l s t a n d 
point there already appears ample evidence t h a t c e r t a i n processes 
o c c u r r i n g i n the environment r e s u l t i n s e l e c t i v e c o - c o n c e n t r a t i o n 
of remarkable metal p a i r s . Such data are provided f o r both 
sediment systems as w e l l as uptake or accumulations i n lower 
organisms. 

A study of the d i s t r i b u t i o n of heavy metals a t s i x t e e n 
s t a t i o n s i n the S B r f j o r d estuary of West Norway reveals p o s i t i v e 
l i n e a r c o r r e l a t i o n s ( t y p i c a l l y R>0.95) f o r r a t i o s of c e r t a i n metal 
c o n c e n t r a t i o n s , such as those of Cu or Cd with Zn ( 5 8 ) , and more 
remarkably Ba/In, Ag/Cd, or Pb/In. Since t h i s estuary has been 
subjected to s u b s t a n t i a l i n d u s t r i a l e f f l u e n t s f o r many y e a r s , care 
was taken to evaluate the r e l a t i o n s h i p between such element r a t i o s 
f o r e f f l u e n t s as w e l l as those i n sediments. I t was concluded 
that whi le Zn/Pb r a t i o s of e f f l u e n t s ( 0 . 7 5 ) and sediments (0.77) 
are very s i m i l a r , other metal r a t i o s i n sediments are q u i t e 
d i f f e r e n t from discharge i n p u t s , implying widespread s e l e c t i v e 
f i x a t i o n of c e r t a i n metals l i k e Cd and Cu by e i t h e r chemical or 
b i o l o g i c a l processes i n the a q u a t i c system i t s e l f . 

From the chemist's viewpoint several such metal p a i r i n g s 
given by the examples of Cu-Zn or Cd-Zn do not appear u n l i k e l y on 
the b a s i s of s i m p l i s t i c r e l a t i o n s h i p s of chemical s i m i l a r i t y . 
Nonetheless, i t i s important to note t h a t t r a n s p o r t of such a 
metal p a i r from the sediment matr ix i n t o b i o t a c o n s t i t u t e s a 
d i a g n o s t i c t o o l f o r u l t i m a t e l y c h a r a c t e r i z i n g s p e c i f i c t r a n s p o r t 
routes f o r each m e t a l , and the r e l a t i v e rates by which these 
c y c l e s o c c u r . Thus, Huggett, et ai. (59) propose t h a t "natural" 
metal concentrat ion r a t i o s e x i s t f o r Cu-Zn and Cd-Zn i n oysters 
{crassostrea virginica) taken from uncontaminated p o r t i o n s of the 
Chesapeake Bay. These r e l a t i o n s h i p s , however, are not n e c e s s a r i l y 
s t a t i s t i c a l l y r e l a t e d to the sediment concentrat ions f o r the 
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r e s p e c t i v e metals. Indeed, i n those l o c a t i o n s where known 
anthropogenic metal s t r e s s o c c u r s , the r e l a t i v e metal l e v e l s i n 
oysters taken from these s i t e s d i f f e r s s i g n i f i c a n t l y from the s o -
c a l l e d "natural" l e v e l . 

Apparently some metals can accumulate i n sediments over many 
s i t e s i n "fixed" r a t i o s , but even f o r cases where t h i s does not 
occur, the metals may appear i n b i o t a a s s o c i a t e d with the benthos 
or l o c a l waters as f i x e d concentrat ion r a t i o s . Evidence f o r t h i s 
t r a n s p o r t process i s i n d i c a t e d by the c o r r e l a t i o n matrix which we 
have derived from the data of Schramel, et a i . i n t h e i r s t u d i e s 
on heavy metal d i s t r i b u t i o n s i n waters, p l a n t s , sediments, and 
f i s h e s of Bavarian r i v e r s (60). From the c o r r e l a t i o n c o e f f i c i e n t s 
shown i n Table 3 , i t i s r e a d i l y seen t h a t no s i g n i f i c a n t metal 
p a i r r e l a t i o n s h i p s e x i s t f o r metals i n sediments from a number o f 
s t a t i o n s r e f l e c t i n g both p o l l u t e d and p r i s t i n e s s i t e s . A 
s i n g u l a r , l a r g e p o s i t i v
p a i r i n ( u n s p e c i f i e d ) water p l a n t s . 

Table 3 

Correlation Matrix for 5 Heavy Metals (Bavaria) 

In view of the known (61) propensity f o r absorption and 
growth m o d i f i c a t i o n of p l a n t c e l l s i n the presence of aquated 
organometals, i t seems useful to conclude t h i s d i s c u s s i o n w i t h an 
a p p r a i s a l of our recent discovery . An a q u a t i c microorganism 
can be p a r t i c i p a n t i n a process which both r e l e a s e s s o l u b l e 
mercury from sediments and a l s o produces a methylated t i n species 
capable of subsequently methylating a v a i l a b l e Hg(II) by an a b i o t i c 
mechanism ( 3 ) . This organism, a mercury-and t i n - t o l e r a n t 
Pseudomonas species was i s o l a t e d from the Chesapeake Bay, where 
i t i s one of the p r é d o m i n e n t organisms. In the presence of 
H g ( I I ) , t h i s organism forms H g ° , but i n the presence of Sn(IV) a 
v o l a t i l e methylated t i n species i s produced. However, i n the 
presence of both Hg(II) and S n ( I V ) , methylmercury i s formed. 
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Since methylated t i n ( t r i m e t h y l t i n ) has been shown to methyl ate 
Hg(II) a b i o t i c a l l y , a b i m e t a l l i c model f o r the formation of 
methylmercury has been demonstrated. Such a model i s shown i n 
Figure 8 where some i n d i c a t i o n of known metal concentrat ion and 
estimated h a l f - l i v e s ( t 1 / ? ) f o r various t r a n s p o r t processes are 
g iven. 1 

MERCURY - TIN "CROSSOVER" 

PSEUDOMONAS SP PSEUDOMONAS SP 

Figure 8. Involvement of Pseudomonas sp in biotic release of both mer
cury and tin from the sediment matrix into the aqueous phase are postu
lated on the basis of field and laboratory experiments. Following release, 
the bio-methylated tin species "MesSn+" can abiotically methylate available 

Hg2\ 

The r e l a t i v e importance of such a model i n natural e n v i r o n 
ments has not been determined. In view of the presence of t i n , 
along with mercury p o l l u t i o n i n h e a v i l y impacted l o c a l e s i n 
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Europe, and the presence of t i n with mercury i n water p l a n t s 
p r e v i o u s l y mentioned ( 6 0 ) , i n v e s t i g a t i o n of t h i s "crossover" 
phenomenon appears j u s t i f i e d . Evaluation of other b i o m e t a l l i c 
mechanisms (viz.: Pb-Hg, Cd-Hg) a l s o appears warranted i n view 
of the indictment of an organolead contaminant as a c o n t r i b u t o r 
to methylmercury production i n the S a i n t C l a i r Waterway (48). 

In summary, the chemical and b a c t e r i a l c y c l i n g of heavy 
metals i n natural environments appears to be a h i g h l y complex 
system i n v o l v i n g many pathways which are determined by the nature 
(metal s p e c i e s ) of the i n p u t , the p h y s i c a l p r o p e r t i e s and 
chemical composition of the aquatic environment, the metabolic 
p r o p e r t i e s of the various types of b i o t a , and the e c o l o g i c a l 
r e l a t i o n s h i p s among the var ious types of b i o t a i n h a b i t i n g the 
environment. A complete understanding of a l l these r e l a t i o n s h i p s 
probably may never be r e a l i z e d
continued strong coupl in
to environmental questions can y i e l d i n c r e a s i n g l y useful i n s i g h t s 
regarding c r i t i c a l pathways and r a t e s . A v i t a l l i n k i n our 
progress w i l l be the concurrent broad development of t o o l s f o r 
c h a r a c t e r i z a t i o n which permit s p e c i a t i o n of m e t a l - c o n t a i n i n g 
b i o t i c o r a b i o t i c agents i n the aquatic system a t t r a c e c o n c e n t r a 
t i o n s a p p l i c a b l e to the natural s e t t i n g . 
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APPENDIX 

Experimental Procedures 

D e t a i l s o f s p e c i f i c instrumental and manipulative procedures 
f o r chemicals and m i c r o b i o l o g i c a l experiments have been described 
i n previous papers (1, 2, 3 , }]_, 2j[, 22, 51, 5 6 ) . Appropriate 
water, sediment, and (when p o s s i b l e ) plankton~T>20 nm tow net) 
samples were taken a t each Chesapeake Bay s t a t i o n . S i t e l o c a t i o n s 
were f i x e d by v i s u a l , r a d a r , and sounding techniques. Standard 
water parameters, i n c l u d i n g s a l i n i t y , - t e m p e r a t u r e , pH, and 
d i s s o l v e d oxygen, a t depths of i n t e r e s t i n water, were determined. 

A g r a v i t y c o r e r was used to o b t a i n sediment samples. These 
were 6 cm i n diameter and v a r i a b l e i n l e n g t h . Cores were immedi
a t e l y s e c t i o n e d i n t o 4an
frozen ( - 8 0 ° C ) on board
4 cm s e c t i o n s o f the f r e s h core were immediately measured f o r pH, 
Eh, and t o t a l s u l f i d e by s e l e c t i v e e l e c t r o d e . Frozen samples f o r 
l a t e r l a b o r a t o r y analyses were subsequently thawed a t room temper
ature and d r i e d to constant weight over several weeks i n a s t i l l 
oven maintained a t 50°C. 

Dr ied sediment samples were f i n e l y ground i n an acid-washed 
p o r c e l a i n mortar and thoroughly blended. Total mercury analyses 
performed i n accordance w i t h EPA methods f o r mercury i n sediments 
(61) used c o n t r o l spikes o f methylmercuric c h l o r i d e as an i n d i 
c a t i o n o f the r e l i a b i l i t y o f the procedure. T y p i c a l l y , s p i k e 
recover ies were i n the range o f 85-110%. Free s u l f u r and ex-
t r a c t a b l e mercury were determined on samples obtained from 24 hr 
continuous acetone e x t r a c t i o n o f 20-100 g sediment samples i n a 
g r e a s e - f r e e Sohxlet apparatus. The t o t a l f r e e s u l f u r was 
determined i n a l i q u o t s o f the e x t r a c t s o l u t i o n by c o l o r i m e t r i c 
t i t r a t i o n w i t h cyanide to a bromthymol blue endpoint ( 2 0 ) ; 
p r e c i s i o n here was b e t t e r than ± 0 . 3 % . E x t r a c t a b l e mercury was 
determined by evaporating a l i q u o t s o f the e x t r a c t s o l u t i o n and 
performing the t o t a l mercury a n a l y s i s by the EPA sediment method. 

P o s s i b l e v a p o r i z a t i o n o f mercury-containing components o f 
high vapor pressure from sediments t r e a t e d i n above manners was 
q u a n t i t a t i v e l y assessed by comparison w i t h e q u i v a l e n t wet 
sediment samples subjected to exhaustive pumping under h i g h -
vacuum. Thus, a g r e a s e - f r e e glass apparatus, open to a Hg-free 
pumping s t a t i o n , c o n t a i n i n g 46.20 g of wet sediment sample, was 
pumped f o r 48 h r s . to a steady u l t i m a t e pressure o f 7.5X10" 5 Torr . 
A l l condensable v o l a t i l e s removed from the sample were c o l l e c t e d 
i n a t rap maintained a t - 1 9 6 ° C ; t h i s was 27.39 g which on t o t a l 
Hg a n a l y s i s i n d i c a t e d a t o t a l of 9.1 ng of Hg had been t r a n s f e r 
r e d . The t o t a l Hg found i n the r e s i d u a l vacuum d r i e d sediment was 
2.17 ± 0.02 yg/g. Another sample of the same sediment was oven 
d r i e d a t 50°C f o r one week to constant weight. Total Hg d e t e r -
mined i n t h i s m a t e r i a l was 2.09 ± 0.05 yg/g, i n d i c a t i n g t h a t no 
s i g n i f i c a n t d i f f e r e n c e i n Hg assay r e s u l t e d from the two d i f f e r e n t 
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methods, and t h a t v o l a t i z e d Hg was <0.02% of t o t a l Hg. Subse
quent analyses i n d i c a t e d the sediment to c o n t a i n about 9% e x t r a c t -
able Hg along w i t h 1.1% elemental s u l f u r . 

Water samples from the f i e l d were c o l l e c t e d u s u a l l y a t 
s u r f a c e , bottom, and mid-depth by a Van-Dorn sampler. Shipboard 
samples were s t o r e d i n a c i d washed, Hg-free 1 - l i t e r g lass b o t t l e s , 
and s t a b i l i z e d with HN03 a t 1% f i n a l c o n c e n t r a t i o n . Maintained 
a t 2-4°C i n the f i e l d and l a b o r a t o r y , water samples were found to 
y i e l d c o n s i s t e n t r e s u l t s f o r t o t a l Hg by the EPA method (62) f o r 
periods to 20 days. 

A number of s u l f u r e x t r a c t s were analyzed f o r the 3 2 S and 
3kS isotope composit ion. Here, e x t r a c t s o l u t i o n s from s e l e c t e d 
s i t e s o r sediment core depths were evaporated and the f r e e s u l f u r 
c r y s t a l s thereby p r e c i p i t a t e d and i s o l a t e d . In some c a s e s , the 
s u l f u r thus obtained was h e a v i l y contaminated w i t h p o l l u t a n t 
petroleum, r e q u i r i n g severa
t i o n s o f the s u l f u r to achieve pure samples. S u l f u r samples so 
obtained were examined by a dual c o l l e c t o r mass spectrometer f o r 
the 32S/3hS r a t i o as compared with a geochemical m e t e o r i t i c 
standard {U). 

The gas chromatograph coupled with the f lameless atomic 
absorpt ion d e t e c t o r has been p r e v i o u s l y a p p l i e d to s p e c i a t i o n and 
determination of v o l a t i l e methylmercurial s (17). For use w i t h 
the c h a r a c t e r i z a t i o n o f Hg-containing o i l f r a c t i o n s e x t r a c t e d 
from sediments, only the thermal program was a l t e r e d to optimize 
column performance w i t h both the high-molecular weight organic 
f r a c t i o n s and metal c o n t a i n i n g e l u e n t s . The f o l l o w i n g c o n d i t i o n s 
proved o p t i m a l : N 2 c a r r i e r a t 20 ml/min with dual g lass columns, 
1/8-in X 2 m employing 80/100 mesh Supelcon AW DMCS 
support co-packed with 5% SP-2100 plus 3% SP-2401 s i l i c o n e 
s t a t i o n a r y phases. The chromatograph FID d e t e c t o r was maintained 
a t 2 5 0 ° , with the i n j e c t i o n port a t 2 0 0 ° . The column oven was 
programmed a t T 2 = 120° f o r 0 mi η ( i n j e c t i o n ) ΔΤ = 4°/min to 
T 2 = 200° (8 min). For e x t r a c t i o n of o i l s from sediments to be 
used i n GC-AA a n a l y s e s , a c h l o r o f l u o r o c a r b o n , CC1 2FCF 2C1 ( b . p . 
4 7 . 6 ° ) was found to be s u p e r i o r both i n e x t r a c t i o n e f f i c i e n c y 
and removal of excess s u l f u r c r y s t a l s , as w e l l as y i e l d i n g 
h i g h l y r e p r o d u c i b l e chromatograms o f low column bleed and h i g h l y 
reproducible r e t e n t i o n times i n both FID and AA modes ( b e t t e r 
than 0.5%). Typical c a l i b r a t i o n sample i n j e c t i o n s were 2.0 μ ΐ , 
w h i l e o i l e x t r a c t s evaporated to an estimated 1:1 o i l - s o l v e n t 
r a t i o were i n j e c t e d i n 4.0 y l amounts. 
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Spatial and Temporal Variations in the Interstitial 
Water Chemistry of Chesapeake Bay Sediments 

GERALD MATISOFF, OWEN P. BRICKER III, GEORGE R. HOLDREN JR., 
and PETER KAERK 
Department of Earth and Planetary Sciences, The Johns Hopkins University, 
Baltimore, Md. 21218 

The calculation o
estuarine environment require
material fluxes within the sediment and across the sediment-water 
interface. The rapid response of the estuarine environment to 
variations in temperature, salinity and sediment deposition rates 
makes this type of assessment very di f f icul t . One approach is to 
examine the integrated results of these effects in terms of the 
spatial and temporal variabil ity of the concentrations of dis
solved species in the sediment. Spatial variations define the 
limits which may be placed upon the instantaneous concentrations 
of chemical species as a function of location. Temporal varia
tions interpreted within the framework of the spatial limits may 
be used to assess the long-term effects of temperature, salinity 
and sediment deposition rates, thus enabling the more accurate 
calculations of chemical fluxes. 

Nature of the Study 

The validity of a temporal study hinges upon the abil ity to 
accurately relocate the same sampling sites throughout the study 
period. A real ist ic evaluation of the navigational capabilities 
during the period of the study indicates that relocation within 
a circle of 500' diameter was possible in open waters. Where 
stations were close to buoys or other fixed points, accuracy of 
relocation was substantially improved. 

Temporal data were collected at station 856-C and 856-E for 
the period June, 1971 through September, 1973. Most of the data 
were collected prior to the observations of Bray et a l . (2) on 
the effects of sample oxidation and consequently, the data are 
not reliable for any metals, phosphate or Eh. The chloride, 
s i l icate , sulfate and ammonia concentrations as well as carbonate 
alkalinity are unaffected by oxidation during squeezing of the 
sample and these data are presented below. 

A spatial study was conducted in Chesapeake Bay on April 14-
16, 1974 to evaluate the variabil ity in interst i t ia l water 
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chemistry over a small s p a t i a l range. The mid-bay region with a 
s a l i n i t y approximating h a l f that of sea water was chosen f o r t h i s 
study. Three stat i o n s forming a transect across the bay at 38° 
53 !N (Station 853) and a fourth s t a t i o n at 39°03F52"N, 76°19F20"W 
(Station 904N) were sampled ( F i g . 1). 

E i t h e r four or f i v e sets of g r a v i t y cores were obtained i n a 
, fT f !-shaped pattern at each s t a t i o n , with approximately 100 1 

spacing between each coring l o c a t i o n . Two cores were taken at 
each sampling s i t e , one f o r p h y s i c a l d e s c r i p t i o n and one f o r 
chemical anal y s i s . The core used f o r chemical analysis was 
extruded and squeezed at room temperature with a Reeburgh-type 
squeezer (I) i n a nitrogen atmosphere to prevent oxidation of 
metals (2). Measurements of pH, pS = and Eh were made by elec
trode methods i n a closed c e l l i n the n i t r o g e n - f i l l e d glove box 
and samples f o r i r o n , phosphat
were prepared i n the box

A n a l y t i c a l Techniques 

In general, ten i n t e r s t i t i a l water samples were squeezed 
from sediment sections of each of the cores. The f i r s t f i v e 
sample sections were two centimeters i n thickness, and together 
comprised the top ten centimeters of the core. Three centimeter 
sections were obtained at about 15-18 cm, and 25-28 cm. The 
remaining sample sections were 5 cm each, and t h e i r locations 
were dependent upon the length of the core. A l l data are p l o t t e d 
as the midpoint of each section. Bottom water values were deter
mined from the water which was trapped i n the core tube above the 
top of the sediment. 

Since only 20-50 ml of sample are obtained from each 
squeezed s e c t i o n , a n a l y t i c a l methods which require only small 
aliquots of sample must be used. Some of the a n a l y t i c a l methods 
have been taken d i r e c t l y from the l i t e r a t u r e , while others are 
modified versions of e x i s t i n g methods. In a l l cases, the analy
t i c a l methods were tested f o r accuracy, p r e c i s i o n , and i n t e r f e r 
ences. When found necessary appropriate corrections were made. 
Table I summarizes the a n a l y t i c a l methods which we used. 

Results and Discussion 

Space l i m i t a t i o n s preclude presentation of a l l the data from 
each of the four s t a t i o n s sampled i n the s p a t i a l v a r i a t i o n study. 
We show here the data f o r s t a t i o n 853-C which i s representative 
of the q u a l i t y f o r a l l the s t a t i o n s . Also included are a d d i t i o n a l 
data from a shallow water s t a t i o n , 853-G. The best agreement 
between each of the chemical species and between the physical 
core descriptions i s found i n the data from s t a t i o n 853-E (not 
shown). Although we present only a part of our t o t a l r e s u l t s i n 
t h i s communication, the estimated l i m i t s of s p a t i a l v a r i a b i l i t y 
have been determined taking i n t o account a l l four s t a t i o n s . 
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Table I. Analytical 

Chemical Parameter 
Hh 
pH 
pS 
Chloride 
Carbonate Alkalinity 
Sulfate 
Reactive Phosphate 
Ferrous Iron 
Ammonia 
Reactive Silicate 
Manganese 

techniques used in this study 

Method Reference 
Electrode 
Electrode 
Electrode 
AgN03 Titration (3) 
NaOH Back Titration 
Sulfate-Phosphate (4) 
Colorimetric (5),(6),(7) 

Colorimetric (10) 
Atomic Adsorption 

A temporal study was performed at two stations. Station 
856-C was sampled 16 times during a two-year period and the data, 
numbered sequentially, are presented here with only half plotted 
for the sake of simplicity. 

Core Descriptions. Visual descriptions of leaf layers, shell 
debris, or sand layers which result from singular events can 
provide qualitative information which is useful in determining 
the degree of stratigraphie correlation between the cores. Color 
banding is another possible feature which may be used, although 
the causes of the banding are not well known. Examination of 
Chesapeake Bay cores shows, however, that none of these features 
may be used independently since they are often discontinuous from 
two cores obtained at the same time from the same location. The 
only features which appear to be reliably consistent over large 
distances (in fact, over most of the Bay) are 1) a thin brown 
layer at the sediment-water interface due to oxidation, 2) a 
greenish-black, water-rich, somewhat si l t y layer of mud (commonly 
containing many color bands) beneath the oxic layer, and 3) an 
olive green, often sandy layer beneath layer 2, which continues 
to the maximum depth that we have been able to sample by piston 
coring. (This layer is not always penetrated by gravity coring.) 
Contacts separating the layers range from very sharp at many 
places to gradational at others. We hypothesize that layer 2 is 
the result of large quantities of organic debris being brought 
into the Bay in the last 100-200 years due to the rapid rise in 
human population in the area. We are currently obtaining Pb 
data to determine the validity of this hypothesis. 
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"Clinkers" are pieces of slag produced from coal burning 
ships (see Figure 2). They are particularly abundant in the 
sediment just south of Baltimore Harbor. Core descriptions from 
five cores at station 853-E show that a single "clinker" layer 
exists in each core at the following depths : 43 cm, 43 cm, 47 cm, 
43 cm, 45 cm. In a l l of the cores these clinkers were found at, 
or just above the contact between layers 2 and 3. This spatial 
agreement is also offered as evidence in support of the above 
hypothesis. 

Chloride. Chloride may be treated as a conservative tracer 
during mixing of natural waters. When investigating the exchange 
of water across the sediment-water interface, i t is therefore 
important to examine the chloride ion distribution. 

In Figure 3, spatia
station 853-C are presented
excellent agreement among the five cores obtained at this deep 
water station. The agreement is not nearly as good at the shallow 
water station 853-G (Figure 4). Extremely low chloride values at 
depth suggest dilution by discharge from a fresh-water aquifer 
into the Bay environment. 

Comparison of chloride concentrations between these two 
stations, both at the sediment surface and at depth in the sedi
ment, reveals that the values are much higher at the deep water 
station. This reflects the fact that the salt-water wedge 
travels farther up the bay in the main channel of the estuary 
than i t does along the shallower sides. Data for interstitial 
chloride values which are uncontaminated by ground-water discharge 
appear to be good to +. 1.5% and reflect the mean salinity of the 
local environment. 

Temporal data for chloride is presented in Figure 5. Near 
the sediment surface there is considerable systematic variation 
with time. Late spring values are lowest due to the high volume 
of fresh water discharged into the Bay, while late f a l l values are 
the highest reflecting decreased river discharge and increased 
évapotranspiration. It appears that the upper 20 cm or so of the 
sediment responds rapidly to salinity changes at the sediment-
water interface, while the sediment below this reflects a longer-
term average of the salinity in the overlying water. This is 
further supported by examining cores 9, 11, 12, and 13. Core 10, 
obtained May 25, 1972 (not shown), plots between cores 9 and 11, 
and reflects a wet spring. Core 11 was obtained 5 days after 
Hurricane Agnes passed through the Chesapeake Bay area, and the 
upper part of the core is even more depleted in chloride than 
usual for cores collected during a normal spring. A month later 
(core 12), chloride is strikingly absent in the upper part of the 
core. Two months after Agnes, the uppermost part of the core had 
responded to an increase in chloride resulting from the re-
establishment of the salinity wedge, although the effects of the 
storm are s t i l l apparent (core 13). Subsequent data (not 
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76° 30' , 76° 2 0 ' 

Figure 1. Location of sampling sites in the mid Chesapeake 
Bay area. Stations 856-C and 856-E were used for the tem
poral study. The spatial study was conducted at Stations 

853-C, 853-E, 853-G, and 904-N. 

Figure 2. Photograph of some "clinkers" ob
tained at Station 853-Ε. Upper scale in inches, 

lower scale in centimeters. 
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Figure 3. Spatial variation of chloride ion 
concentration at Station 853-C. Excellent 
spatial agreement is evident. Water depth 

at this station is about 80 ft. 

3 0 0 

100L 

Figure 4. Spatial variation of chloride ion 
concentration at Station 853-G. Poor spatial 
agreement and decreasing values at depth sug
gest the infiltration of low salinity ground
water from a source at depth. Note higher 
concentration of chloride at all depths at the 
deeper water station (853-C). This reflects the 
fact that the salinity wedge infiltrates farther 
up the bay in the main channel than it does 

along the shallower sides. 
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presented) show complete recovery from the effects of Hurricane 
Agnes. This sequence of data indicates the rapidity of response 
of the upper part of the sediment column to fluctuations in the 
salinity of the overlying water. Further discussion and a mathe
matical model for the chloride distribution are presented in the 
next paper of this symposium by Holdren, et al. (11). 

Silicate. Interstitial silicate concentrations are typi
cally an order of magnitude greater than the overlying water 
values. Diatom dissolution is an important source of s i l i c a 
(13,14) and clay mineral reactions can either release or take up 
s i l i c a (12). Both diatom dissolution and clay mineral reactions 
are complicated functions of temperature, water composition, pH, 
sediment composition, and particle size (15 and 16), so that a 
simple explanation of th
impossible. 

Figure 6 shows the spatial data for s i l i c a at station 853-C. 
The data for this station and the three other stations not shown 
suggest that s i l i c a values are good to ± 10%. Examining figure 
7, one can see that the data varies by as much as 450%. Note 
that data obtained during the winter months exhibit low concen
trations of dissolved s i l i c a , and increase with depth, whereas 
summer data show very high values, and decrease with depth. This 
observed seasonal variation suggests a strong temperature control 
on the f fin situ" dissolved s i l i c a concentrations. Since tempera
ture gradients exist within the cores themselves (18), squeezing 
samples at "in situ" temperatures would be enormously cumbersome. 
The error introduced by our squeezing at room temperature (17) 
would result in an increase in winter values over the true values, 
and hence, would minimize the temporal variation in this data. 
Thus, this observed temporal variation is real, and may, in fact, 
be even more pronounced than what we have reported here. We are 
currently working on a mathematical model which will describe this 
seasonal variation in terms of temperature fluctuations. 

Sulfate. Chesapeake Bay sediments are rich in organic mate
r i a l , and its decomposition plays a major role in the chemistry of 
the interstitial waters. The anaerobic decomposition of organic 
matter by sulfate reducing bacteria may be written as (19 and 7) 

Thus, an interdependency exists among sulfate, carbonate alka
linity, ammonia, phosphate, pH, and Eh. In addition, the presence 
of large quantities of iron and manganese in the sediment results 
in other dependencies due to precipitation of iron and manganese 
sulfides, phosphates, and carbonates. The system is s t i l l 
affected, however, by the same physical processes that control 

(1) 
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1 30-VI-71 
2 11 -VIJ1-71 
3 27-X-71 
5 24-XI-71 
? 2Z-II-7Z 
<\ 28-1V-7t 
11 27-VI-72 

13 Z2-VII1-72 Figure 5. Temporal variation of 
chloride ion concentration at Station 
856-C. Dates are given as day— month 
(in Roman numerals)-year. Note 
excellent agreement at depth, but 
seasonal variation in the upper 20 cm. 

goo 600 

Figure 6. Spatial variation of 
dissolved silica at Station 853-C 
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the chloride distribution. A changing water composition at the 
sediment-water interface w i l l , therefore, have an important 
influence on the sulfate distribution. Temperature fluctuations 
affect the rate of organic decomposition and, therefore, the rate 
of reduction of sulfate and production of the species in equation 
1. One would thus expect a rough seasonal correlation among 
these species, but as an added complexity the composition of the 
interstitial waters may also be constrained by mineral equilibrium 
reactions. 

Although the spatial data for sulfate is unavailable, i t 
seems reasonable that its reproducibility should be good to at 
least ^ 10%. Temporal data is presented in Figure 8. It is 
quite clear that the temporal variation for sulfate far exceeds 
these estimated spatial limits. This variation shows a seasonal 
trend. During the warme
most active, almost a l
during the colder months when these, processes slow down, not a l l 
of the sulfate that has diffused into the sediment is reduced. 

The effect of Hurricane Agnes can be seen by examining core 
12. Sulfate has been substantially reduced in the upper 15-20 cm 
of the core. This is in agreement with chloride data. A month 
later, essentially a l l of this sulfate is gone. 

Carbonate Alkalinity. At the pH of interstitial waters, the 
primary component of the carbonate alkalinity is the bicarbonate 
ion. It is produced not only from the oxidation of organic 
matter by sulfate reducing bacteria as described by equation (1), 
but also from any "reverse weathering" reactions (20) which might 
be taking place. If reverse weathering is taking place, its 
effect on the carbonate alkalinity is probably quite small with 
respect to bacterial activity. If the alkalinity is produced 
primarily by bacterially mediated oxidation of organic matter by 
sulfate, an inverse relationship should exist between sulfate and 
carbonate (21). Troup (22) and Bray (7) have shown that such a 
relationship exists for tnese species in the Chesapeake Bay. 
Figures 9 and 10 give the spatial data for 853-C and 853-G, 
respectively. The data appear to be accurate to ± 10%. The 
shallow-water station exhibits considerably more variation and 
lower values than the deeper-water station. Comparison of the 
carbonate alkalinity data with the chloride data for station 
853-G suggests that the variation in the carbonate alkalinity 
reflects a variation in chloride, and hence, a variation in the 
amount of sulfate available for organic decomposition. Similarly, 
the magnitude of the carbonate alkalinity at stations 853-G and 
853-C reflects the chloride concentration at the two stations. 
Thus, by equation (1), the same effects should be seen in the 
ammonia and phosphate profiles at the two stations. Examination 
of Figures 3 § 4, 9 § 10, 12 δ 13, and 15 6 16 for these effects 
shows excellent agreement with prediction. 
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Figure 7. Temporal variation of 
dissolved silica at Station 856-C. 
Note strong seasonal variation. 
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Figure 10. Spatial variation of carbonate 
alkalinity at Station 853-G. Note lower 
values than Station 853-C and agreement 
with chloride at the same station, Figure 4. 
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The temporal data i n Figure 11 shows greater v a r i a t i o n than 
can be at tr ibuted to sampling l o c a t i o n . The rough seasonal cor 
r e l a t i o n observed i n the su l fate values i s less well displayed 
by the carbonate a l k a l i n i t y . In a d d i t i o n , the mirror image 
r e l a t i o n s h i p between sulfate and carbonate a l k a l i n i t y which 
exists for a s ingle core i s missing when the temporal data are 
compared as a group (see Figures 8 and 11). 

Ammonia. Ammonia i s supplied to the i n t e r s t i t i a l waters by 
the decomposition of organic matter. Consequently, i t should 
vary inverse ly with sul fate and d i r e c t l y with carbonate a l k a 
l i n i t y . S p a t i a l l y , ammonia values appear to be reproducible to 
± 15% as seen i n Figures 12 and 13. As predicted , the shallow-
water s tat ion exhibits a lower ammonia value and greater v a r i a 
t i o n than the deeper-water s t a t i o n . Temporally, ammonia behaves 
very much l i k e carbonat
equation (1) (compare Figures 11 and 14). Like carbonate 
a l k a l i n i t y , ammonia also exhibits an excellent inverse c o r r e l a 
t i o n with sul fate on a core by core b a s i s , but the c o r r e l a t i o n i s 
poor when the two sets o f temporal data are compared as groups. 

Phosphate. I n t e r s t i t i a l phosphate i s derived p r i m a r i l y from 
the oxidation of organic matter, although unl ike carbonate a l k a 
l i n i t y and ammonia, i t s concentration i s dependent not only upon 
the extent of oxidation of organic matter, but also upon an 
equi l ib irum with v i v i a n i t e (Fe3(P04) 2 · 8H2O) (2). Therefore, 
to explain the phosphate p r o f i l e s , one must look for super
imposed inverse r e l a t i o n s with both sul fate and i r o n . In 
a d d i t i o n , i t has been shown (2) that both i r o n and phosphate 
values are s u b s t a n t i a l l y lower i n pore waters which were not 
protected against oxidation during squeezing than i n those which 
were. Since the majority of the temporal data were c o l l e c t e d 
p r i o r to the development o f oxidation protect ion procedures, these 
i r o n and phosphate data are suspect and are not presented. 

Figures 15 and 16 give the resul ts of the s p a t i a l study. 
There i s wide v a r i a t i o n of s p a t i a l agreement for each of the 
four sampling s t a t i o n s , probably as a r e s u l t of l o c a l equi l ibrium 
with v i v i a n i t e . In agreement with the theory that the major 
source of phosphate i s from the oxidation o f organic matter, 
s t a t i o n 853-G i s considerably lower and exhibits greater v a r i a 
t i o n than s t a t i o n 853-C. The p r o f i l e s d i f f e r from those of 
carbonate a l k a l i n i t y and ammonia i n that they often decrease 
with depth. It can be seen i n Figure 18 that t h i s i s due to an 
inverse response to i r o n , implying that phosphate i s contro l led 
by an equi l ibr ium with v i v i a n i t e . 

pH. Hydrogen ion a c t i v i t y i s predominantly regulated by 
the b a c t e r i a l destruction of organic m a t e r i a l , with perhaps a 
minor contr ibut ion from " inverse weathering" reactions and from 
reduction of i r o n and manganese hydroxides. Thus, a s l i g h t 
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Figure 13. Spatial variation of ammo
nium ion concentration at Station 853-G. 
Note lower values than Station 853-C and 
agreement with chloride and carbonate al
kalinity at the same station, Figures 4 and 
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decrease in pH with depth might be expected. Figure 17 shows 
some of the results of the spatial study. The pH values are 
good to approximately +_ .2 pH units, with a mean pH of about 
7.4. The temporal data are incomplete, and therefore not pre
sented, but they show no systematic variations, a l l having 
values of approximately 7.4 +. .4. 

Eh. The platinum ion electrode potentials are interesting 
even though the specific reactions taking place at the electrode 
surface cannot be determined. The redox potential (platinum 
electrode potential) drops dramatically from about +100 m i l l i 
volts to 0 or to negative values in the f i r s t few centimeters 
of the sediment, and usually remains relatively constant below 
20 cm. Aside from this similar behavior, the profiles from a l l 
four stations are very
this is a result of a variatio
sulfate. The reason that the oxidation-reduction potential 
appears to stabilize at the value i t does is not yet understood. 

Values of the potential appear to be reproducible within 
about +. 20 millivolts, as seen in Figure 18. Troup (22) has 
demonstrated that the absolute value of Eh is unimportant in the 
reduction of ferric oxides and hydroxides to the more soluble 
ferrous ion as long as the Eh is no greater than about 0 mv. 
Holdren (23) has shown that this is also true for manganese. 
Thus, i t can be seen that except for the very top of the core, 
the sediment is anoxic, and hence, iron and manganese species 
are mobile. A slight increase in the oxidation potential with 
depth may be due to a subsequent depletion of sulfide by the 
precipitation of iron sulfides (24). Obviously, any sample to 
be used for the measurement of t E ê redox potential must be pro
tected against oxidation by air during sampling. Because Eh 
data collected before 1973 are not reliable, temporal data for 
Eh are not given. 

Iron and Manganese. Weathering processes produce fine 
grained iron and manganese oxides and hydroxides which are 
brought into the Bay as colloids or as adsorbed coatings on 
detrital particles. Because of reducing conditions beneath the 
sediment-water interface, the metals are reduced to lower oxida
tion states and become more soluble. Sediment sampling pro
cedures that minimize the possibility of oxidation have resulted 
in significantly higher observed concentrations for dissolved 
metals than did prior sampling techniques. These higher metal 
concentrât ions are compatable for saturation with phases such as 
iron carbonates and phosphates. The presence of vivianite in 
the sediment has already been shown (2) and is discussed above 
in connection with phosphate. Concentrations of trace metals in 
interstitial waters thus becomes a function not only of pH and Eh, 
but possibly of various metal-anion mineral equilibria . 
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S p a t i a l v a r i a t i o n of i r o n i s depicted i n Figure 19. This 
s t a t i o n e x h i b i t s the poorest agreement among the cores of the 
four stations sampled. The concentrations measured at 8 5 3 - E 
agree to wit h i n about +_ 10%. Nevertheless, even at t h i s s t a t i o n 
q u a n t i t a t i v e comparison of the cores i s d i f f i c u l t , although 
q u a l i t a t i v e l y , there i s excellent agreement. The large v a r i a 
tions observed are probably r e l a t e d to l o c a l e q u i l i b r i u m with 
v i v i a n i t e (compare the inverse r e l a t i o n s h i p of Figures 15 and 
19). 

Soluble manganese d i s t r i b u t i o n shown i n Figure 20 f o r s t a 
t i o n 853-C also e x h i b i t s the largest v a r i a t i o n among the four 
s t a t i o n s . Q u a n t i t a t i v e l y , the data are probably good to about 
± 25%. The manganese d i s t r i b u t i o n i s s i g n i f i c a n t l y d i f f e r e n t 
from i r o n , suggesting that i t s concentration i s probably con
t r o l l e d by a d i f f e r e n t
has suggested an equilibriu
gives a mathematical model f o r the manganese d i s t r i b u t i o n i n the 
next paper of t h i s symposium (11). 

Conclusions 

A c q u i s i t i o n of a core from a given s t a t i o n i s subject to 
two fundamental problems which a f f e c t the r e l i a b i l i t y of the 
data: 1) navigational accuracy which l i m i t s r e l o c a t i o n of 
sample s i t e s to 100 1-500', and 2) va r i a t i o n s i n temperature, 
s a l i n i t y , and sediment deposition rates on seasonal and on 
other time-scale cycles which can influence both the b i o l o g i c a l 
and inorganic processes taking place w i t h i n the cores. Q u a l i t a 
t i v e l y , the r e l i a b i l i t y of s p a t i a l data i s excellent f o r most 
chemical species studied. In general, s p a t i a l v a r i a t i o n s were 
only s l i g h t l y greater than the l i m i t s set by the a n a l y t i c a l 
techniques. Some important exceptions e x i s t . Ground water 
i n f i l t r a t i o n can severely a f f e c t the i n t e r s t i t i a l water chemistry 
and may be an important influence i n some areas of the bay. 
Also, the d i s t r i b u t i o n of some chemical species i s c o n t r o l l e d 
by l o c a l mineral e q u i l i b r i a , and t h i s decreases the reproduc
i b i l i t y of s p a t i a l data. 

Temporal v a r i a t i o n s f a r exceed the l i m i t s of s p a t i a l 
v a r i a t i o n f o r each chemical species investigated. For para
meters which are conservative and/or influenced predominantly by 
inorganic a c t i v i t y , seasonal changes i n s a l i n i t y and temperature 
control the i n t e r s t i t i a l water p r o f i l e s . Those species which 
are involved i n the decomposition of organic matter also show 
a gross seasonal c o r r e l a t i o n , but other processes must be taking 
place. A d d i t i o n a l work i s needed to f u l l y understand these 
temporal v a r i a t i o n s and t h e i r importance i n governing the mass 
f l u x across the sediment-water i n t e r f a c e . 
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20 
A Model for the Control of Dissolved Manganese in 
the Interstitial Waters of Chesapeake Bay 

G. R. HOLDREN, JR., O. P. BRICKER, III, and G. MATISOFF 
Department of Earth and Planetary Sciences, The Johns Hopkins University, 
Baltimore, Md. 21218 

Recent interest i
ferro-manganese deposit
tions of the distribution of dissolved manganese in recent 
sediments (1-6). Attempts to model the observed manganese 
distribution have been made by several investigators. 

Michard (7) devised a model to describe the concentration 
of manganese as a function of depth in the sediment by dividing 
the sediment into three chemically distinct zones and by using 
a partition coefficient, α, to describe the distribution of 
manganese between the solid and solution phases. The differential 
equations were developed independently for each zone, and, then, 
they were coupled at the boundaries between the different zones 
in order to maintain continuity in the calculated profiles. 
Calvert and Price (8) developed a qualitative model to describe 
the profiles of manganese in the sediments of Loch Fyne, Scotland. 
Unfortunately, their sample spacing was too large to delineate the 
fine structure of the dissolved manganese profile typically found 
in the top few centimeters of an estuarine sediment. Also, 
analyses of chemical parameters other than the trace metals were 
not done, and so, they could only presume that the chemical con
trols in Loch Fyne were the same as have been found in other 
systems. Robbins and Callendar (9) developed a model, purportedly 
continuous over the depth of the "sediment column, to describe the 
diagenesis of manganese in Lake Michigan sediments. This model, 
however, requires that a point source of manganese exist at some 
arbitrary depth in the sediment and that the concentration of 
dissolved manganese slowly approach equilibrium with some elusive 
detrital manganese phase at greater depths. While a nice quali
tative f i t is obtained for their f ield data, very little is 
actually known about the chemical nature of these interst i t ia l 
waters, and, thus, the operative equilibrium controls in this 
system are again left to conjecture. 

Other models have been developed to explain the frequently 
observed enrichment of manganese in the solid phases of surface 
sediments. Bender (10), Anikonchine (11) , and Lynn and Bonatti 
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(12) have developed diffusion models to describe this phenomona. 
The emphasis of these works has been to investigate i f upward 
diffusion of manganese could supply the metal required to explain 
the observed enrichment. In light of this goal, no attempts were 
made to describe the specific diagenetic reactions involved in 
the control of manganese in these sediment systems. 

In this paper, we explore possible chemical and physical 
mechanisms that may control the distribution of manganese in the 
Chesapeake Bay estuarine sediments. Interstitial waters of the 
bay sediments contain greater concentrations of dissolved man
ganese than have been reported in any other marine or brackish 
water sediment system (1-4). It is not uncommon to find man
ganese concentrations that exceed 400 uM (̂ 20 ppm) and concentra
tions as high as 950 yM (52.5 ppm) have been observed. Based on 
these observations and
interstitial waters, w
manganous ion in the Chesapeake Bay sediments. 

Field Study and Methods 

A two phase field program was initiated to investigate the 
spatial and temporal variability in the pore water composition of 
Chesapeake Bay sediments. Figure 1 shows the location of some of 
our standard sampling stations. The problems involved in relo
cating at any particular stations in the bay and the attendant 
sampling errors have been discussed (13). 

Temporal changes were investigated by sampling monthly at a 
mid-bay station for the period June 1971 to August 1972. This 
station, 858-8, is located at 38°58,20f,N χ 76°23fW, east of the 
mouth of the Severn River and is located in about 33 m of water. 
Three gravity cores were collected each month using a Benthos 
gravity corer. The sediment was held in cellulose-acetate-
butyrate plastic coreliners. A plastic butterfly valve was used 
to retain the sediment during retrieval. The water trapped above 
the sediment in the core liners during this operation was 
siphoned off, filtered and saved for chemical analysis. Pre
determined sections of the sediment were extruded directly into 
Reeburgh-type sediment squeezers (14). The pore waters to be 
used for chemical analysis were expressed through Whatman f i l t e r 
paper and 0.22 ym Millipore membrane filters by 150 psi pressure 
exerted by nitrogen gas against a rubber diaphram in the squeezer. 

Aliquots of these samples were analyzed for carbonate alka
lin i t y , chloride, ammonia, reactive phosphate, ferrous iron, pH, 
pS= and Eh onboard ship. The remainder of the sample was 
returned to the lab for analysis of s i l i c a and sulfate. A 
complete description of both the analytical techniques and the 
sample handling procedures are found elsewhere in this symposium 
(13) . 

In the second phase of the field program, the spatial vari
ability of the pore water composition in the bay was investigated. 
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Six cruises conducted between August 1972 and December 1974 
allowed us to collect over 700 individual interstitial water 
samples along with the associated sediment. Sampling locations 
ranged from station 935, located at the mouth of the Susquehanna 
River near Havre de Grace, Md., to station 724R, located between 
the York and Rappahannock Rivers in Virginia. During this phase 
of the program, a l l sample handling operations were done in a 
glove box under an inert nitrogen atmosphere to avoid the loss 
of trace metals and phosphate (15). Otherwise, a l l onboard and 
laboratory analytical techniques remained unchanged. In addition 
to the above analyses, dissolved manganese was determined on 
acidified subsamples of the pore water collected during this 
phase of the study by direct aspiration of the sample into an 
atomic absorption spectrophotometer. Typically, samples were 
diluted by a factor of
the concentration of manganes
for our instrument. A detailed description of the techniques is 
found elsewhere in this symposium (13). 

Results and Discussion 

Physical Influences on Transport: Chloride Data. The 
Chesapeake Bay estuary is a very productive area, biologically. 
This is reflected in the organic content of the sediments in the 
estuary which is typically 2 to 3% on a dry weight basis. A 
large infaunal benthic community is supported by these organics. 
The resulting activity mixes the upper portion of the sediment 
and enhances the exchange of material between the sediments and 
the overlying water. To investigate the magnitude of this mixing 
effect, along with other physical processes such as diffusion, we 
have studied the time dependent changes that occur in pore water 
chloride concentration with depth beneath the sediment/water 
interface. 

Chloride is an ideal tracer to study these effects in an 
estuary such as the bay. It is essentially inert in terms of 
chemical reactivity in the estuarine environment. Thus, only 
the changing physical environment affects its distribution. 
Because of the seasonal variations in the fresh water input to 
the bay, the chloride distribution in the bottom waters is con
stantly changing. This produces a continually varying concentra
tion gradient between bottom waters and interstitial waters. By 
following the response of the chloride profile in the sediment to 
changes in the chlorinity of the overlying waters, an estimate 
of the net rate of transport in the sediment can be made. 

Figure 2 shows the results of our study at station 858-8. 
Easily measurable changes occur in the chloride profile on a 
month-to-month basis. The surface sediments respond most quickly 
and, with increasing depth, the magnitude of the changes decreases 
until at a depth of about 20 cm, variations are essentially within 
the analytical limits of the measurements. The mean concentration 
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of chloride in the upper &LJ 
20 cm of the profile is igo aoo ago 210 
considerably more dilute 
than the concentrations 
deeper in the sediment. 
This is a result of the 
year-to-year fluctuations 
in the mean discharge of 
the Susquehanna River 
which supplies between 
90 and 97% of the fresh 
water to this portion 
of the bay. 

If the primary 
mechanism for the trans
port of chloride is dif
fus ional in nature, the 
diffusion equation should 
adequately describe the 
shapes of the measured 
profiles. Lateral con
centration gradients of 
chloride in the sediments 
are small compared to 
the vertical gradients, 
and so the situation is 
reduced to a one dimen
sional diffusion problem. 
Several models for dif
fusion in modem sedi
ments have appeared in 
the recent literature 
( 1 6 - 1 9 ). Only one of these was designed specifically to deal 
with a boundary condition which is oscillatory in nature ( 1 7 ) . 
However, for our purposes in this paper, the numerical approach 
used by Scholl et al . , is too involved. 

One other may be important in setting up this diffusion 
model for chloride. Sediment deposition in the Chesapeake Bay 
is on the order of 1 cm/yr ( 2 0 ). The sediment is derived from 
both shoreline erosion and suspended sediment discharge from the 
inflowing rivers and streams. While this probably does not 
significantly alter the chloride distribution in the sediment 
over the period of one year, provisions should be made in the 
model to account for any long term effects resulting from the 
sediment accumulation on the chloride distribution. 

The equation, incorporating a sedimentation term, is : 
D dzCl - U dCl ί Ά Λ 

Figure 2. Interstitial water chloride profiles collected 
at station 856-8 (C) over a one-year period. Only about 
half of the profiles are shown here. Sampling date for 

each profile is given in the legend. 

dCl 
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With the boundary conditions: 
Cl(0,t) = Clo + Cli cos(aht) + C l 2 cos(a)2t) (2) 
dCl 
dC = ° (3) 

X + oo 

where Cl(X,t) = depth and time dependent chlorinity 
Clo = long term mean chlorinity 
C l i , CI2 = short and long term chlorinity variations, 

respectively 
ωι, 402 = frequency of the short and long term variations, 

respectively 
D = the molecular diffusion coefficient 
X = depth in cm below the sediment/water interface 

and U = sedimentatio
Equation (1) is the standar
equation with an advective term (-U dCl/dX) to describe the ef
fects of sediment deposition. The boundary conditions are based 
on the physical observation made for the system. 

The f i r s t boundary condition describes the chloride concen
tration in the overlying water as a function of time. The f i r s t 
term on the right hand side of the equation is the long-term mean 
chlorinity. The second term accounts for the seasonal fluctua
tions in the chloride concentration. These are the variations ob
served in the month-to-month changes in the chloride profiles. 
The last term describes the long term changes in the mean annual 
chlorinity. It is this term which accounts for the skewing of 
the upper portion of the profile toward more dilute concentrations 
relative to the deeper pore waters. 

The second boundary condition simply states that there is no 
net diffusional flux of chloride at great depth in the sediment. 
This is equivalent to saying that the estuary is "lined" by 
impermeable bedrock beneath the sediment. 

For constant D and U the solution to this equation is found 
in Carslaw and Jaeger (21): 

Cl(X,t) = C l 0 + Cl r-cos{(0it - Xa x^ s i n ( ^ i ) }-exp - Xa x^ 

cos(%(>!)} + Cl2-cos{a)2t - Xa 2
2 sin(%f>2)}' 

e x p i i g - Xa2
h cos(^f>2)} (4) 

where a, - {-^ + iSjl }h a, - f - ϋ ΐ - + }% where ai + ^ } , a 2 - + β 2 1 

Φι = tan^HDaH/U2) , φ 2 = tan^HDo^/U2) 
and a l l other terms as defined above. 
By picking values for U, 0 , and 0)2(0)1 = 2II/year), theoretical, 
time dependent chloride profiles can be calculated. The range of 
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the values for U and 0)2 are avai lable from independent sources 
(20, 22). Therefore, an extimate of the d i f f u s i o n c o e f f i c i e n t 
t y p i c a l of bay sediments can be made by matching calculated pro 
f i l e s to the f i e l d data. 

The resul ts of some representative ca lculat ions are shown i n 
f igure 3a-c. A l l three parameters, D, U and ωζ, were varied i n 
the calculat ions to determine the nçt effect of each on the pro 
f i l e s . Results indicate that reasonable rates o f sedimentation 
has very l i t t l e effect on the chloride p r o f i l e s . It makes 
l i t t l e difference whether U i s 3x10" 5 cm/yr or 3 cm/yr i n the 
f i n a l r e s u l t s . Changes i n ωζ has only a s l i g h t l y greater e f f e c t . 

Changes i n the d i f f u s i o n c o e f f i c i e n t , D, had the greatest 
ef fect of these three parameters. Comparison of the ca lculated 
p r o f i l e s to the f i e j d data indicate that the best value for a 
constant D i s 5x10"" cm
values that have been reporte
Results of the model indicate that the d i f f u s i o n c o e f f i c i e n t i s 
not s t r i c t l y a constant with depth. We have a numerical model 
which calculates chlor ide concentration p r o f i l e s through time for 
any a r b i t r a r y functional form of D. However, the purpose here i s 
not to generate exact r e p l i c a t e s of the observed chloride pro 
f i l e s i n the bay sediments, but rather i s to obtain a f e e l i n g 
for the magnitude of the combined effects of d i f f u s i o n , b i o t u r -
bation and sedimentation on the d i s t r i b u t i o n of any dissolved 
component o f the i n t e r s t i t i a l waters. The simple model described 
above accomplishes t h i s goal . 

Manganese: F i e l d Data. The next step i n determining the 
o v e r a l l diagenetic behavior o f dissolved manganese i n anoxic pore 
waters i s to i d e n t i f y which, i f any, s p e c i f i c reactions or 
apparent e q u i l i b r i a may be involved i n c o n t r o l l i n g the manganese 
c y c l e . To do t h i s i t f i r s t helps to examine the concentration 
p r o f i l e s of manganese. Figure 4 shows some t y p i c a l p r o f i l e s of 
dissolved manganese for stat ions located along the axis of the 
bay. These samples were c o l l e c t e d i n the summer o f 1973. 

Several features o f these p r o f i l e s should be noted. The 
concentration of dissolved manganese i n the overlying waters 
never exceeded 6 μΜ on t h i s c r u i s e . These values , which are 
r e l a t i v e l y concentrated by open water standards, are probably 
the r e s u l t o f the resuspension and subsequent mixing of the top 
few mil l imeters o f sediment which occurred during the coring 
operation. Within the sediment, concentrations of dissolved 
manganese increase quickly below the sediment/water i n t e r f a c e . 
Commonly, the concentration i n the top two centimeters o f the 
sediment column i s the highest i n the core. Concentration of 
dissolved manganese usual ly decreases with depth. Samples c o l 
lected at other times of the year exhibit the same gross features. 
However, during colder per iods , the maximum concentration i s 
reached f ive or ten centimeters below the sediment/water i n t e r 
face. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



20. HOLDREN ET AL. Dissolved Manganese in Interstitial Waters 371 

moo tyo.to 

U ·· I Ο cm / yr 

D = 2 5 « K)"6 cm2 sec 

S-j 012 = 12 5 yrs 

CMLflRlMITT 
%οο. oo tii.oo wo.oo wa.oe «f°;»° 

s.oo »»o.oo »P»oo ' Ε 0 · 0 

U s 10 cm / yr 

D : 5 x ICT6 cm 2 sec"1 

ω 2 = 25 yr 

â00.00 Ϊ Ι » 00 ÎJ0.00 2*5 00 ?60.00 ?7V 00 

U = 0 cm/yr 

D = 25 « I0"6 cm/yr 

CJ2 =25 yr 

[CL*J me^yl 
2MO 2fcO 2«0 30O 310 

Figure 3. a-c. Vertical profiles of chloride calculated by the diffusion model. These plots 
show the effect of varying D, U, and ω2 on the profiles, d. For comparison to the model 

profiles, the field data is replotted. 
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To determine whether any heterogeneous equilibrium con
straints are being imposed on the concentration of dissolved 
manganese by the pore water composition, activity calculations 
were made on each sample. These calculations were checked for 
possible saturation of a number of common sedimentary manganese 
minerals including rhodochrosite (MnC03), reddingite (Μη3(Ρ0ι*)2* 
3H20) and albandite (MnS). The calculation used a modified form 
of the Garrels and Thompson model for sea water (25) to describe 
the ionic medium and determine ionic strengths. Activity coef
ficients were estimated from the extended form of the Debye-Huckel 
equation. An ion pairing model was then used to calculate activi
ties of manganous ion from the composition of the pore waters. 
Free energy data used in calculations were obtained from several 
sources (26, 27). 

The results of thes
is the only mineral fo
This supersaturation exists at a l l stations and for most levels 
within the sediments of the bay. In the northern bay, the pore 
waters are between 1.5 and 2.5 orders of magnitude supersaturated 
and in the southern bay, the pore waters are generally in the 
range of 0.5 to 1.5 orders of magnitude supersaturated with 
respect to rhodochrosite. 

Alabandite is the only other mineral that even approaches 
saturation in the pore water system. This situation occurs in 
the southern portion of the bay where pore water sulfide values 
are generally higher because of the greater sulfate concentrations 
in the overlying water. 

To describe manganese profiles in the bay, the interaction 
between manganese and carbonate must be further investigated. 
To this end i t is helpful to understand the behavior and genesis 
of bicarbonate in the pore waters of the bay. 

Carbonate. At pore water pH's, bicarbonate ion concentration 
is essentially equal to the carbonate alkalinity. Figure 5 shows 
some profiles of carbonate alkalinity measured at stations 
located along the axis of the bay. Concentrations of bicarbonate 
ion in surface sediments and overlying waters rarely exceed 1.5 
meq/1. The concentration generally increases with depth; 
however, individual profiles can be quite complex. 

Bicarbonate ion is a byproduct of bacterial oxidation of 
organic matter in the sediment. In an anoxic marine environment, 
sulfate is used by the bacteria as an oxygen source. The general 
equation for this oxidation is written: 

(CH2O)106(NH3)l6(H3PO^) + 53 SOiT = 106 HC03" + 53 HS~ 

+ 16 NH/ + ΗΡΟι»2" + 39 H + (5) 

For every equivalent of sulfate reduced, one equivalent of 
bicarbonate is generated, along with lesser amounts of ammonia, 
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Figure 4. Profiles of dissolved manganese in the interstitial waters of the 
sediments obtained along the central axis of the bay. These are typical 

summer profiles. 

Figure 5. Sulfate and alkalinity data for the interstitial waters along the axis of the bay. 
These are typical profiles. 
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phosphate and sulfide. Measured profiles of sulfate in the bay 
sediments are shown in figure 5. The one-to-one correspondence 
between the amount of sulfate reduced and the amount of bicarbo
nate generated as predicted by (5) does not hold true. However, 
as can be seen in figure 5, a nearly linear relation does exist. 

Bicarbonate Ion Control of Manganese. The reaction of 
bicarbonate ion with manganous ion can be expressed as; 

Mn2+ + HC03" = MnC0 3 ( gj + H + ( 6 ) 

As indicated by the activity calculations, this is the reaction 
which controls the concentration of manganese in the sediment. 
The ion activity product (IAP) of the reaction components of ( 6 ) 
calculated from pore wate
thermodynamically derive
This occurs for two reasons. 

First, one of the assumptions made in setting up the ion 
pairing model to calculate manganous ion activities was that only 
inorganic ion pairs need be considered. No attempt was made to 
account for organic complexes of manganese. The interstitial 
waters of the Chesapeake Bay contain up to 70 ppm dissolved 
organic carbon. Others (28) have shown that manganese can 
complex strongly with naturally occurring organics. Because 
the association constants for reactions of this type are not well 
known, they cannot be included in the equilibrium calculations. 
This exclusion results in calculated activities which are larger 
than actually occur. 

The second reason apparent supersaturation exists in the bay 
sediments is that the IAP we calculate is compared to the solu
b i l i t y of pure rhodochrosite. It is highly likely that the 
rhodochrosite in the sediments is not a pure phase, but a solid 
solution with an enhanced solubility compared to that of pure 
rhodochrosite. 

To incorporate the effects of these two factors, we calculated 
an "apparent stability constant", K£p, to describe the reaction 
between the dissolved components and the solid sedimentary car
bonate phase. pH, alkalinity and manganese data from the deepest 
sample from each core was used for this purpose. We felt that 
these samples had had the greatest opportunity to attain equilib
rium with the solid phase. This calculation yields a Gibbs free 
energy for the manganese carbonate phase of -193.1 kcal/mole. 
These combined effects reduce the apparent stability of the 
sediment phase by about 2 kcal compared to the free energy of 
pure rhodochrosite which lies in the range -195.05 (29) to -195.7 
kcal/mol (30). 

If the pH and bicarbonate concentration are known, the con
centration of manganese can be determined from the mass action 
relation for (6). 
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Μη*- = % ' [ H * ] (7) 
[HC03"] 

Sample by sample adjustments of pH could be made in applying (7) 
to the calculated manganese profiles. However, because variations 
in pH with depth in any one core are generally small, and in 
order to maintain continuity, the mean value of the measured pH 
within a core is used for a l l depths in that core. 

Similarly, bicarbonate concentrations on a point by point 
basis could be used in the calculation. However, to expedite 
the computational process and again for sake of continuity in the 
profiles, we chose to use a simple model to describe the genera
tion of bicarbonate. Because of the observed relation between 
sulfate and bicarbonate  modificatio f Berner1  model fo
sulphur diagenesis was use
distribution in the sediment
described as a function of depth by the equation: 

HC03' = HC03" + T T f °° n [1 - exp(-KiX/U)] (8) UJ U + KiD 

where HC03^jj= bicarbonate in the overlying water 
U = the sedimentation rate 
D = the diffusion coefficient for bicarbonate 
G 0 = the organic content of surface sediments 
Ki = the f i r s t order rate constant for bicarbonate 

generation 
and X = distance below sediment/water interface (cm) 

There are several assumptions in this model. U and D must be 
constants through time and space, respectively. Generation of 
bicarbonate is assumed to be a f i r s t order reaction with respect 
to the amount of available organic material in the sediment. 
Finally the bicarbonate profile is assumed to have reached steady 
state. Since we are simply fitting this model to the bicarbonate 
data, these assumptions are of l i t t l e concern to us. 

Estimates for U and D are obtained by independent means. By 
adjusting the values of Ki and G 0 the model can be f i t to the 
data. The results of this method of calculating the bicarbonate 
concentrations are shown in figure 7 for several of our stations. 
The values of pH, U, Ki, and G 0 used for each station are listed 
in table I. 

By using (8), concentrations of dissolved manganese can be 
calculated for most of the sediment column. However, the results 
of the calculation in the top few centimeters of the sediment are 
inconsistent with the field data. This portion of the profile 
must be controlled by some other process. 

Oxidation and Diffusion of Manganese. The concentration of 
dissolved manganese in the waters immediately overlying the sedi
ment are generally small. The concentration jumps to as high 
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TABLE I 

Station U pH Ki Go K2 (Μη02)ο 
cm/yr year""1 mmoles l " 1 year"1 moles 1" 

904D 1.0 7.5 0.0133 0.091 0.0173 0.010 
834G 0.5 7.65 0.0385 0.265 0.0173 0.0025 
914Q 1.0 7.2 0.0345 0.082 0.0173 0.012 
84 8F 0.5 7.7 0.0198 0.179 0.0173 0.005 
919T 1.0 7.0 0.0277 0.105 0.0173 0.015 

D = 3x10"6 cm2/sec. for a l l stations. 
as 857 μΜ within the top two centimeters of the sediment. To 
maintain such a large concentratio
tance for any length o
exist at the sediment/water interface. Manganese is sensitive 
to the oxidation potential of the environment. Upon diffusing 
from' the anoxic mud into a zone containing free molecular oxygen, 
manganese would precipitate as a hydrous-oxide phase. Then, upon 
burial, this metal would be available for remobilization. 

The concentration of dissolved manganese in the zone immedi
ately beneath the oxic layer is dependent on two factors: 1) how 
fast the metal is released from the solid phase, and 2) how 
quickly i t diffuses away from its source. The rate a material 
is released from a solid depends on many parameters. The surface 
area of the solid is one of the major factors (32, 33). The 
hydrous oxide phase is present essentially as a two dimensional 
coating on clay particles. For this reason, the amount of solid 
manganese is roughly proportional to the surface area of the solid 
available for dissolution. If we assume that the rate of dissolu
tion of manganese is f i r s t order relative to the amount of avail
able solid phase, the rate of production will be expressed as 

^42fi = -K2(Mn02) (9) 

To apply this expression to bay sediments, we must assume that 
for any station the supply of solid manganese to the surface 
sediments is constant with time. Since this surface zone rarely 
extends more than about 5 cm into the sediment, representing a 
maximum period of about 10 years, this is a reasonable assumption. 

Finally, the balance between the rate of dissolution and 
subsequent upward diffusion of the manganous ion must be estab
lished. If we assume the system is in steady state, this balance 
can be written 

D d2m2+ U d Mn2+ ν Γ\Λ c\ \ A 
— - — — — + K 2 (Mn02) = 0 (10) 

aX aX 
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with the boundary conditions 

Mn2+(0,t) = 0 

and Mn2+(°°,t) = Mn 2 +
f 

The solution to this equation is 

Μη2* = ϋ 2 [ i 
U2 + K2D - exp(-K2X/ )] (11) 

where υ = the sedimentation rate 
D = the diffusion coefficient for Mn2+ 

K2 = the f i r s t order rate constant for the dissolution 
of the hydrou

and (MQO2)0= the amoun
sediments. 

X = distance below sediment/water interface (cm) 
This solution is similar to (8). The values of (MnU2)o and K2 
are listed in table I. 

The two processes that dominate manganese chemistry have now 
been described. They must be integrated into a unified model in 
order to predict the distribution of dissolved manganese over 
the whole sediment column. Each reaction is limiting over that 
part of the sediment where i t is dominant. This is to say, in 
the upper part of sediment, there is only a limited rate at which 
Mn2+ is produced. It cannot attain concentrations large enough 
to become saturated with respect to any mineral because i t simply 
diffuses to the sediment/water interface too quickly. At greater 
depths, the amount of dissolved Mn2+ which can be maintained by 
dissolution is greater than that which is allowed by the solu
b i l i t y of the manganese carbonate. Precipitation of the carbo
nate then becomes the limiting factor in the observed concentra
tion of the metal. Therefore, by calculation the concentration 
of manganese using both (7) and (11), the observed concentration 
will be the lesser of the two values at any particular depth. 

Results of Model Calculations. Figure 6 shows the results 
of our calculations. The second in each set of graphs shows the 
concentration of dissolved manganese as a function of depth in 
the sediment at several northern and mid-bay stations. 

The solid line is the concentration of dissolved manganese 
predicted by the model. Remember that this single line is the 
combined result of two competing processes. The portion of the 
curve increasing with depth is the result of the dissolution and 
upward diffusion of manganous ion. The lower portion of the 
profile is the part controlled by equilibrium with the carbonate 
phase. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



378 M A R I N E CHEMISTRY 

•>·*/! Κ Γ * Μ rnaq/i 10"* M 

I 1 1 

\ 
-

§ 3 4 6 

1 

C.A. mtq/1 

- 1 1 ,1 

ΙΟ"· M 
0 300 400 

7 

854 6 
CBASS S 
M n » * Ι Ο " · Μ 

Figure 6. Plots of the carbonate alkalinity and dissolved manganese profiles at five upper 
and mid-hay stations. The alkalinity plots show the field data (φ) and the model repre
sentation of that data used in the calculation of the manganese profiles ( ). The sec
ond graph in each set contains the dissolved manganese profile at each station (φ). The 
concentration profiles predicted by our model using the pH and alkalinity data are shown 

by the line. 
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Conclusion 

We have developed a model for the prediction of dissolved 
manganese distribution in the anoxic pore waters of the sediments 
of the Chesapeake Bay. The model requires knowledge of the pH of 
the pore waters, the distribution of bicarbonate ion with depth 
in the sediment, the amount of manganese oxide in the surface 
sediment and the rate of release of manganous ion from those 
solids. In the calculations presented, a modification of Berner*s 
model for sulphur diagenesis was used to describe bicarbonate ion 
distribution. This model was f i t to the observed profiles. Other 
techniques, however, such as fitting a power series to the data, 
could equally serve this purpose. 

There were severa
diffusion coefficient an
constant through space and time, respectively. We assumed that 
steady state had been reached in the system, and that with depth 
in the core manganous ion was in equilibrium with a poorly 
crystalline carbonate phase. 

The model was developed from observations on the pore water 
composition. The model describes the results of two independent 
competing reactions. Both reactions are continuous over the whole 
sediment column, and the final calculated concentration of dis
solved manganese at any particular depth is dictated by the 
process most limiting that concentration at that depth. 

Agreement between the model and the field data is generally 
good. This suggests that the processes controlling the distribu
tion of dissolved manganese in the bay sediments are basically 
understood. The results of the model are qualitatively the same 
as reported profiles of dissolved manganese in other marine sedi
ment systems (1, 3, 9). It would be most interesting to see i f 
the model can describe these interstitial water systems with the 
same accuracy as was obtained in Chesapeake Bay sediments. 
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Release of Heavy Metals from Sediments: Preliminary 
Comparison of Laboratory and Field Studies 
KERILYN C. BURROWS* and MATTHEW H. HULBERT† 
Center for Marine and Environmental Studies and Department of Chemistry, 
Lehigh University, Bethlehem, Penn. 18015 

The work reported in this paper is the initial portion of 
a study intended to clarify the rates and mechanisms of heavy 
metal uptake and release by sediments. Particular reference is 
made to estuarine sediments
lead. The significance
detrimental effects on a variety of animals, including man, and 
plants via interference with certain enzymes. At present the 
biologically critical levels of various chemical species of the 
heavy metals are imperfectly known, and these for only a few 
biological species. Evidence for synergistic and antagonistic 
effects has been reported, but data is so limited as to be mere
ly tantalizing. Estuarine sediments are of particular interest 
since the estuaries serve as breeding grounds of many economi
cally important species, and, in the anoxic state, the sediments 
appear to serve as traps or sinks for heavy metals. (6,7) 

Anoxic sediments are to be expected in areas where large 
quantities of organic wastes are discharged into overlying water; 
heavy metals accompany the organic wastes in industrialized, 
urban areas. Below Philadelphia such sediment must be dredged 
to maintain navigation. In the past this sediment has been used 
to "reclaim" salt marshes, but with the growing recognition of 
the values of unreclaimed marshland and the increasing political 
muscle of conservation interests, new methods of disposal have 
become mandatory. A particularly apt disposal technique is the 
construction of artificial wildlife habitats including structures 
designed to form fresh water ponds. But what happens when 
oxygenated water percolates through these anoxic sediments? 
Would reversal of the metal-sequestering reactions lead to un
desirable water quality in the surroundings? 

Experimental 

Reagents. Stock solutions (1 mg/ml) of zinc, cadmium, 
copper, and lead were prepared by dissolving 100 mg high purity 
metal (Alfa-Ventron) in a few milliliters Ultra-Pure nitric acid 

*Present address: The Wetlands Institute, Box 91, Stone Harbor, 
N.J. 08247 

tPresent address: Department of Chemistry, Connecticut College, 
New London, Conn. 06320 
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(65%, Alfa-Ventron) and diluting to 100 ml with distilled water. 
These solutions were stored in polypropylene bottles. Working 
solutions were prepared daily by serial dilutions of the stock 
solutions with pH 1.3 HN0_. 

pH 1.3 nitric acid, which was also used for rinsing glass
ware, was prepared by adding 750 yl Ultra-Pure HN03 to 1 i dis
t i l l e d water, and further purified by electrolysis at -1.5 V 
(vs. SCE) for approximately 24 hours. One M sodium citrate 
solution was prepared from USP tri-sodium citrate and purified 
by electrolysis. Hydrofluoric acid (48%, Fisher Reagent Grade) 
was redistilled using a sub-boiling Teflon s t i l l (4). A l l other 
chemicals were reagent grade and used without further purifica
tion. 

Sediments. Unpollute
from the upper 50 cm o
meter of water at low tide in Jenkins Sound, Stone Harbor, New 
Jersey. The Sound has a salinity of 25 to 30%o and is located 
about one mile from both major roads and major pleasure boat 
traffic. Samples were transported in covered plastic buckets, 
under several inches of overlying water. Portions not immediate
ly processed were frozen at -20°C in polyethylene bags. 

Polluted samples were collected in the Schuylkill River in 
south Philadelphia, just below the Gulf refinery and Naval Yard, 
on 3 November 1974 by the University of Delaware's R/V Ariadne, 
using a modified Foster Anchor Dredge. The upper 10 cm of the 
bottom sediments were taken, under 1.5 meters of water. Samples 
were stored in plastic bags at 0°C for about 16 hours, then 
frozen to -20°C. 

Sediment Digestion. Sediment samples were dissolved by an 
adaptation of the method used by Presley.(5) Prior to analysis, 
the samples were dried at 70°C, ground by hand, and washed by 
shaking for one minute with equal volumes of distilled water, 
centrifuged 1.5 minutes at 4100 rpm, and dried again. This 
was designed to remove excess salts from the sediments. 

Adsorbed fraction. Two grams of ground, dried sediment 
were placed in a 15 ml polypropylene centrifuge tube with 10 ml 
distilled water, shaken by hand for five minutes, centrifuged 
at 4100 rpm for five minutes, filtered into a 25 ml volumetric 
flask, and taken to volume with pH 1.3 HNÔ . 

Reducible fraction. The residue remaining in the centrifuge 
tube and on the f i l t e r paper was washed into a 125 ml flask with 
50 ml of 0.25 M NH20H.HC1 in 25% acetic acid, and stirred mag
netically for 4 hours at room temperature (23°C). The solution 
was transferred to the centrifuge tube, centrifuged at 4100 rpm 
for three minutes, and filtered into a 250 ml Teflon beaker. The 
residue was washed by shaking for one minute with five 10 ml 
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portions of distilled water, centrifuging at 4100 rpm for 30 
seconds, and combining the supernatant with the fi l t r a t e . The 
filt r a t e was heated slowly to near dryness on a hot plate. Af
ter cooling, one ml HNO and 5 ml HC1 were added. The solution 
was filtered into a 25 ml volumetric flask and taken to volume 
with pH 1.3 HN03. 

Oxidizable fraction. The residue remaining in the centri
fuge tube and on the f i l t e r paper was washed back into the 
flask with 50 ml distilled water, heated to dryness, and cooled. 
Twenty-five ml 30% H ^ was added in 10 ml portions, and the 
solution left to stand overnight. On the following morning, 
i t was heated for 30 minutes, cooled, centrifuged at 4100 rpm 
for three minutes, filtered into a Teflon beaker and prepared 
as for the reducible fraction

Residual fraction. Ten ml distilled water was used to wash 
the residue into the 25 ml Teflon cup of a Parr bomb, and the 
sample was heated to dryness. After cooling, 10 ml HF and 2.4 ml 
HNO were added, the solution heated in the bomb for three hours 
at I25°C, cooled overnight, and taken to dryness. This process 
was repeated using another 10 ml of HF and 2.6 ml of HNO3. After 
cooling, 3 ml HC1 and approximately 15 ml pH 1.3 HNÔ  were added 
and heated for ten minutes, then the solution was transferred to 
a 50 ml glass flask and boiled to dissolve the remaining solids. 
The solution was filtered, when cool, into a 50 ml volumetric 
flask and taken to volume with pH 1.3 HNQ^. 

Total. One-half gram of ground, dried sediment was prepared 
as for the residual fraction. 

A l l samples were stored in two-ounce polypropylene bottles 
which had been 1eached for a week prior to use with 6 M nitri c 
acid. 

Leaching Studies. Short term 1eaching studies were con
ducted using washed and dried samples of clean and polluted sedi
ments in both dist i l l e d and saline waters under atmospheres of 
air and nitrogen. The caps of one l i t e r wide mouth polypropylene 
bottles were drilled for gas inlet and outlet tubes, and leached 
for a week with 6 M nitric acid. Twenty-four hours before use, 
they were f i l l e d with the 1eaching 1iquid, which was either dis
t i l l e d water or fresh sea water filtered through a three micron 
f i l t e r (30%o salinity). For the studies, this was discarded, 
replaced with 500 ml of fresh solution, and the bottles connected 
to a nitrogen tank or air pump and purged for one hour at a flow 
rate of 200 ml/min. Ten grams of polluted sediment or 20 grams of 
the clean were added, and the systems stirred magnetically for 
twenty-four hours. After settling for 45 minutes, a 50 ml por
tion was pipetted into a two ounce polypropylene bottle and acid
ified with 20μ 1 HNOo. 
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Long-term leaching studies were conducted on clean sediment 
exposed to the weather. A hole was drilled in the bottom of a 
20 gallon plastic trash barrel and a plastic drainage plug (11 cm 
inside diameter) was inserted. The cap of a one l i t e r narrow 
mouth polypropylene bottle was drilled to accommodate the plug, 
and held in place by a rubber 0 ring. The cans were supported 
in a wooden frame. Seepage samples were collected in polypropy
lene bottles screwed into the cap. A similar system was used for 
rain- and dust-fall collection. In early June, the barrel was 
f i l l e d with clean wet sediment. Three bottles of seepage were 
collected within the next two days; afterwards, the bottles were 
changed at irregular intervals, generally after rain f a l l s . 
Samples were preserved by the addition of 0.5 ml HNÔ . A surface 
sample of weathered sediment was taken for analysis in late 
January. 

Instrumentation. Sample  analyze , , 
lead, and copper by differential pulse anodic stripping voltam-
metry (DPASV) using a hanging mercury drop electrode (HMDE). The 
analyses were performed with a Princeton Applied Research model 
174 polarographic analyzer, and data recorded on a Hewlett-
Packard 7001 A XY flatbed recorder. The analytical cell con
sisted of 50 ml capacity borosilicate glass bottom (PAR 9301) 
with plastic top and fittings supplied by PAR. A metro-ohm 
mercury micro-feeder (model E-410) served as the HMDE; a standard 
colomel electrode (SCE) isolated by a pH 1.3 HN03 bridge and Pt 
wire were the reference and counter electrodes, respectively. 
The instrument was used in the differential pulse mode, with a 
1.5 V scan range, 25 mV modulation amplitude, and one second drop 
time; the recorder's X axis was calibrated at 100 mV/inch. A 
setting of three divisions of the micro-feeder provided a mercury 
drop with a surface area of 1.8 mm . One analytical cycle con
sisted of purging with nitrogen and stirring at 15 rpm for one 
minute, plating and stirring for one minute, plating for 30 sec
onds, and scanning. During the analysis the nitrogen flow was 
directed over the solution. 

Analysis. Sediment fractions were diluted 1:5 with pH 1.3 
HNCL before analysis. A ten ml aliquot of the solution to be 
analyzed was placed in the cell and purged with nitrogen for 
15 minutes. Sodium citrate solution (0.5 ml for rainwater 
samples, 1.0 ml for seepages, 2.0 ml for sediments and leachates) 
was added (2), and a preliminary analysis made. This was run 
from -1.4 V to +0.1 V, at 10 mV/sec from -1.4 V to -0.8 V, 5 mV/ 
sec from -0.8 V to -0.4 V, and 10 mV/sec from -0.4 V to +0.1 V, 
at a current range of 10 yA. This scan was used to estimate the 
peak potentials and current ranges needed for the individual 
metals. In general -1.4 V served as the i n i t i a l potential for 
Zn, -0.8 V for Cd, -0.7 V for Pb, and -0.4 V for Cu. Zinc and 
copper were scanned at 10 mV/sec and cadmium and lead at 5 mV/sec. 
Once the peak had been scanned, the drop was rapidly scanned to 
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+0.1 V ; this portion was not recorded as its only purpose was 
to strip the remaining metals back into solution. Quantitation 
was accomplished by standard additions; two spikes of 20 to 100 
yl and appropriate concentrations were added. 

Results and Discussion 

Sediments used in these studies were selected to represent 
a relatively unpolluted area and an urban area subjected to in
dustrial pollution. These will be referred to in tables and 
figures as "clean" and "dirty" respectively. Both sediments 
were dark, anoxic, and rich in organic matter ; the unpolluted 
sample was characterized as a clayey s i l t , the polluted as s i l t . 

TABLE I 

Grain Size Analysis of Sediments 
Sample %Sand % S i l t %Clay 
CLEAN 16,7 63.0 20.3 
DIRTY 9.2 81.1 9.7 
Short-term Studies. Short-term leaching experiments were 

designed to test the effects of oxygen and salinity on heavy 
metal removed from unpolluted and polluted sediments (Figure 1 ) . 

With respect to zinc, the unpolluted sediments showed very 
l i t t l e difference with the various treatments, losing approxi
mately 15 yg zinc per gram of dry sediment. Loss from the pol
luted sediments under salt water was somewhat less, around 5 yg/g. 
Under fresh water the polluted sediment lost 60 yg Zn/g. Pre
sence or absence of oxygen had no appreciable effect. These 
variations imply that zinc is bound in different ways in the 
different sediments. 

Cadmium studies show a tendency for the sediments to actually 
remove the metal from fresh water, amounting to an increase of 
0.9 yg/g for the unpolluted sample and 1.7 yg/g for the polluted 
one. In salt water this appears to be affected by the oxygen 
content. The unpolluted sample releases 3 yg Cd/g in the absence 
of oxygen ; release from the polluted sample, 2 yg/g, occurs in 
the presence of oxygen. Here a synergistic effect may be taking 
place, with the organic content of the sea water being of greater 
importance than the salinity. 

Under fresh water the unpolluted sample shows similar losses 
of lead, 1 yg/g, regardless of oxygen content. The polluted 
sample shows a release more than doubled in the absence of oxygen, 
14 yg Pb/g as opposed to 6. Meaningful data in salt water is 
difficult to obtain as a consequence of analytical error, but 
the lead is below detection limits when the unpolluted sample 
is exposed to oxygen, and when the polluted sample i s not. This 
may also result from a synergistic effect. 

Sediment Analysis. Samples of both sediments, as well as 
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unpolluted sediment weathered for six months, were subjected to 
a four-stage analysis to determine metal distribution. The f i r s t 
stage, a brief washing with distilled water, was designed to re
move labile adsorbed species. This was followed by treatment 
with hydroxylamine hydrochloride in acetic acid to dissolve the 
reducible fraction, consisting of carbonates and iron-manganese 
oxides. Hydrogen peroxide was employed to dissolve oxidizable 
species such as sulfides and organic complexes. The final re
sidual portion consists primarily of silicates; under normal 
conditions the metals in this phase are environmentally inert. 
The summations of the fractional metal analyses are in generally 
good agreement with a total dissolution of the sample. 

Prior to weathering no one fraction of the unpolluted sample 
can be identified as metal-rich (Figure 2). Zinc is concentrated 
in the reducible fraction
Cadmium is detectable
below the detection limit in the total digestion. Roughly half 
the lead is adsorbed, and an additional third i s associated with 
the reducible fraction. After weathering; virtually a l l the cad
mium and lead are found in the residual fraction; about 2% 
of the latter remains adsorbed. Approximately three-fourths of 
the zinc is also residual, but 20% remains associated with the 
reducible fraction (note added in proof - Ref · 8). 

The greatest contrast between the polluted and unpolluted 
sediment metal distributions is found with cadmium. The oxi
dizable fraction of the former contains no detectable amount, 
over half i s associated with the reducible fraction. This por
tion also accounts for 40% of the zinc; a l l but 1% of the re
mainder is divided evenly between the oxidizable and residual 
portions. Lead is undetectable in the oxidizable fraction ; i t 
is located primarily in the residual component with less than 
1% adsorbed. 

Seepage Studies. During the six-month period of natural 
weathering, seepage and rainfall were monitored for zinc, cad
mium, and lead. The rainfall averaged 40 ppb, 8 ppb, and 20 ppb 
in the respective metals; the variation was generally random, 
with two exceptions, and a l l three metals followed similar pat
terns. Two marked increases in metal content were noted, one 
of roughly ten-fold in the sample taken over the Fourth of July 
and one of three-fold in the sample taken over Labor Day. As 
these samples were collected in a resort community, the increases 
probably result from the influx of land and marine vacationers. 

Metals in the seepage from unpolluted sediment over the same 
period exhibit a gradual but definite increase (Figure 3). Zinc 
levels range from undetectable to 13 ppm, cadmium from 10 to 130 
ppb, and lead from 10 to 90 ppb. Thus, rainfall appears to be a 
minor source of metal input to the seepage. Analysis of the 
sediment at this stage is ambiguous, showing a slight decrease 
in zinc content, but increases in both cadmium and lead. However, 
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a distinct change in metal distribution is observed, as previous
ly noted. 

Copper. Under the experimental conditions reported here, 
the determination of copper was di f f i c u l t . At analyte levels 
below 0.5 ppm Cu, the copper peak could not be effectively 
detected on the shoulder of the mercury oxidation wave. In 
order to exhibit well-defined peaks, copper levels above 1 ppm 
were necessary. Such levels are not desirable for simultaneous 
determination of zinc, due to the formation of a zinc-copper 
intermetallic which decreases the zinc signal and enhances the 
copper response (1). 

Conclusions 

The three metals unde
responses to short-term leachings. Zinc removal is not in
fluenced by the presence of oxygen, but changes from fresh to 
saline water do appear to affect removal from the polluted sample. 
Cadmium responds to the presence or absence of oxygen in both 
sediments, but only under salt water. A similar result for lead 
is shown only by the polluted sample in fresh water. Correla
tions between metal distribution in the sediment fractions and 
metal removal have not become apparent. 

Changes in sediment zinc content due to weathering and to 
short-term fresh water leaching are comparable, and the negative 
short-term result for cadmium may be paralleled by the slight in
crease in cadmium content of the weathered sediment, but no 
correlation is found for lead. However, the seepage shows that 
a l l three metals are, and continue to be, leached from the un
polluted sediment at appreciable levels. 

As may be anticipated for natural systems, none of the 
relatively simple laboratory techniques used seem sufficient to 
reflect the heavy metal release which actually occurs as sedi
ments are weathered. Total sediment dissolution, in addition to 
being time-consuming, provides no distinction between environ
mentally-active metals and those which may be classed as inert. 
Results of the various partial digestion procedures employed 
here are not easily correlated with metal removed. Simple short-
term leaching is qualitative at best, and even here active ele
ments may be undetected. 

The key to this question may l i e in specific portions of the 
gross sediment fractions, notably hydrous iron and manganese 
oxides in the reducible fraction and organics or sulfides in the 
oxidizable fraction (3). More selective techniques than those 
currently employed are called for. Natural weathering of polluted 
sediment samples is essential to determine the u t i l i t y of short-
term techniques, although i t appears reasonable to expect higher 
metal levels than those found in the seepage from unpolluted 
sediments. Rates of such release may be expected to depend as 
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well on the type of pollution*, industrial, essentially metal-
contaminated sediments may differ substantially from urban 
sources containing significant amounts of organic matter. 

When several areas are being considered as sediment sources 
for creation of a r t i f i c i a l habitats, a six-month period of 
weathering is impractical as a technique of sample preparation. 
Rapid, representative methods are essential, both for determina
tion of sediment suitability and for estimation of the removal 
times involved. For example, a sediment with a small but con
stant metal loss may prove satisfactory in an open, easily 
flushed situation, while the construction of a fresh water pond 
may lead to the accumulation of potentially harmful metal levels. 

This work has been confined to the effects of geochemical 
processes. In reality biologically induced transformations, 
such as soil oxidation
logical transport may prov
in heavy metal mobilization. While the construction of phy
sically suitable wildlife habitats poses no great diff i c u l t i e s , 
the question of chemical suitability is much more subtle, com
plex, and v i t a l . 

Future work in this laboratory is directed toward reducing 
the time required to obtain an environmental1y meaningful sample 
from raw sediments, and toward improving both the speed and sen
sit i v i t y of the analytical technique, particularly with respect 
to copper. The f i r s t objective involves investigations of both 
selective sediment digestion and other parameters of short-term 
leaching, notably organic content. Currently we are investiga
ting the applicability of thin-film mercury electrodes and 
suppression of intermetallic interferences following the gallium 
technique proposed by Copeland et a l . (1). 
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Abstract 

Sediments taken from polluted and unpolluted areas were 
exposed to short-term leaching in the laboratory, and an unpol
luted sample was exposed to natural weathering for six months. 
The sediments were subjected to fractional digestion. Zinc, 
cadmium, and lead levels in leachates, seepage, and sediment 
were determined by differential pulse anodic stripping voltam-
metry. The metals continue to be leached during natural 
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weathering, a process not adequately reflected by short-term 
studies, and become associated primarily with the residual sedi
ment fraction. Implications of these results must be considered 
in the use of dredge spoils for a r t i f i c i a l habitat construction. 
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Trends in Waste Solid Disposal in U.S. Coastal 
Waters, 1968-1974 
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Sources of Waste Solids 

Large volumes of solids are transported to sea by barges or 
seagoing hopper dredges for disposal i n coastal waters. These 
wastes ( l i s t e d i n approximate order of volumes dumped at sea) i n 
clude sediment deposits dredged from waterways, solids i n waste 
chemicals, sewage sludges, rubble from building construction and 
demolition, and f l y ash (1,2). Floatable waste solids such as 
garbage, refuse, and rubbish as well as explosives are excluded. 
Although produced i n large quantities i n urban areas, these mater
i a l s are not now dumped i n coastal or estuarine waters, except 
from ships ( 3 ) . 

Riverborne sediments carried into harbors by estuarine c i r c u 
l a t i o n i n the adjacent coastal ocean and by sands moving along 
beaches (4) must be dredged from harbors. A r t i f i c i a l l y deepened 
navigation channels and irregular shorelines formed by s l i p s and 
basins used for shipping are ef f e c t i v e sediment traps and must 
pe r i o d i c a l l y be dredged to maintain water depths needed for navi
gation. 

If clean gravels, sands, or coarse s i l t s were the only mate
r i a l s dredged, there would be l i t t l e problem i n most coastal urban 
areas. Dredged materials have been used for l a n d f i l l , especially 
hydraulic l a n d f i l l s , and for other construction purposes. In ur
ban areas, however, dredged materials must commonly be handled as 
wastes because the natural riverborne sediments have been polluted 
by municipal and i n d u s t r i a l wastes. Moreover, convenient land
f i l l s i t e s are usually unavailable at the time when wastes must 
be disposed of. In both cases, ocean disposal i s an attractive 
option. 

Municipal wastes, including sewage s o l i d s , are major contrib
utors of materials dredged from navigable waterways. Untreated 
("raw") sewage i s often discharged to the waterways, which then 
provide primary treatment through gravitational s e t t l i n g of solids 
and secondary treatment through b i o l o g i c a l degradation of organic 
matter. The solids s e t t l e out i n the waterways. Effluents from 
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sewage treatment plants also carry suspended solids into adjacent 
waterways, and some of these solids doubtlessly add to the depos
its that must be removed by dredging. In addition to the human 
wastes, many urban areas also discharge wastes and debris washed 
from streets by storm water discharges. 

Regulation of Ocean Disposal 

In the united States, prior to 1973, regulation of dredging 
and disposal of dredged materials was primarily the responsibility 
of the U.S. Army Corps of Engineers. In most areas, these regula
tory functions were conducted under the authority of the Refuse 
Acts (.5), which prohibited waste disposal in navigable waters 
without prior permission of the local Corps of Engineers District. 
In New York, Baltimore
disposal was regulated unde
Act (6). On the Pacific coast, especially in California, regional 
and state agencies were also involved in regulation of waste dis
charges (1). 

Since April 1973 waste disposal in U.S. coastal waters has 
been regulated through the issuance of permits by the Environmen
tal Protection Agency (EPA), except for dredged "spoils," under 
provisions of PL 92-532, The Marine Protection, Research and Sanc
tuaries Act of 1972. Dredge spoil disposal is conducted under 
permits issued by the Corps of Engineers, subject to EPA review. 
This regulatory program is directed toward a "no harmful dis
charge" goal and covers a l l dumping seaward of the baseline from 
which the territorial sea is measured (7). 

Waste Disposal Sites 

Most waste disposal sites are situated in open estuarine wa
ters or on the continental shelf, relatively close to city or in
dustry generating the wastes. Disposal sites are usually deeper 
than 20 meters in the United States except where the materials are 
used for beach replenishment or construction of a r t i f i c i a l fishing 
reefs. (In the Gulf of Mexico some sites are located in waters as 
shallow as 4 meters.) Beneficial uses of waste solids appear to 
be the exception rather than the rule. 

In order to avoid interference with navigation and to remove 
disposal sites as far as possible from beaches and other public 
areas, many are located more than 5 kilometers from the nearest 
land, often in international waters. Of thirty-one sites along 
the open Atlantic coast from Maine to Cape Hatteras, North Caro
lina, for which good location data were available in 1970, seven
teen were more than 5 kilometers from the coast and eight were 
more than 10 kilometers from the coastline. A site used for 
toxic chemicals is approximately 190 kilometers from the entrance 
to New York harbor. 

Estuarine areas have in the past received large volumes of 
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waste solids. Chesapeake Bay, Long Island Sound, and Puget Sound 
each have several waste disposal sites (Table 1). A l l were used 
primarily for disposal of locally dredged wastes except for Long 
Island Sound, which has received wastes from the New York Metro
politan Region as well as small volumes of waste chemicals dumped 
in the eastern end. 

In general, more recently established waste disposal areas 
are farther offshore than older disposal areas and this trend con
tinues . And use of estuarine disposal sites seems likely to d i 
minish further, owing to local opposition from fishing, shellfish-
ing, and conservation interests. 

In the late 1960s, there were at least 140 waste disposal 
sites in U.S. estuarine and coastal ocean waters (Table 1). Along 
the U.S. Atlantic coast, there were fifty-nine active waste dis
posal sites (Figures 1
At least twenty sites wer
coast, and at least sixty sites were in use along the U.S. Pacific 
coast, including Alaska. No data were available on waste disposal 
operations in the Hawaiian Islands or U.S. territories or posses
sions . Although this report does not include the Great Lakes, 
ninety-five waste disposal sites were reported to be active there 
in the late 1960s (8). 

Despite the limitations of the data, i t is apparent that the 
number of actively used disposal sites in U.S. waters has dropped 
from 140+ in the late 1960s to 110 in 1973 (7). Many of the in
shore and estuarine sites have been abandoned or are scheduled to 
be moved because they are too close to shore or interfere with 
commercial fishing operations. 

Natural Sediment Sources 

Except for the Gulf Coast, most continental shelf areas now 
receive l i t t l e sediment (9) which might dilute or bury waste de
posits. Therefore, i t is essential to consider the tonnage of 
sediment brought by rivers to each of the coastal areas in compar
ison with the tonnage of wastes deposited there. This permits a 
crude assessment of potential environmental effects resulting from 
waste deposits remaining in contact with overlying waters or with 
bot torn-dwelling organisms for long periods of time. 

Waste discharges in the Canadian Maritime Provinces, the U.S. 
portion of the Gulf of Maine, Long Island Sound, and the mid-
Atlantic coast areas greatly exceed the probable suspended sedi
ment discharge by rivers in these areas (10). For example, the 
discharge of riverborne suspended sediment into Long Island Sound 
is probably about 105 metric tons per year, whereas waste dis
charges prior to 1970, exceeded 10 metric tons per year (11). 
Furthermore, the sediment comes primarily from the Connecticut 
River near the eastern end of the Sound. Waste disposal activi
ties were concentrated in western Long Island Sound because the 
bulk of the wastes came from nearby densely populated urban areas. 
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Table I. Location and number of waste disposal sites in various 
coastal ocean areas with estimated tonnages of wastes 
dumped in each region, 1960s. 

Disposal Sites 
(no. of active sites) 

Estimated Tonnage 
(106 tons/year) 

Atlantic Coast (61) 

Gulf of Maine (13) 
Mid-Atlantic coast (29)* 
South Atlantic (17) 
Puerto Rico (2) 

Gulf of Mexico (20+) 

Eastern Gulf (9) 
Western Gulf (5+) 
Mississippi River (6) 

Pacific Coast (59) 

California (3) 
Oregon-Washington (38) 

Total 

14.3 

10 

56.2 

* 
Includes Long Island Sound (12) and Chesapeake Bay (2)(after 11) 
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Figure 1. Location of waste disposal sites and volumes of dredged wastes (106m3/year) 
discharged in 1968 

Figure 2. Locations of waste disposal sites in the New York Metro
politan Region in 1968 and volumes of dredged wastes (10sm5/ 

year) discharged in each 
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Near the mouth of the Mississippi River the river's sus
pended sediment load (12), about 3.1 * 108 metric tons per year, 
greatly exceeds the tonnage of wastes dumped there so that wastes 
are likely to be buried rather quickly. Similar situations prob
ably prevail near the mouths of other rivers in the Gulf of Mexi
co, near the mouth of the Columbia River (13) and in the Strait of 
Georgia (14). Elsewhere on the continental shelf, wastes probably 
accumulate and remain at the water-sediment interface for long 
periods of time. 

Based on these rather sketchy data, one can surmise that 
large volumes of wastes dumped at sea are likely to have the least 
effect in the Gulf of Mexico, and greatest effect on the Atlantic 
Coast. 

Impact of Dredged Wast

Waste solids pose immediate and potential long-term problems 
in the coastal ocean. The immediate effects arise in two ways— 
from dredging and from waste disposal operations. Wastes and sed
iments are disturbed during dredging causing increased turbidity 
and releasing nitrogen compounds, phosphates, and various reduced 
substances to the water. Increased oxygen demand arising from in
troduction of reduced substances (15) and decomposition of exces
sive phytoplankton growth (resulting from the phosphate and n i 
trate enrichment of the waters) deplete dissolved oxygen concen
trations in near-bottom waters (16). 

Potentially more troublesome is the long-term exposure of un-
buried waste deposits on the continental shelf or estuary bottom. 
Since most waste disposal sites are located in relatively shallow 
water, tidal currents and wave action may resuspend and move them 
outside the designated disposal area. Under certain conditions 
such as upwelling, movement of near-bottom waters is directed 
landward, toward the estuary or river mouth. Some resuspended 
wastes may move toward beaches or back into the harbor from which 
they were removed. There is no compelling evidence that large 
volumes of waste solids have moved from disposal sites to be de
posited on beaches. 

Studies of two waste disposal sites near New York City re
ceiving dredged wastes and sewage sludges indicate that popula
tions of bottom-dwelling organisms in both waste disposal areas 
were severely reduced over several tens of square kilometers (16). 
Factors thought to be responsible include low dissolved oxygen 
concentrations, in waters over the disposal site and presence of 
toxic compounds, or pathogenic organisms in the wastes. In addi
tion, i t seems likely that physical factors may also play a role. 
The bottom was originally hard sand or gravel, but the waste de
posits formed a fine-grained soft bottom. Furthermore, rapid ac
cumulation of wastes (ranging from 0.4 to 30 cm/year, assuming 
that the wastes are spread uniformly throughout the affected 
areas) may make i t impossible for many bottom-dwelling organisms 
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to live in waste disposal sites (17). And the changed bottom con
ditions inhibit (or prevent) repopulation of the disposal sites by 
organisms from nearby unaffected ocean areas. 

Since 1968, data have become available on the environmental 
impact of waste solid disposal in coastal waters ; much of the data 
come from studies of the New York Bight (18). Enrichments of sev
eral metals (including Cu, Pb, Ni$ Zn, and Cr) were substantial, 
typically 10 to 25 times greater than in nearby uncontaminated 
sediment deposits (19). These metal-rich sediments were found 
nearly 40 km down the axis of Hudson Channel seaward of the des
ignated disposal sites. 

Studies of the effects of sewage sludge disposal in the 
Thames Estuary (20), the Firth of Clyde (21), and Liverpool Bay 
(22) have not found, in general, the obvious local effects on 
bottom-dwelling organism
disposal sites. This ma
the sludge in the coastal waters around Great Britain because of 
strong tidal currents there. In this case, the effects of waste 
disposal operations may eventually be felt over a much wider area. 

Trends in Ocean Disposal Operations 

Despite changes in regulation of disposal operations, coastal 
ocean areas w i l l probably receive even larger volumes of wastes 
over the next five to ten years. Coastal urban areas are short of 
land necessary for the present style of waste disposal operations 
(23) ; they find ocean disposal to be an attractive solution for 
existing and foreseeable waste disposal problems. At present 
there is no equal-cost alternative to ocean disposal for large-
volume wastes. Hence, there w i l l likely be increasing pressure 
for new types of wastes to be dumped in ocean waters, at least on 
an interim basis. 

It is useful to consider changes in tonnages of wastes dis
posed at sea in 1968 and 1973 (Table 2). The amounts of indus
t r i a l wastes, sewage sludges, and construction-demolition debris 
have increased, at compound rates of +2.9, +3.9 and +14.2% per 
year, respectively. Ocean discharges of garbage and refuse have 
been greatly reduced and disposal of explosives at sea has ceased. 

Tonnages of dredged spoils disposed at sea have apparently 
decreased from an estimated 62 million tons in 1968 to 37 million 
tons in 1973. (Table 2.) This apparent decrease may well be the 
result of incomplete data. 

It is also instructive to consider trends in ocean disposal 
since 1949 (Table 3). These data indicate a compound annual 
change of +7.7% between 1949 and 1968 in the amount of waste dis
posed at sea. (Data in Tables 2 and 3 are not directly comparable, 
although each indicate trends in the two periods involved.) It is 
too early to judge the impact of the new regulatory procedures, 
implemented in 1973, and the use of the ocean for disposal of in
dustrial and municipal wastes. There has, however, been a de-
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Table I I I . Ocean waste d i s p o s a l , excluding dredged s p o i l , 1949-
68, i n m i l l i o n s of short tons (2). 

Coastal 
region 1949-53 1954-58 1959-63 1964- 68 

A t l a n t i c 8.0 16.0 27.3 31. 1 

Gulf 0.04 0.28 0.86 2 . 6 

P a c i f i c 0.49 0.85 0.94 3. 4 

T o t a l U .S . 8.53 

Average/yr 1.7 1.8 5.8 7. 4 

These data include the tonnage of l i q u i d s discharged as w e l l as 
waste s o l i d s . They cannot be compared d i r e c t l y with Table 2. 
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crease in dredge spoil disposal in the past five years. 
It seems most likely that there w i l l be increasing volumes of 

dredged wastes in the future as new port fa c i l i t i e s are prepared 
for deep-draft vessels, requiring 20 to 25 m of water. In the 
U.S., channel depths now rarely exceed 15 m; thus extensive dredg
ing w i l l likely be required to accommodate larger ships. The mag
nitude of this potential problem can be appreciated by considering 
that the dredging necessary for maintaining depths exceeding 20 m 
at the entrances to the Hook of Holland (Rotterdam-Euro port, 
Netherlands) resulted in the annual dredged-waste discharges in
creasing from 5.1 x 105m3 in 1957 to 2.2 x 107m3 in 1968, a forty-
fold increase in eleven years, an amount 3.9 times that dredged 
from New York Harbor in 1964-68 (18). These figures refer mainly 
to maintenance dredging. At present the amount of dredged mate
r i a l is substantially increase
entrance channel for passag
increase in dredged waste disposal was experienced at the port of 
Amsterdam during this same period (Director, Rijkswaterstaat, 
written communication, January 2, 1970). The total volume of ma
terial dredged from these ports was 1.3 x 108m3, about one-third 
the present annual sediment discharge of the Mississippi River 
(12). If comparable port developments occur in Nortil America, the 
volume of dredged materials w i l l probably increase sharply. 

Because of the widespread use of ocean disposal sites, their 
potential long-term effects, and the present inadequate knowledge 
about the wastes and their effects on the ocean waters and marine 
organisms, marine scientists face a challenge to apply their re
search capabilities in this area. There is also a chance to con
tribute toward possible solutions for environmental problems as 
well as to learn more about coastal ocean processes that are 
otherwise difficult or impossible to study. 

Far more studies with more careful experimental design w i l l 
be needed to determine what is causing the environmental degrada
tion observed in the New York Bight and to devise means of dealing 
with i t . Present studies of such sites can best be described as 
inclusive rather than discriminating. Virtually every conceivable 
item is measured or examined. At best this is costly and is like
ly to be self-defeating. 

The recent abandonment of disposal sites raises the issue of 
rehabilitation of waste deposits. On land, a garbage dump is 
closed by covering i t with several feet of earth and landscaping. 
But for ocean areas we lack even this simple technology. It seems 
reasonable to expect that a complete ocean waste management pro
gram would include efforts to isolate waste deposits in abandoned 
sites from possible interactions with the overlying water column 
or marine l i f e . This is probably a simple problem but one that 
merits attention. 

Another trend to be considered is the probable increased 
volume of sewage sludges as the required level of treatment is 
raised. And the use of scrubbers to remove S O 2 from power plant 
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exhausts wi l l also generate large volumes of fine-grained watery 
wastes which are difficult to dispose of on land, especially in 
urban areas. For coastal cities and industries, ocean disposal 
is a convenient and, by conventional economic analysis, a rela
tively cheap disposal method. Such disposal operations (if per
mitted) pose new challenges to marine scientists to provide the 
data and insights on the coastal ocean and its organisms needed 
for proper planning and monitoring of the disposal operations. 

Abstract 

Estuaries and coastal oceans receive large volumes of waste 
solids dredged from harbors or removed from sewage treatment 
plants or industrial plants and placed on the adjacent continental 
shelf, which often receive
sources. Legislation, implemente
cant reduction in the number of sites used; from 140+ in the late 
1960s to 110 in 1973. Dredged spoil disposal apparently de
creased; from 56 million tons in 1968 to 37 million tons in 1973. 
Dumping of industrial wastes, sewage sludges and construction de
bris has increased at annual rates of +2.9%, +3.9% and +14.2%. 
The present trend is to operate fewer disposal sites located far
ther from shore. 
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23 
Industrial Viewpoint on Ocean Disposal 

LLOYD L. FALK 
Engineering Service Division, Engineering Department, Ε. I. du Pont de 
Nemours & Co., Wilmington, Del. 19898 

Advocates or opponent
disposal systems mus
adopted must adhere to natural laws. For example, 
the laws of thermodynamics and of the conservation 
of mass energy say: "The only thing you get for 
nothing - i s nothing". Since these laws apply to 
environmental control problems, we see that some 
ideas which have formed the basis for Federal water 
pol lut ion control laws are unattainable. The idea 
of to ta l waste recycle or "zero" discharge has 
magical a p p e a l · The concept, however, f a i l s to 
consider that industr ia l societies draw upon reser
voirs of nonrenewable resources which occur in the 
oceans, in the atmosphere, and in the ground. 

If we use these resources, those laws of nature 
require those materials to be returned eventually to 
the oceans, to the air, or to the ground whence they 
came. We may change the nature of the materials and 
how the deposition i s d is tr ibuted, but we cannot a l ter 
the ultimate requirement that deposition take place. 
Thus, we see that the idea of to ta l recycle of mate
rials i s a wil l -o'-the-wisp unless we ultimately 
include redeposition in the environment within our 
def in i t ion of tota l recycle. Regardless of how many 
times a material i s repeatedly cycled through a box 
we might call "World Society", i t must be returned to 
the earth from which we extracted it. Furthermore, 
while recycling can minimize a natural material drain, 
it i s usually done at the cost of an energy drain . 

Once we take something from nature and use it, 
we must eventually return it. The question then 
becomes: How do we return those materials we have 
extracted from the world around us in such a way as 
to be compatible with the environment we wish to main
tain? If we approach this problem wisely, we will 
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recognize the oceans can serve as a r e c e i v e r of some 
excess by-products which have no economical means of 
r e c y c l e . Such excess by-products we c a l l "wastes". 
The term "economical means" includes a l l techniques 
used f o r r e c y c l i n g while s t i l l maintaining economic 
health both wi t h i n the s o c i e t y and i n competition 
with other s o c i e t i e s . We must a l s o recognize that 
the act of r e c y c l i n g i t s e l f can have economic and 
environmental c o s t s . For example, i f we n e u t r a l i z e 
s u l f u r i c a c i d with hydrated lime to form a p o t e n t i a l l y 
r e c y c l a b l e gypsum, we must expend energy to e x t r a c t 
limestone from the earth, transport i t , c a l c i n e i t , 
transport i t again, use i t , and transport the gypsum. 
This requires energy, and the p o s s i b i l i t y of c r e a t i n g 
other by-products fro
r e c y c l i n g e n t a i l s a
i s f o r f r e e . 

The oceans, the ground, and the air a l l have 
a s s i m i l a t i v e c a p a c i t i e s which our duty, as users of 
resources, requires us to determine and use wisely. 
In the case of waste d i s p o s a l i n the oceans, indus
t r i a l s o c i e t i e s need to regulate how they use that 
capacity. I want to mention here that when Congress 
was considering the passage of ocean dumping re g u l a 
tory legislation i n 1972, industry generally favored 
such regulations rather than see the p r a c t i c e abused. 

Barging wastes to sea has d i s t i n c t i v e advantages 
over other ways of r e c y c l i n g waste products back i n t o 
the environment, products which often would u l t i m a t e l y 
reach the ocean anyway. A barge has a mobile d i s 
charge poi n t . You have a wide s e l e c t i o n of l o c a t i o n s 
to disperse wastes. I f wastes, even treated, are 
discharged to r i v e r s , you cannot d i v e r t mouths of 
r i v e r s . Sewer pipes discharging to the ocean can 
be moved only w i t h i n narrow l i m i t s . This means that, 
by proper p r i o r evaluation, barge wastes can be 
dispersed i n an area with minimum, or even no, 
environmental impact. 

The 1972 law Congress passed i s known as the 
"Marine P r o t e c t i o n , Research, and Sanctuaries Act". 
E s s e n t i a l l y , that law p r o h i b i t s transport of wastes 
fo r the purpose of dumping them i n t o the ocean with
out an appropriate permit issued by the Environmental 
P r o t e c t i o n Agency. Subsequent to the passage of the 
law, EPA adopted a complex set of regulations i n 1973. 
These s p e c i f y the kinds of permits that can be ob
tained, and e s t a b l i s h e s c r i t e r i a f o r the kinds of 
wastes which may be discharged. EPA i s presently i n 
the process of r e v i s i n g i t s e x i s t i n g regulations and 
c r i t e r i a . I expect Mr. T. A. Wastier, who follows 
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l a t e r i n t h i s symposium, w i l l discuss the law and 
re g u l a t i o n s . I t appears, however, that EPA 
maybe moving i n the d i r e c t i o n of making the regula
t i o n s more complex, and the obtaining of permits even 
more d i f f i c u l t than now. 

But aside from the complexity of obtaining per
mits, and regardless of how the regul a t i o n s are 
phrased, we i n industry detect that, at l e a s t on an 
EPA r e g i o n a l b a s i s , EPA i s moving i n the d i r e c t i o n 
of e l i m i n a t i n g ocean d i s p o s a l of wastes transported 
to sea by v e s s e l s . This i s being done i n s p i t e of 
the expressed purpose i n the Federal law to regulate 
ocean d i s p o s a l , not eliminate i t . For example, even 
though a waste d i s p o s a l operation may meet the 
current c r i t e r i a f o
S p e c i a l (and renewable
f o r a period of three years, EPA r e g i o n a l o f f i c e s 
so f a r have issued only Interim permits which can 
only l a s t f o r a maximum of one year and are not 
renewable. A discharger i s then required to reapply 
f o r a new permit and undergo a l l of the complex 
process of obtaining i t . He must do t h i s even 
though he has s p e c i f i c a l l y i n d i c a t e d that a p a r t i 
c u l a r d i s p o s a l operation w i l l be phased out with i n 
two or three years. 

We b e l i e v e the regul a t i o n s on ocean dumping 
should be s i m p l i f i e d , not made more complex. For 
example, the d r a f t s of the re v i s e d r e g u l a t i o n s 
which I have seen go i n t o great d e t a i l as to how 
di s p o s a l operations are to be monitored and how 
studies of s i t e s are to be conducted p r i o r to the 
s t a r t of d i s p o s a l operations. The requirements f o r 
such s p e c i f i c studies should be developed on a 
case-by-case bas i s depending upon the amounts, kinds, 
frequency of wastes, and where the d i s p o s a l operation 
i s to occur. Further, the EPA Region should have 
greater f l e x i b i l i t y i n deciding the nature of such 
stu d i e s . 

As a r e s u l t of the apparent trend toward 
e l i m i n a t i o n of ocean d i s p o s a l , our so c i e t y i s 
being required to seek a l t e r n a t i v e ways of d i s 
posing of waste products. These a l t e r n a t i v e s may 
prove to be environmentally l e s s sound o v e r a l l 
than would be ocean d i s p o s a l . We b e l i e v e that 
any regulatory agency should not c a t e g o r i c a l l y 
f o r e c l o s e any method of waste d i s p o s a l . Rather, 
a l l a l t e r n a t i v e s , i n c l u d i n g ocean d i s p o s a l , should 
be evaluated so that the l e a s t c o s t l y , considering 
both t o t a l environmental as w e l l as economic needs, 
i s s e l e c t e d . Instead of f o r c i n g an end to any 
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p a r t i c u l a r waste d i s p o s a l technology or technique, 
regulatory agencies need to educate the p u b l i c that 
there are no c a t e g o r i c a l l y unusable techniques. 

I would l i k e to summarize as fo l l o w s : 
1. As long as we take nonrenewable resources 

from the ground, a i r , or waters of the 
e a r t h f we must eventually return them. 
We cannot ignore the laws of thermodynamics 
and conservation of mass-energy. 

2 . The ocean can be a s a t i s f a c t o r y place f o r 
nonrecyclable by-products or wastes. We 
need to assess i t s a s s i m i l a t i v e capacity 
to determine how to dispose of wastes 
commensurate with maintaining a s a t i s 
f a c t o r y ocea
cannot hav
mize i t . 

3 . Regulatory agencies should not cate
g o r i c a l l y r u l e out any s p e c i f i c a l t e r 
native f o r waste d i s p o s a l , i n c l u d i n g ocean 
d i s p o s a l , since that a l t e r n a t i v e may. prove, 
i n c e r t a i n instances, to be the most 
environmentally acceptable o v e r a l l . Other 
a l t e r n a t i v e d i s p o s a l methods which appear 
"more acceptable" to the p u b l i c may u l t i 
mately prove to be environmentally more 
c o s t l y when one considers the energy 
requirements as w e l l as the d i s p o s a l of 
residues from the waste d i s p o s a l opera
t i o n s themselves. Ocean d i s p o s a l , ade
quately c o n t r o l l e d and monitored, can o f t e n 
provide the most economical, environmentally 
sound a l t e r n a t i v e a v a i l a b l e to us i n 
managing waste products of i n d u s t r i a l 
s o c i e t i e s . 
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Sludge Disposal and the Coastal Metropolis 

NORMAN NASH 

Department of Water Resources, City of New York, 
Municipal Building, New York, N.Y. 10007 

In August 1973
its first year of administratio
program. On the whole, this was an admirable work. 
However, early in the report it mentioned the deaths 
and i l lnesses attributed to mercury in Minamata Bay, 
Japan, went on to c i te the fact that about 20 percent 
of the she l l f i sh beds in the United States are closed 
because of polluted waters, and then said, "Finally, 
attention is drawn to the case of the New York Bight, 
New York Ci ty ' s 'dump'." 

We are inured to such remarks, although we can't 
help wincing at each blow, but it is discouraging to 
hear it from the EPA, which should know better. The 
bight i s not "New York Ci ty ' s dump." It also is 
Nassau County's dump, and Westchester County's, and 
especial ly New Jersey's . It is the dump for a 
multitude of industr ia l wastes, greater in volume than 
New York C i ty ' s sludge, and for a veritable mountain of 
dredge spo i l , nearly four times the volume of sludge 
discharged by the C i t y . 

In 1973 dredge spoi l constituted 56 percent of 
the to ta l volume of dumped wastes; municipal sludges 
from New York Ci ty , New Jersey and Nassau and 
Westchester Counties amounted to 26 percent, and the 
remainder, 18 percent, was industr ia l wastes, all from 
New Jersey (Figure 1). Dredge spo i l has been described 
by the EPA as "34 percent polluted"; if sludge i s 
considered to be 100 percent polluted, then dredge 
pollution. That is , by virtue of its large volume, inspite of 
its lesser percentage of pollution, the total inpact of dredge 
spoil discharged at disposal sites cannot be ignored. 

410 
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However, the volume of s p o i l i s so huge, the n e c e s s i t y 
f o r dredging i s u s u a l l y so obvious, and a l t e r n a t i v e s 
to ocean d i s p o s a l are so non-existent, that o p p o s i t i o n 
to the p r a c t i c e never got o f f the ground. Region II 
of EPA i s considering moving the dredge s p o i l s i t e 
f a r t h e r offshore, which i s the only s o l u t i o n to the 
problem, i f indeed i t i s a problem. 

The opponents of ocean d i s p o s a l concentrate t h e i r 
f i r e on the sewage sludge that i s discharged a t the 
s i t e about 12 miles o f f s h o r e . Yes, i t i s true that 
New York C i t y i s responsible f o r 58 percent of the 
t o t a l volume; New Jersey accounts f o r 34 percent, 
Nassau County 6 percen
percent. But the populatio
served by treatment p l a n t s , and thus by the d i s p o s a l 
s i t e , i s j u s t about 58 percent of the t o t a l served 
population of a l l areas. Therefore, i t might be s a i d 
that New York C i t y discharges no more than i t s 
r i g h t f u l share. Furthermore, our sludge i s produced 
by secondary treatment, and so i s much l e s s dense 
and much more voluminous than the primary sludge 
discharged by Westchester County and by v i r t u a l l y a l l 
of the New Jersey sources. I f those communities 
p r a c t i c e d secondary treatment, then the percentages 
would be reversed: New Jersey would be the major 
con t r i b u t o r , with about 60 percent, and New York City's 
share would be only about 35 percent. Better t r e a t 
ment of wastes, which i s the heart of our business, 
produces more sludge; c i t i e s which p r a c t i c e secondary 
treatment should be commended fo r t h e i r committment to 
higher treatment, not scolded as ocean p o l l u t e r s . 

The discharges of New York C i t y and New Jersey 
cannot properly be compared without considering the 
large volume of i n d u s t r i a l wastes, a l l from New Jersey, 
that i s discharged at the dumping s i t e s (Figure 2). 
The 281,600 cu ft/day of i n d u s t r i a l wastes, plus New 
Jersey's municipal sludge volume of 143,800 cu ft/day, 
make New Jersey's share of the t o t a l volume 61 per cent 
New York C i t y ' s share i s reduced to 35 percent, and 
Nassau's and Westchester's to only 3 and 1 percent. 
I f the primary vs. secondary treatment f a c t o r were 
introduced i n t o t h i s accounting, New York C i t y ' s true 
share would be reduced even f u r t h e r , to only 24 percent 
and New Jersey's would increase to 72 percent. 
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So much f o r the r e l a t i v e volumes o f the s e v e r a l 
sources; now f o r some of the constituent s of the 
wastes. The f i n g e r has been pointed at heavy metals 
as grave dangers to marine and even to human l i f e , 
and so i n Figures 3 and 4 are presented the average 
d a i l y additions of seven metals and o i l at the three 
dump s i t e s , i n c l u d i n g those from i n d u s t r i a l wastes. 
This does not mean that we agree that metals are a 
paramount danger; mighty l i t t l e r e a l evidence has 
been presented to j u s t i f y the noise and fear those 
claims have aroused. Furthermore, metals are 
ubiquitous. S u b s t a n t i a l amounts e x i s t even i n purely 
r e s i d e n t i a l wastes d  onl  p a r t l d i  th
sludge, and i n stor
removed. 

Cadmium, mercury and n i c k e l have been grouped i n 
Figure 3 , and four other metals and o i l i n Figure 4, 
because the lbs/day discharged f o r those i n each set 
are s i m i l a r . I t can be seen that f o r the f i r s t three 
metals, New Jersey i s the p r i n c i p a l c o n t r i b u t o r . The 
e l e c t r o p l a t i n g industry i s the l a r g e s t source of 
n i c k e l ; some idea of the number o f such firms and/or 
t h e i r degree of a t t e n t i o n to housekeeping p o s s i b l y 
can be gleaned from the data: 125 lbs/day from New 
York C i t y and 217 from New Jersey. (The data f o r 
Nassau and Westchester counties are not shown, except 
f o r Westchester i n Figure 4, because t h e i r discharges 
are i n s i g n i f i c a n t . ) 

New York C i t y contributes more copper and lead 
than does New Jersey, but l e s s chromium and z i n c . 
Nearly 1.4 tons/day of o i l are discharged, 58 percent 
from New York C i t y , 41 percent from New Jersey, and 
1 percent from Nassau and Westchester. Thus, about 
80 b a r r e l s a day are discharged i n sludge and 
i n d u s t r i a l wastes. 

So s i n i s not confined to one side of the Hudson 
R i v e r ; but soon w e ' l l a l l be i n the same boat, the 
laggards with the leaders, a l l chained to 85 percent 
removal of BOD and year-round d i s i n f e c t i o n , regardless 
of whether we discharge to a potable stream or to a 
t i d a l estuary. The amount of sludge that w i l l be 
produced by the present users of the s i t e , i n c l u d i n g 
a large increase from New York C i t y ' s new and upgraded 
p l a n t s , i s an i n c r e d i b l e 1 - m i l l i o n cu ft/day. This 
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1000 h 

Chromium Copper Lead 

Figure 4. Chromium, copper, lead, zinc, and oil from New York City and 
New Jersey sources, 1973 
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would f i l l Yankee Stadium 10 f e e t deep, i n c l u d i n g the 
b u l l pen, to the l a s t row of the lower box seats. 

What i s to be done with i t ? Very l i t t l e can be 
placed on the land, and none i n New York C i t y , unless 
we are prepared to lagoon i t i n C e n t r a l Park. I t can 
be burned i n sludge i n c i n e r a t o r s , but at a f e a r f u l 
c a p i t a l cost and a great continuing cost i n energy and 
d o l l a r s . Perhaps i t can be consumed i n i n c i n e r a t o r s 
designed to burn a mixture of refuse and sludge, and 
so solve two problems. 

And there i s the ocean, a resource which should 
be used with care. Of course, the ocean should not 
be the dumping ground f o  t r u l  t o x i
be, too, that some
volume of sludge disposed there. I t may even be 
necessary to end sludge d i s p o s a l altogether. But 
whatever d e c i s i o n i s made must be based on s c i e n t i f i c 
f a c t , not on emotion and semi-hysteria. The ocean i s 
not a v i r g i n to be protected against a l l contact with 
the coarseness of man; i t i s the once and future sink 
with an undoubted ca p a c i t y to a s s i m i l a t e some volume 
of waste. I t i s f o l l y to, without evidence, disregard 
that capacity and burden the land and the a i r with consequences 
possibly far more serious. 

Let us divorce emotion and scare t a c t i c s rrom 
t h i s matter. Well-meaning but i l l - i n f o r m e d c r i t i c i s m 
must not be allowed to deter s c i e n t i s t s and engineers 
from a d i s c i p l i n e d r e s o l u t i o n of the problem that 
i m p a r t i a l l y considers the t o t a l environment. 

ABSTRACT 
When both sludge and industr ia l wastes are con

sidered, i t i s evident that New Jersey, not New York 
Ci ty , i s the largest contributor to the New York bight 
disposal s i tes . New Jersey wastes contain more cadmium 
mercury, n icke l , chromium and zinc than does New York 
City sludge, but New York discharges more copper, lead and oil. 

Whatever decisions are made on the future of 
ocean disposal must be based on s c i en t i f i c fact , not 
on emotion. Without evidence, the ocean should not be 
ruled out as a disposal site, and the entire burden transferred 
to the land and the air. 
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Chemical Needs for the Regulation of Ocean Disposal 

T. A. WASTLER and C. K. OFFUTT 
O i l and Special Materials Control Division, Environmental Protection Agency, 
Washington, D.C. 20460 

Shortly after the
Control Act Amendment
of the Marine Protection, Research, and Sanctuaries Act of 
1972, often known as the Ocean Dumping Act , which pro 
hibits the disposal in ocean waters of certain materials and 
which provides a permit system to regulate al l other forms 
of ocean disposal. Also included in the Act are provisions 
for research to determine effects of disposal on the marine 
environment and authorization to establish specified areas 
as marine sanctuaries for recreational, conservational, and 
ecological purposes. The legislation was initiated by the 
Administration following the release by the Council on En
vironmental Quality in 1970 of the report "Ocean Dumping 
-- A National Policy" which surveyed current and past ocean 
disposal activities. Both the Senate and House versions of 
this Bill reflected the concern that pollutants, which were 
previously discharged into the nation's waters or air and 
are now restricted by the F W P C A and the Clean A i r Act , 
not cause unreasonable degradation of the marine environ
ment. 

The Act prohibits, except by permit, disposal in any 
ocean waters of materials which have been transported from 
U . S . ports or from any port in U . S . flag vessels. It also 
prohibits disposal without a permit by any ship in U . S . 
territorial waters and contiguous zone. No permit may be 
issued for disposal of radiological, biological, and chemical 
warfare agents and high-level radioactive wastes. 

The Administrator of E P A is authorized to establish r e g 
ulations under which permits will be issued and criteria by 
which to evaluate permit applications considering the need 
for the proposed dumping, the effects of dumping on the 
marine environment, alternative methods of disposal, and 
alternate uses of the oceans. E P A is also authorized to 
designate disposal sites. These regulations have been issued 
and are contained in Title 40 of the Code of Federal Reg-
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ulat ions at Sections 220-227. T h e regulat ions es tab l i sh c a t e 
g o r i e s of p e r m i t s which m a y be i s s u e d and a l s o designate 
d i s p o s a l s i tes i n which dumping m a y o c c u r . 

C o n c u r r e n t with the development of domest ic l e g i s l a t i o n 
to s t r i c t l y regulate ocean d i s p o s a l , the International C o n 
vention on the P r e v e n t i o n of M a r i n e P o l l u t i o n by D u m p i n g 
of Wastes and Other M a t t e r was negotiated i n 1972 at a c o n 
ference attended by 92 nat ions . In F e b r u a r y , 1973, the 
P r e s i d e n t submitted the Convention to the Senate for r a t 
i f i c a t i o n , which was a c c o m p l i s h e d i n A u g u s t , 1973. T h e 
Convention w i l l b e c o m e effective after r a t i f i c a t i o n by 15 
nat ions , at which t i m e the ocean dumping law b e c o m e s the 
enabl ing domest ic l e g i s l a t i o n for the t r e a t y . A t the p r e s e n t 
t i m e nine nations have r a t i f i e d the Convention , and it i s a n 
t ic ipated that it w i l l c o m e into f o r c e by the end of 1975. 

E P A init iated the
tions for i s s u i n g p e r m i t s for ocean d i s p o s a l , c r i t e r i a c o n 
sistent with both the A c t and the Convention under which 
to evaluate wastes , and enforcement p r o g r a m s to i n s u r e 
c o m p l i a n c e . O n A p r i l 23, 1973, the p r o g r a m b e c a m e o p 
e r a t i o n a l and u n p e r m i t t e d ocean d i s p o s a l was no longer 
a l l o w e d . B y J u l y , 1973, 47 p e r m i t s had been i s s u e d under 
i n t e r i m r e g u l a t i o n s . F i n a l regulat ions were p r o m u l g a t e d on 
October 15, 1973, and to date 106 p e r m i t s i n c l u d i n g r e n e w a l s 
and r e a p p l i c a t i o n s have been i s s u e d under the f i n a l r e g u 
lat ions for s t r i c t l y regulated ocean d i s p o s a l of w a s t e s . 

E P A i s c u r r e n t l y r e v i s i n g the ocean dumping regulat ions 
based on our operat ing exper ience and , i n c o m p l i a n c e with 
the Nat ional E n v i r o n m e n t a l P o l i c y A c t ( Ν Ε Ρ Α ) , i s beginning 
studies for the p r e p a r a t i o n of e n v i r o n m e n t a l impact s t a t e 
ments on the d i s p o s a l s i t e s . 

T h e c r i t e r i a for evaluating each p e r m i t appl icat ion a r e 
i n Section 227 of T i t l e 40 of the Code of F e d e r a l R e g u l a t i o n s . 
It i s useful to understand that the the c r i t e r i a a r e based on 
spec i f ic r e q u i r e m e n t s of the International O c e a n Dumping 
convention as w e l l as the statutory r e q u i r e m e n t s i n the O c e a n 
Dumping A c t . In addition to the prohibi t ions on dumping 
b i o l o g i c a l , c h e m i c a l , and r a d i o l o g i c a l w a r f a r e agents and 
h i g h - l e v e l r a d i o a c t i v e wastes , the convention p r o h i b i t s the 
dumping of wastes containing m e r c u r y , c a d m i u m , o r g a n o -
halogens , p e r s i s t e n t p l a s t i c s , and p e t r o l e u m o i l s , as other 
than t r a c e contaminants . T h e Convention , h o w e v e r , does not 
define " t r a c e c o n t a m i n a n t s " ; and , t h e r e f o r e , each country 
must make its own interpretat ion of what a " t r a c e c o n t a m i 
nant " i s , and what l e v e l s can be p e r m i t t e d i n wastes to be 
ocean dumpe d . T h e E P A c r i t e r i a r e f l e c t these p r o h i b i t i o n s 
and go one step further by a l s o p r o h i b i t i n g the d i s p o s a l of 
m a t e r i a l s insuf f ic ient ly d e s c r i b e d to p e r m i t evaluation of 
their i m p a c t on the m a r i n e environment , which i s one of 
the r e a s o n s why c h e m i c a l a n a l y s i s of the wastes i s so i m -
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portant . 
A technica l evaluation must be made on each a p p l i 

cat ion , not only as to the c o m p l i a n c e with these c r i t e r i a , 
but a l s o as to the need for the dumping , the a v a i l a b i l i t y 
of a l t e r n a t i v e s , and f e a s i b i l i t y of t reatment . 

T h e b a s i c d e c i s i o n to i s s u e a p e r m i t for ocean dumping 
depends on the determinat ion by the A d m i n i s t r a t o r that the 
" d u m p i n g w i l l not unreasonably degrade o r endanger h u m a n 
hea l th , w e l f a r e , o r a m e n i t i e s , o r the m a r i n e e n v i r o n m e n t , 
e c o l o g i c a l s y s t e m s , o r economic p o t e n t i a l i t i e s . 1 1 Such d e 
c i s i o n s a r e dif f icult to m a k e i n a r e g u l a t o r y p r o g r a m without 
adequate c r i t e r i a , and without s trong t e c h n i c a l capabi l i ty 
for evaluating p e r m i t s and for understanding the effects of 
pollutants on the m a r i n e e n v i r o n m e n t . T h e t e c h n i c a l needs 
for the r e g u l a t i o n of ocean d i s p o s a l involve the a b i l i t y : 

(1) to develop c r i t e r i
i m p a c t of waste m a t e r i a l s on the m a r i n e e n v i r o n 
ment ; 

(2) to c h a r a c t e r i z e fu l ly waste m a t e r i a l s p r o p o s e d for 
ocean d i s p o s a l ; 

(?) to a c c u r a t e l y a s s e s s the ex is t ing conditions at a 
d i s p o s a l s i te ; and 

(4) to a c c u r a t e l y detect any effects of the dumping 
a c t i v i t i e s on the d i s p o s a l s i t e . 

It m u s t be understood c l e a r l y that what we a r e r e a l l y 
c o n c e r n e d about i n t e r m s of the i m p a c t of pollutants on the 
m a r i n e environment i s their u l t imate i m p a c t on the l i v i n g 
o r g a n i s m s of the ocean and on their i n t e r r e l a t i o n s h i p s . 
Recognit ion of this b a s i c c o n c e r n frequently tends to put 
the c h e m i c a l aspects of m a r i n e pol lut ion c o n t r o l p u r e l y i n 
the pos i t ion of a t e c h n i c a l support r e q u i r e m e n t for the l a r g e r 
e c o l o g i c a l c o n c e r n s r a t h e r than as the b a s i c technique and 
a p p r o a c h through which situations of potential e c o l o g i c a l 
c o n c e r n can be identi f ied and m e c h a n i s m s for their c o r r e c 
tion developed . 

In d i s c u s s i n g the r o l e of the c h e m i s t and of c h e m i s t r y 
i n s e c u r i n g data for support ing r e g u l a t o r y p r o g r a m s for the 
m a r i n e e n v i r o n m e n t , we w i l l e m p h a s i z e not so m u c h s p e c i f i c 
p r o b l e m s that p r e s e n t l y exis t , but r a t h e r the types of 
approaches we feel would be most r e w a r d i n g i n a s s e s s i n g 
the i m p a c t of pollutants on m a r i n e e c o s y s t e m s . T h e s e can 
be grouped r o u g h l y into three g e n e r a l categor ies of i n v e s t i 
gat ion, which we would l i k e to c h a r a c t e r i z e b r i e f l y , and then 
r e l a t e to each of the r e g u l a t o r y needs a l r e a d y ment ioned . 

F i r s t , there i s sheer a n a l y t i c a l c a p a b i l i t y . T h i s m a y 
appear to be p e r f e c t l y s t r a i g h t f o r w a r d , but c o n s i d e r that i n 
the p a r t i c u l a r r e g u l a t o r y s i tuation that c o n c e r n s u s , we a r e 
interested f i r s t i n detecting a c h e m i c a l constituent (an 
e lement , i o n , o r spec i f ic compound) i n " t r a c e " quantities i n 
a waste m a t e r i a l containing many s i m i l a r c h e m i c a l s p e c i e s ; 
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then, after it i s dumped , we want to be able to detect it at 
s e v e r a l o r d e r s of magnitude s m a l l e r concentrat ions - not 
i n a p u r e solution i n d i s t i l l e d water but i n a three p e r c e n t 
salt solution of v a r i a b l e c o m p o s i t i o n — a n d with sufficient 
a c c u r a c y that we can d e t e r m i n e i f there i s any p r o g r e s s i v e 
buildup i n concentrat ion attributable to the d i s c h a r g e of the 
constituent f r o m the waste i n which it was o r i g i n a l l y i d e n t 
i f i e d as a " t r a c e " contaminant . We would , of c o u r s e , l i k e 
to be able to p e r f o r m the n e c e s s a r y analyses on a rout ine 
b a s i s with m i n i m a l l y t r a i n e d technic ians u s i n g f o o l - p r o o f 
methods of a n a l y s i s which r e q u i r e inexpensive equipment . 

H o w e v e r , it i s not enough to s i m p l y be able to m e a s u r e 
concentrat ions of spec i f ic constituents under highly v a r i a b l e 
condit ions . We a l s o need to know the k i n e t i c s of their t r a n s 
format ions i n the m a r i n e e n v i r o n m e n t . T h i s i s the second 
of the m a j o r categor ie
ably into the t h i r d , which i s the c o n s i d e r a t i o n of s y n e r g i s m 
and anatagonism among v a r i o u s waste constituents when a 
waste m a t e r i a l of one c o m p o s i t i o n i s dumped suddenly and 
without p r e p a r a t i o n into a m e d i u m of somewhat different 
c h a r a c t e r is t ic s . 

T h e point we w i s h to b r i n g to your attention i s s i m p l e 
to state , but i s e x t r e m e l y complex when appl ied to the r e a l 
w o r l d . T o use a s i m p l e e x a m p l e , i f you know what the 
k i n e t i c s of t h e m e t h y l a t i o n of m e r c u r y a r e i n a p u r e so lut ion , 
can you extrapolate this a c c u r a t e l y to the methylat ion of 
m e r c u r y i n sewage sludge or i n the m a r i n e environment ? 
In a r e g u l a t o r y p r o g r a m , we a r e m i l d l y interested i n the 
" p u r e s o l u t i o n " c a s e , but we a r e v i t a l l y interested in the 
latter two c a s e s and their r e l a t i o n s h i p . T h e r e f o r e , k i n e t i c s , 
s y n e r g i s m , a n a t a g o n i s m , and what happens i n a three p e r 
cent salt solution to affect any or a l l of these types of 
r e a c t i o n s of a waste constituent a r e the b a s i c i n f o r m a t i o n 
upon which an e n v i r o n m e n t a l l y r e s p o n s i b l e r e g u l a t o r y p r o 
g r a m must r e s t , and it i s in this context i n which we would 
l i k e to d i s c u s s what we feel is needed in each of the four 
types of t e c h n i c a l r e q u i r e m e n t s outl ined e a r l i e r . 

C r i t e r i a Development 

T h e r e a r e c e r t a i n aspects of the ocean d i s p o s a l c r i t e r i a 
which a r e now, and w i l l p r o b a b l y r e m a i n , a matter of j u d g 
ment on the part of E P A as to what i s acceptable and what 
i s not. T h e s e include the amounts of i n e r t m a t e r i a l s and 
the amounts of a c i d i c , b a s i c , o r oxygen - c o n s u m i n g m a 
t e r i a l s which can be dumped without unreasonable d e g r a 
dation i n any p a r t i c u l a r c a s e . M o r e speci f ic than these a r e 
the o v e r a l l toxic i ty c r i t e r i a d e t e r m i n e d by a b i o a s s a y a c 
c o r d i n g to spec i f ied approved p r o c e d u r e s which sets l i m i t s 
on how toxic wastes can be disposed of in the m a r i n e e n -
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v i r o n m e n t . B e y o n d this a r e definite l i m i t s set on the amounts 
of c e r t a i n s p e c i f i c waste constituents p r o h i b i t e d as other than 
" t r a c e c o n t a m i n a n t s . 1 1 

T h e p r o b l e m s a s s o c i a t e d with sett ing r a t i o n a l l i m i t s on 
such constituents m a y be i l l u s t r a t e d by the p r o b l e m s s u r 
r o u n d i n g the setting of r e a s o n a b l e l i m i t s on the d i s c h a r g e 
of m e r c u r y to the m a r i n e e n v i r o n m e n t . T h e exis t ing c r i t e r i a 
a r e based on a l l o w i n g , within the m i x i n g zone, an i n c r e a s e 
of 50 percent above average ambient l e v e l s for m e r c u r y i n 
the water c o l u m n or i n the s e d i m e n t s . Recent i n f o r m a t i o n 
sets an acute toxicity l e v e l for m e r c u r y in seawater of 50 
ppb , and a c h r o n i c l e v e l of 0 .10 p p b , which i s i n the r a n g e 
of n o r m a l ambient l e v e l s for m e r c u r y i n s e a w a t e r . 

T h e r e a r e s e v e r a l p r o b l e m s that appear i n r e l a t i n g the 
known toxic va lues for m e r c u r y i n the environment to those 
which a r e p e r m i s s i b l
l i k e to r e l a t e these to the concepts of k i n e t i c s , s y n e r g i s m , 
and antagoism d i s c u s s e d e a r l i e r . M e r c u r y i s g e n e r a l l y r e 
p o r t e d as total m e r c u r y , w h e r e a s the b i o l o g i c a l l y act ive 
spec ies i s o r g a n i c m e r c u r y . T h u s , we m u s t f i r s t d e t e r m i n e 
how m u c h of the total m e r c u r y b e c o m e s b i o l o g i c a l l y act ive 
and at what r a t e ; second, hm i s the rate o f conversion 
to organic m e r c u r y r e l a t e d to the amount of sewage sludge 
o r other waste present and its o r g a n i c content; a n d , t h i r d , 
i f one puts this complex m i x t u r e into a three percent salt 
s o l u t i o n , how does this affect the c o n v e r s i o n of i n o r g a n i c 
m e r c u r y to the b i o l o g i c a l l y act ive methylated m e r c u r y ? T o 
answer such questions r e q u i r e s an integrated , cohesive 
a p p r o a c h toward d e t e r m i n i n g the k i n e t i c s of M e r c u r y r e 
act ions i n seawater and the s y n e r g i s t i c o r antagonistic 
effects of m e r c u r y i n the e n v i r o n m e n t , and the development 
of f i n a l c r i t e r i a for m e r c u r y d i s c h a r g e s must depend upon 
the c h e m i c a l r e s e a r c h to identify these r e l a t i o n s h i p s . 

Waste C h a r a c t e r i z a t i o n 

Complete a n a l y s i s of waste m a t e r i a l s is e s s e n t i a l to 
identify the const i tuents , their nature and their c o n c e n t r a 
t i o n . R e f e r e n c e can be made to data avai lable i n the l i t e r 
ature on t o x i c o l o g i c a l ef fects , and a p r e d i c t i o n can be m a d e 
on the behavior of the constituents i n the m a r i n e environment 
- whether a m a t e r i a l w i l l be c o m p l e t e l y so luble , concentrate 
i n a s u r f a c e s l i c k , o r a d s o r b onto bottom s e d i m e n t s . 

F r o m a r e g u l a t o r y standpoint, we have r e a s o n a b l y good 
capabi l i ty i n be ing able to d e t e r m i n e the constituents of waste 
m a t e r i a l s t h e m s e l v e s . T h e thirteenth edition of Standard 
Methods for the E x a m i n a t i o n of Water and Wastewater , 
p r e p a r e d and publ i shed jointly by the A m e r i c a n P u b l i c H e a l t h 
A s s o c i a t i o n ( A P H A ) , A m e r i c a n Water W o r k s A s s o c i a t i o n , 
and W a t e r P o l l u t i o n C o n t r o l F e d e r a t i o n , i s c u r r e n t l y a v a i l -
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able and i s r e v i s e d and updated p e r i o d i c a l l y . Another 
c o m m o n r e f e r e n c e i s the A n n u a l Book of A S T M Standards 
and s p e c i f i c a l l y P a r t 23 for W a t e r . 

Section 304(g) of the F e d e r a l Water P o l l u t i o n C o n t r o l A c t 
A m e n d m e n t s of 1972 r e q u i r e s that E P A promulgate g u i d e 
l i n e s es tab l i sh ing test p r o c e d u r e s for the a n a l y s i s of p o l l u t 
a n t s Such test p r o c e d u r e s a r e to be u s e d by p e r m i t appl icants 
to demonstrate that effluent d i s c h a r g e s meet appl icable 
pollutant d i s c h a r g e l i m i t a t i o n s , and by the States and other 
enforcement a c t i v i t i e s in m o n i t o r i n g of effluents to v e r i f y 
effectiveness of pol lut ion c o n t r o l m e a s u r e s . 

In r e s p o n s e to that l e g i s l a t i v e r e q u i r e m e n t E P A p u b 
l i s h e d guidel ines for test p r o c e d u r e s i n the F e d e r a l R e g i s t e r 
of October 16, 1973 (40 C F R 136). A s p a r t of that effort 
E P A has c o m p i l e d in the r e c e n t edition of " M e t h o d s for 
C h e m i c a l A n a l y s i s o
a n a l y t i c a l p r o c e d u r e s used by i ts l a b o r a t o r i e s for the e x a m 
ination of ground and sur face w a t e r s , domest ic and i n d u s t r i a l 
waste eff luents, and treatment p r o c e s s s a m p l e s . E x c e p t 
where noted the methods a r e appl icable to both water and 
wastewaters , and both f r e s h and sa l ine water s a m p l e s . A l 
though other test p r o c e d u r e s m a y be u s e d , as p r o v i d e d in 
the October 16, 1973, F e d e r a l R e g i s t e r i s s u e , the methods 
d e s c r i b e d i n the m a n u a l w i l l be u s e d by E P A i n d e t e r m i n i n g 
c o m p l i a n c e with appl icable water and effluent s tandards 
establ ished by the A g e n c y . M o s t of the E P A methods a r e 
d i r e c t modi f icat ions o r c l a r i f i c a t i o n s of the A P H A or A S T M 
methods , some of which have been adapted to i n s t r u m e n t a l 
methods i n p r e f e r a n c e to m a n u a l p r o c e d u r e s because of the 
i m p r o v e d speed , a c c u r a c y , and p r e c i s i o n . 

In developing test p r o c e d u r e s for the i m p l e m e n t a t i o n of 
the O c e a n D i s p o s a l P e r m i t P r o g r a m . T h e methods that w e r e 
developed i n r e s p o n s e to Section 304(g) of the F W P C A , w e r e 
adopted for a n a l y z i n g wastes p r o p o s e d for ocean d i s p o s a l . 

A s s e s s m e n t of D i s p o s a l Site Condit ions 

In o r d e r to evaluate i m p a c t of dumping on the m a r i n e 
e n v i r o n m e n t , an a c c u r a t e r e p r e s e n t a t i o n of the exis t ing 
conditions i s n e c e s s a r y . T h e s e d i s p o s a l site evaluations 
need to include examinat ion of the water c o l u m n and benthic 
r e g i o n s with r e s p e c t to water qual i ty , b i o t a , and s e d i m e n t s . 
B u t there a r e a number of c o m p l i c a t i n g f a c t o r s . A n y s a m p 
l i n g i s o c c u r r i n g i n a dynamic s y s t e m . E v e n the s a m p l i n g 
techniques t h e m s e l v e s a r e not s t a n d a r d i z e d . T h e ambient 
concentrat ion of m a n y constituents of i n t e r e s t a r e on the 
range of p a r t s p e r m i l l i o n and p a r t s p e r b i l l i o n , and 
although p r e c o n c e n t r a t i o n techniques a r e a v a i l a b l e , they 
do introduce chance of e r r o r . T h e v e r y nature of the s e a 
water causes a n a l y t i c a l p r o b l e m s with sa l ine i n t e r f e r e n c e s . 
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The objective in making baseline assessments is not only 
to determine the ambient concentrations of particular con
stituents, but also to understand the variation of levels in 
time and space, to provide information statistical variability 
and the range of values. 

Here, again, we must face the problems of kinetics, 
synergism, and antagonism, because in the initial baseline 
assessment of a particular disposal site, attention must be 
directed toward the rates at which certain reactions occur, 
and the factors which tend to stimulate or suppress certain 
reactions. It is only through a thorough understanding of 
the processes which are most significant at a particular 
location that the fundamental rate processes which occur 
at a disposal site can be understood to the extent that 
effective control can be exerted over the site to reduce ad
verse effects and to enhanc

The major goal o y  regulatory progra
is to find out what forms of waste disposal have unacceptable 
adverse effects on the environment and to eliminate, or at 
least reduce the unacceptable adverse impact. In the 
marine environment this is very difficult to achieve for a 
number of reasons. Fir s t , the existing baseline data are 
poor simply because no agency has ever had the mandate 
to conduct the extensive surveys necessary to establish 
baselines adequate for regulatory purposes. Second, the 
major portion of the existing chemical research efforts 
during the past has been directed toward how to improve 
our analytical capability, which is of course an essential 
precursor to finding out what analytical results mean in 
terms of environmental protection, but which does not con
tribute directly toward an understanding of the effects of 
specific pollutants on the marine environment. 

Third, the volumes of water involved in ocean disposal 
are so great that many very critical pollutants, such as trace 
metals and organohalogens become diluted very rapidly, so 
that the measurements that are needed to detect pollutants 
and their impacts require techniques that are so sensitive 
that contamination of samples by the sampling equipment 
itself becomes a critical problem in some cases. 

Fourth, many ocean sediments contain potentially toxic 
trace metals, but in forms which are not available to the 
ecosystem under normal ambient conditions in the oceans. 
Certain materials, even in small quantities, might upset 
this balance and cause the release into the seawater of toxic 
materials from natural sediments. Conversely, toxic ma
terials which might be a problem in a fresh water ecosystem 
could become non -toxic in seawater or be adsorbed onto or 
absorbed into some natural sediments and be permanently 
removed from the ecosystem. 

This is merely a listing of some of the types of chemical 
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problems we face in implementing a regulatory program to 
protect the marine environment. It is not intended to be 
exhaustive, but just to indicate the scope of the chemical 
problems which need to be attacked and solved so that we 
can deal with pollution problems in the marine environment 
with the same degree of certainity that we have in the fresh 
water environment. 

Problems associated with marine pollution have been 
highlighted by the national concern about the effect of ocean 
dumping of toxic materials on the marine environment which 
culminated in the passage of the Ocean Dumping Act. It is 
well to remember, however, that the vast majority of pol
lutants reaching the ocean enter the marine environment 
through ocean outfalls or by way of rivers and estuaries, 
and that the needs an
well to pollutants fro

The problem of ocean pollution is not a temporary one. 
In the United States the rate of both population and industrial 
growth is greater in the coastal area than in the interior; in 
addition, we are entering an era of greater exploitation of 
offshore marine resources and the development of deepwater 
ports near shore. These activities and this growth will 
undoubtedly result in greater direct stress on the marine 
environment and greater pressure for increased waste dis
posal into ocean waters. 

It is possible that the ocean may be the most environ
mentally acceptable place to put some types of wastes after 
they have been adequately treated. Before we can accept 
this, however, we must know much more about the marine 
environment and how pollutants behave in it. 

I hope that our comments here have served to focus your 
attention on what some of that "much more" might be as 
far as chemistry is concerned. 
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Pollutant Inputs and Distributions off Southern 
California 

D. R. YOUNG, D. J. M c D E R M O T T , T. C. HEESEN, and T. K. JAN 

Southern California Coastal Water Research Project, El Segundo, Calif. 90245 

The coastal p la i
habited by approximatel
percent of the Nation's population. A wide variety 
of ac t iv i t i e s i n this region generate waste products 
that may contribute pollutants to the adjacent marine 
environment, which is known as the Southern California Bight. 

Most of the freshwater that enters the Bight is 
municipal wastewater discharged from four submarine 
o u t f a l l systems lying off the c i t i e s of Los Angeles, 
Santa Ana, and San Diego (Figure 1). These systems 
carry approximately 95 percent of the more than 
1 billion gallons of wastewater released dai ly off 
southern Cal i forn ia . In addition, surface runoff 
contributes, on the average, the equivalent of 
400 mi l l i on gallons per day (mgd) of freshwater through 
15 major channels distributed fairly evenly along the 
coast. However, about 80 percent of this flow results 
from a few storms, which generally occur during the 
fall and winter seasons. 

Another potential source of pol lut ion i s indus
trial waste discharged d irec t ly into the marine environ
ment. A great number of these discharges enter the 
Los Angeles/Long Beach Harbor in San Pedro Bay, the 
largest harbor in the Bight. This harbor also receives 
the greatest variety of industr ia l wastes. 

The 14 major harbors or marinas along the south
ern Cal i fornia coast provide anchorage for approxi
mately 40,000 recreational craft , in addition to 
numerous commercial and naval vessels. The re la t ive ly 
large quantities of antifouling and other bottom 
paints applied annually at these anchorages represent 
another potential source of marine pollutants, partic
ularly trace metals and synthetic organic compounds. 

A f i f t h route by which man-made contaminants may 
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reach the c o a s t a l environment is aerial precipitation. In 
view of the severe a i r p o l l u t i o n problems i n southern 
C a l i f o r n i a , one would expect a e r i a l f a l l o u t to be a 
s i g n i f i c a n t f a c t o r i n marine p o l l u t i o n i n the area. At 
present, we have relatively l i t t l e information on the precipita
tion of trace elements; however, we recently established the im
portance of this input route for chlorinated hydrocarbons such as 
DDT and polychlorinated biphenyls (PCB). 

The Bight i s roughly defined on the west by the 
eastern edge of the C a l i f o r n i a Current, which g e n e r a l l y 
c a r r i e s large q u a n t i t i e s of trace m a t e r i a l s (1). Ihus, i t 
i s i n s t r u c t i v e , f o r comparative purposes, to estimate 
the quantity of a given m a t e r i a l that f l u x e s through 
the surface l a y e r s
current advection. 

In the past 4 years, the Coastal Water Research 
Proj e c t has i n v e s t i g a t e d the inputs and d i s t r i b u t i o n s 
of more than a dozen p o t e n t i a l l y harmful trace elements 
(1, 2, 3^ 4, 5) . Here we summarize our r e s u l t s on one 
of these elements, mercury, as an example of our f i n d 
ings to date. 

During Water Year 1971-72, we sampled storm runoff 
from four major channels i n the urban and a g r i c u l t u r a l 
regions of the southern C a l i f o r n i a c o a s t a l p l a i n and ana
lyzed the samples f o r trace metals and c h l o r i n a t e d 
hydrocarbons. We often observed a c o r r e l a t i o n between 
flow rate and concentration of suspended sediments and 
t r a c e constituents (Figure 2). During 1972-73, we 
repeated our survey of c h l o r i n a t e d hydrocarbons i n Los 
Angeles River storm runoff and obtained flow-weighted 
mean concentrations very s i m i l a r to those of the pre
vious year. Therefore, we have extrapolated our data 
to unsampled channels and time periods to obtain Bight-
wide emission estimates f o r Water Year 1972-73. The 
flow-weighted mean concentrations of t o t a l mercury 
found i n storm runoff from the four channels ranged 
from 400 to 1030 ng/L. 

To obtain an i n i t i a l i n d i c a t i o n of the importance 
of d i r e c t i n d u s t r i a l waste discharges, during 1973, we 
sampled e f f l u e n t s from a number of d i f f e r e n t kinds of 
i n d u s t r i e s located i n Los Angeles Harbor. Our r e s u l t s 
f o r t o t a l mercury are summarized i n Table 1. The 
highest concentration we observed (240 ng/L) occurred 
i n wastewater from a f i s h cannery; however, t h i s value 
was only e i g h t times the average l e v e l s (30 ng/L) we 
have measured i n seawater c o l l e c t e d o f f southern 
C a l i f o r n i a . Most of the concentrations observed were 
lower than the cannery waste value and do not suggest 
s i g n i f i c a n t mercury contamination v i a t h i s route. 
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1 2 1 ° W 120eW l 1 9 e W 1 1 8 ° W 1 1 7 ° W 

Figure 1. The Southern California Bight Outfall systems are: (1) Oxnard City, (2) 
Hyperion, Los Angeles City, (3) Whites Point, Los Angeles County, (4) Orange County, 

and (5) San Diego City. 

0000 0800 1600 0000 0800 1600 
22 DEC 1971 23 DEC 1971 

Figure 2. Total mercury in Los Angeles River storm runoff, 22-23 December 1971 
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During 1972-73, we obtained several 1-week com
po s i t e s of f i n a l e f f l u e n t from the f i v e major municipal 
wastewater treatment plants along the coast of the 
Bight. Several grab samples per day were c o l l e c t e d 
and frozen. At the end of the week, r e p l i c a t e compos
i t e s were obtained and f i l t e r e d , and the f i l t r a t e s and 
residues were analyzed f o r t o t a l mercury. Average 
r e s u l t s are l i s t e d i n Table 2. These data i n d i c a t e 
that the municipal e f f l u e n t s contain concentrations 
of mercury an order-of-magnitude greater than those 
found i n d i r e c t i n d u s t r i a l discharges t o Los Angeles 
Harbor. In a d d i t i o n , the wastewater p a r t i c u l a t e s have 
r e l a t i v e l y high mercury concentrations: T y p i c a l l e v e l s 
are at l e a s t 100 times the average concentration 
(0.04 mg/dry kg) we
c o a s t a l marine sediments

In Table 3, we have summarized our values f o r 
annual mass emission rates of t o t a l mercury to the 
Bight v i a the three types of wastewater discussed 
above. The t a b l e a l s o contains an estimate of the 
amount of mercury flowing through the Bight v i a ocean 
current advection, based on an average seawater con
c e n t r a t i o n of 30 ng/L measured during several surveys 
sponsored by the Project, and on océanographie 
assumptions o u t l i n e d by Young (2). These r e s u l t s 
i n d i c a t e that municipal wastewaters are the dominant 
f l u v i a l source of mercury to the Bight. 

The input of mercury v i a municipal wastewaters 
would be undetectable i f i t were w e l l mixed with the 
advecting seawater. However, t h i s i s not always the 
case, as i s i l l u s t r a t e d by the data of Figure 3. This 
f i g u r e summarizes the r e s u l t s of a 1973 survey of 
mercury i n surface sediments around the JWPCPl sub
marine o u t f a l l system o f f Whites Point on the Palos 
Verdes Peninsula. As with e f f l u e n t p a r t i c u l a t e values 
l i s t e d i n Table 2, contamination l e v e l s i n the s e d i 
ments are two orders of magnitude above concentrations 
i n c o a s t a l c o n t r o l areas. V e r t i c a l p r o f i l e s of mercury 
i n box cores c o l l e c t e d at Stations B18 through B21 are 
i l l u s t r a t e d i n Figure 4. These r e s u l t s i n d i c a t e that 
the i n f l u e n c e of the o u t f a l l s extends to approximately 
30 cm below the sediment surface at the discharge depth 
of about 60 m. On the b a s i s of numerous v e r t i c a l pro
f i l e s obtained at the monitoring s t a t i o n s shown i n 
Figure 3, we estimate that roughly 4 metric tons of 
anthropogenic mercury are contained i n these sediments. 

1. J o i n t Water P o l l u t i o n Control Plant of the County 
S a n i t a t i o n D i s t r i c t s of Los Angeles County. 
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Table 1. Concentrations of total mercury 
in industrial effluents discharged 
directly to the Los Angeles Harbor, 
1973. 

Type of Flow Mercury 
Discharge (mgd) (ng/L) 

Fish Cannery 
Waste No. 1 5.55 240 
Waste No. 2 3.20 140 
Retort Discharge 0.12 81 
Condensor Water 1.94 120 

Shipyard 
Cooling Water No
Cooling Water No. 2 0.43 86 
O i l Tanker Cleandown 0.25 120 
Ship Ballast No. 1 0.04 95 
Ship Ballast No. 2 0.29 150 

O i l Refinery 
Cooling Water 0.02 48 

Power Plant 
Cooling Water 257 38 

Chemical Plant 
Combined Processes 5.51 79 

Average Seawater 30 

Table 2. Concentrations of total mercury 
in municipal wastewater discharged 
off southern California, 1972-73. 

Wet Dry 
Discharger Flow (mgd) (mg/L) (mg/dry kg) 

Oxnard City 10 0.0005 3.3 
Los Angeles City 

Effluent 330 0.0005 5.2 
Sludge 5 0.05 8.4 

Los Angeles County 360 0.001 4.0 
Orange County 150 0.001 6.7 
San Diego City 100 0.001 6.0 
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Figure 4. Vertical profiles of total 
mercury concentrations in box core 
sediments collected northwest of the 
Whites Point outfall system, July 1971. 

Stations shown on Figure 3. 
15 20 25 

DEPTH (CM) 
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w i t h a p p r o x i m a t e l y 20 p e r c e n t o f t h i s q u a n t i t y l o c a t e d 
i n t h e u p p e r 5 cm. 

A number o f o t h e r t r a c e e l e m e n t s a l s o a r e h i g h l y 
c o n c e n t r a t e d above n a t u r a l l e v e l s i n t h e W h i t e s P o i n t 
d i s c h a r g e a r e a . T a b l e 4 s u m m a r i z e s t y p i c a l s e d i m e n t 
c o n t a m i n a t i o n f a c t o r s o b s e r v e d i n a b o t t o m t r a w l i n g 
z o n e b e t w e e n W h i t e s P o i n t a n d P o i n t V i c e n t e , " d o w n 
s t r e a m " o f t h e o u t f a l l d i f f u s e r s . A l s o l i s t e d a r e 
a v e r a g e c o n c e n t r a t i o n s o f t h e s e t r a c e e l e m e n t s i n 
l i v e r s o f r e s i d e n t f l a t f i s h , t h e D o v e r s o l e ( M i c r o -
stomus p a c i f i c u s ) , t r a w l e d f r o m t h e s e c o n t a m i n a t e d 
s e d i m e n t s a n d f r o m a n u n c o n t a m i n a t e d r e g i o n o f f S a n t a 
C a t a l i n a I s l a n d . T h e s e i n v e s t i g a t i o n s w e r e c o n d u c t e d 
i n c o l l a b o r a t i o n w i t h J . G a l l o w a y ( U n i v e r s i t y o f 
C a l i f o r n i a , San D i e g o ) a n d V . G u i n n and J . d e G o e i j 
( U n i v e r s i t y o f C a l i f o r n i a

T h e m o s t s t r i k i n g r e s u l t f r o m t h e D o v e r s o l e s t u d y 
i s t h e f a c t t h a t t h e o u t f a l l s p e c i m e n s (known b y t h e i r 
h i g h DDT c o n c e n t r a t i o n s a n d f r e q u e n t l y e r o d e d f i n s t o 
h a v e o c c u p i e d t h e c o n t a m i n a t e d r e g i o n ) d i d n o t e x h i b i t 
i n c r e a s e d c o n c e n t r a t i o n s o f t h e c o n t a m i n a n t e l e m e n t s . 
T h e o n l y s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s o b s e r v e d 
w e r e r e d u c e d l i v e r c o n c e n t r a t i o n s o f a r s e n i c , cadmium, 
and s e l e n i u m i n t h e f i s h c o l l e c t e d n e a r t h e d i s c h a r g e s . 
S u b s e q u e n t s t u d i e s s t i l l i n p r o g r e s s h a v e c o n f i r m e d 
t h i s l a c k o f g e n e r a l e n h a n c e m e n t o f e l e m e n t a l c o n c e n 
t r a t i o n s i n t h i s s p e c i e s o n t h e P a l o s V e r d e s s h e l f . 

With the support o f the U. S. Environmental Protect ion 
Agency we have invest igated inputs o f ch lor inated hydro
carbons to the waters o f the Bight v i a s i x d i f f e r e n t routes 
during the past two years . The municipal , i n d u s t r i a l , s u r 
face runoff , and advection input studies general ly followed 
the patterns o u t l i n e d above f o r mercury. D e t a i l e d surveys 
o f a n t i f o u l i n g p a i n t usage were conducted a t three major 
southern C a l i f o r n i a harbors , and analys is o f approximately 
t h i r t y major brands o f p a i n t were made (2 ·̂ In a d d i t i o n , 
using a technique developed by V . McClure , we have c o n 
ducted extensive studies o f dry a e r i a l p r e c i p i t a t i o n o f 
chlor inated hydrocarbons throughout the Bight during three 
d i f f e r e n t seasons. 

The r e s u l t s obtained t o date from the ch lor inated 
hydrocarbon studies are sunroarized i n Table 5. The p r i n c i 
p a l ch lor inated hydrocarbons observed were DDT and PCB 
compounds. Major coasta l sources during 1973-74 
were municipal wastewater and a e r i a l dry p r e c i p i t a t i o n . 

2. Nat ional Marine F i s h e r i e s S e r v i c e , La J o l l a , 
C a l i f o r n i a . 
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Table 3. Inputs of t o t a l mercury to 
the Southern C a l i f o r n i a Bight, 
1972-73. 

Estimated Flow Mercury MER 
Route (mgd) (metric tons/yr) 

Municipal Wastewater* 950 2 . 5 - 1 
D i r e c t I n d u s t r i a l * * 1,300 0.04 
Storm Runoff 400 0.4 

7 
Ocean Currents 1 χ 10 600 
* Estimate based o f  concentration

obtained by SCCWR
** San Pedro Harbor only, MER estimate excludes the 

natural mercury in seawater used for cooling. 

Table 4. Trace elements i n f l a t f i s h c o l 
l e c t e d o f f Los Angeles during 
1971 and 1972. O u t f a l l specimens were 
trawled o f f Palos Verdes Peninsula; 
c o n t r o l , off Santa Catalina Island.* 

F l a t f i s h L i v e r s t 
Trace Sediments (mg/wet kg) 

Element O u t f a l l / C o n t r o l O u t f a l l Control 
Antimony 13 0.003 0.003 
Arsenic 15 1.3 3.1 
Cadmium 160 0.19 0.58 
Copper 23 2.0 2.2 
Mercury 85 0.11 0.11 
Selenium 14 0.65 1.2 
S i l v e r 3 1.8** 2.2** 
Zinc 17 26 27 

* Sediment data a f t e r Galloway (6); f l a t f i s h values 
a f t e r de Goeij et a l . , (5) . 
** A r b i t r a r y u n i t s . 
t Arsenic, cadmium and selenium values s i g n i f i c a n t l y 
d i f f e r e n t at the 95 percent confidence l e v e l . 
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Surface runoff inputs were of secondary importance, 
and c o n t r i b u t i o n s from d i r e c t i n d u s t r i a l discharges 
and a n t i f o u l i n g p a i nts c u r r e n t l y i n use appear to be 
i n s i g n i f i c a n t . However, a few d r i e d samples of o l d 
a n t i f o u l i n g p a i n t showed extremely high PCB concentra
t i o n s (approximately 10 percent on a dry weight b a s i s ) ; 
t h i s suggests that past c o n t r i b u t i o n s from v e s s e l 
paints may have been on the order of seve r a l metric 
tons per year. 

By f a r the l a r g e s t input of c h l o r i n a t e d hydro
carbons to the Southern C a l i f o r n i a Bight has been the 
release of hundreds of tons of DDT wastes v i a the 
JWPCP o u t f a l l s o f f Palos Verdes Peninsula. This input 
to the sewer system was traced to a large manufacturer 
of the p e s t i c i d e i
taminated sediment
to be c a r r i e d i n JWPCP e f f l u e n t , and during 1971, an 
estimated 20 metric tons of DDT wastes were discharged 
o f f Whites Point. We r e c e n t l y i n v e n t o r i e d approxi
mately 200 metric tons of these wastes i n the upper 
30 cm of bottom sediments i n a 50-sq-km region on the 
Palos Verdes s h e l f : Seventy percent of t h i s t o t a l 
l i e s i n the f i r s t 12 cm of sediment, the lay e r most 
a v a i l a b l e to benthic organisms (8). Figure 5 i l l u s 
t r a t e s the surface sediment concentrations we measured 
i n 1972 c o l l e c t i o n s from the discharge region. A sub
sequent survey (summer 1973) d i d not r e v e a l any 
decrease i n surface sediment concentrations. 

The input of DDT wastes v i a the JWPCP system has 
r e s u l t e d i n extensive contamination of the b i o t a l i v i n g 
o f f southern C a l i f o r n i a (9, 10, 11). During 1971, we 
examined i n t e r t i d a l mussels (Mytilus c a l i f o r n i a n u s ) 
from s t a t i o n s throughout the Bight and observed en
hanced concentrations i n specimens c o l l e c t e d more than 
100 km from the JWPCP o u t f a l l s (12). We a l s o found 
s i m i l a r gradients of t o t a l DDT i n f l e s h of benthic 
f i s h and crabs. As shown i n Figure 6, Dover sole that 
were c o l l e c t e d around the o u t f a l l s i n 1971 and 1972 
oft e n contained concentrations 100 times those i n 
specimens from the i s l a n d c o n t r o l areas. During t h i s 
period, approximately two-thirds of the Dover sole 
c o l l e c t e d o f f Palos Verdes had DDT concentrations i n 
f l e s h that exceeded the 5-ppm Federal g u i d e l i n e f o r 
DDT residues i n seafood. In 1973, specimens of two 
popular s p o r t f i s h , black perch and k e l p bass, were 
c o l l e c t e d i n t h i s area; 65 percent of the perch ana
lyzed, and 45 percent o f the bass, a l s o exceeded the 
Federal DDT l i m i t . However, lower DDT values were 
found i n yellow market crabs (Cancer anthonyi) taken 
near the o u t f a l l s i n 1971 and 1972, l e v e l s ranging from 
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Table 5. Chlorinated hydrocarbon inputs 
to the Southern C a l i f o r n i a 
Bight, 1973-74. 

Metric Tons/Year 
Route T o t a l DDT T o t a l PCB 

Municipal Wastewater 1.6 6.5 

D i r e c t I n d u s t r i a l 0.02 0.05 

A n t i f o u l i n g Paint 0.001 0.001 

Surface Runoff 0.3 <0.8 

A e r i a l F a l l o u t 

Ocean Currents 7 4* 

* 1254 PCB 

I 1 - I I 
118°25'W 118°20'W 118°15'W 

Figure 5. Concentrations of total DDT (mg/dry kg) in surface sediments (0-2 cm) off 
Palos Verdes, June 1972. Samples in Region A were 3-cm-ID Phleger cores; those in 

Region Β were 8-cm-lD barrel cores. 
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0.5 to 2 ppm. 
Unlike DDT wastes, inputs of PCB to the Bight have 

been distributed much more evenly along the southern 
California coast. These industrially important syn
thetic compounds are released from a l l the major muni
cip a l wastewater systems in similar amounts. During 
1974, estimated input rates of total PCB for each of 
the four largest dischargers ranged from approximately 
1 to 3 metric tons per year. This has resulted in a 
f a i r l y even distribution of 1254 PCB in benthic 
organisms collected off major urban areas, as i s 
ill u s t r a t e d i n Figure 7. However, levels i n f l a t f i s h 
and mussels from these areas were s t i l l two orders of 
magnitude greater than those i n specimens from island 
control regions. 

From our 1973
chorages, we determined that approximately 300,000 L 
of antifouling paints are applied annually to recre
ational, commercial, and naval vessels harbored there 
(7) . Although we measured no significant amounts of 
PCB i n major brands of paint currently being used, the 
relat i v e l y high levels measured in a few samples of 
old paint suggest that inputs to harbor waters from 
this source may have been quite significant in the 
past. Therefore, during 1974, we surveyed levels of 
1254 PCB in soft tissues of the bay mussel, Mytilus 
edulis, from three of the largest harbors i n the Bight 
(13). In each case, the specimens from interior 
regions of the harbor had higher concentrations than 
did specimens of the same species collected from near
by coastal stations. Highest values occurred in areas 
of intense vessel acti v i t y (e.g., near bottom scraping 
and repainting f a c i l i t i e s ) : The median and maximum 
concentrations found at 14 San Diego Harbor stations 
were 0.3 and 0.9 mg/wet kg, respectively, while the 
coastal control level was approximately 0.05 mg/wet kg. 
Thus, the most contaminated specimens, which were c o l 
lected at the mouth of a small "commercial basin," 
contained nearly 20 times as much 1254 PCB as mussels 
growing outside the Harbor. 

To determine the extent to which t i d a l flushing 
of major anchorages contribute vessel-related pol
lutants to the coastal environment, during fall 1974 we 
sampled seawater from the mouths of the three major 
harbors in the Bight. The collections were made over 
12-hour intervals during periods of maximum t i d a l d i f 
ference. Chlorinated hydrocarbons were concentrated 
from replicate 40-L samples on polyurethane, using a 
procedure developed by de Lappe and Risebrough (Uni
versity of California, Berkeley). The results for the 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



26. Y O U N G E T A L . Pollutant Inputs and Distributions 435 

118°40 'W 118°20 'W 118° W 

Figure 6. Total DDT concentrations (mg/wet kg) in flesh of Dover sole taken off south
ern California, 1971-72 

118° 30'W 118° OO'W 
Figure 7. 1254 PCB concentrations (mg/wet kg) in flesh of the crab, Cancer anthonyi, 

taken off southern California, 1971-72 
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San D i e g o H a r b o r c o l l e c t i o n s a r e p r e s e n t e d i n F i g u r e 8 . 
T h e s e d a t a i l l u s t r a t e t h e e x t r e m e l y l o w c o n c e n 

t r a t i o n s o f 1254 PCB t h a t we g e n e r a l l y f i n d o f f s o u t h 
e r n C a l i f o r n i a ; t h e v a l u e s i n t h i s s e r i e s r a n g e f r o m 
1 t o 3 p a r t s p e r t r i l l i o n . N e v e r t h e l e s s , t h e r e i s a 
d i s t i n c t i n d i c a t i o n t h a t t h e h i g h e r c o n c e n t r a t i o n s 
o c c u r r e d n e a r t h e e n d o f o u t w a r d f l o w , when w a t e r m o s t 
c h a r a c t e r i s t i c o f t h e h a r b o r i n t e r i o r r e a c h e d t h e s a m 
p l i n g s t a t i o n a t t h e h a r b o r m o u t h . H o w e v e r , i t d o e s 
n o t a p p e a r t h a t t h e n e t f l u x o f 1254 PCB f r o m t h i s 
c o n t a m i n a t e d h a r b o r t o t h e a d j a c e n t m a r i n e e c o s y s t e m 
c o u l d b e v e r y l a r g e . I f t h i s l i m i t e d p i l o t s t u d y i s 
a t a l l r e p r e s e n t a t i v e o f p r e s e n t a v e r a g e c o n d i t i o n s , 
t h e n e t a n n u a l f l o w o f 1254 PCB t h r o u g h t h e h a r b o r 
c h a n n e l d o e s n o t e x c e e d 50 k g . I n c o m p a r i s o n , PCB 
i n p u t s f r o m t h e s u b m a r i n
i p a l w a s t e w a t e r a r e e s t i m a t e d t o b e a n o r d e r o f 
m a g n i t u d e h i g h e r . 

We a l s o i n v e s t i g a t e d t r a c e m e t a l f l u x e s a t t h e 
mouths o f t h e t h r e e h a r b o r s . T r i p l i c a t e s a m p l e s were 
c o l l e c t e d w i t h a s p e c i a l a c i d - c l e a n e d p o l y c a r b o n a t e 
s a m p l e r , w h i c h was s u s p e n d e d f r o m a p o l y e t h y l e n e l i n e 
midway b e t w e e n t h e s u r f a c e and t h e b o t t o m o f t h e c h a n 
n e l . T h e b l a n k o f e a c h s a m p l e b o t t l e was c h e c k e d 
p r i o r t o u s e , a n d p r o c e s s b l a n k s a m p l e s w e r e c o l l e c t e d 
w i t h e a c h t r i p l i c a t e s e t . T h e s a m p l e s w e r e f i l t e r e d 
t h r o u g h 0 .4-y n u c l e p o r e membrane f i l t e r s o n s h i p b o a r d 
a n d a d j u s t e d t o p H 1 u s i n g u l t r a p u r e a c i d . A s u b s a m p l e 
was s p i k e d w i t h a p p r o x i m a t e l y 0 . 8 ppb c o p p e r as c u p r o u s 
s u l p h a t e ( C u S 0 4 ) and a p p r o x i m a t e l y 70 p e r c e n t r e c o v e r y 
b y i o n e x c h a n g e was o b t a i n e d u s i n g C h e l e x - 1 0 0 c o l u m n s . 
An APDC-MIBK o r g a n i c s o l v e n t e x t r a c t i o n o f t h e f i l t r a t e 
(14) was a l s o e m p l o y e d o n a s i n g l e s a m p l e p e r c o l l e c 
t i o n ; i n t e r n a l s t a n d a r d i z a t i o n u s i n g C u S 0 4 s p i k e s o f 
p r e v i o u s l y e x t r a c t e d s e a w a t e r was e m p l o y e d i n t h i s 
c a s e . On t h e a v e r a g e , b l a n k v a l u e s w e r e l e s s t h a n t h e 
n e t c o p p e r c o n c e n t r a t i o n s m e a s u r e d b y t h e t h r e e t e c h 
n i q u e s e m p l o y e d : I o n e x c h a n g e , A P D C - M I B K , a n d p a r t i 
c u l a t e d i g e s t i o n . R e s u l t s f o r t h e San D i e g o H a r b o r 
c o l l e c t i o n s a r e i l l u s t r a t e d i n F i g u r e 9 . 

T h e s e d a t a i n d i c a t e t h a t m o s t o f t h e c o p p e r 
m e a s u r e d i n t h e s e h a r b o r w a t e r s a m p l e s was i n a s o l u b l e 
f o r m (<0.4 μ ) , w i t h p a r t i c u l a t e c o p p e r c o n s t i t u t i n g 
o n l y a b o u t 15 p e r c e n t o f t h e t o t a l . A l t h o u g h t h e r e i s 
some i n d i c a t i o n o f h i g h e r c o n c e n t r a t i o n s n e a r t h e e n d 
o f t h e o u t f l o w i n g c y c l e , a d d i t i o n a l s t u d i e s a r e n e e d e d 
t o c o n f i r m t h e s e o b s e r v a t i o n s . B a s e d o n t h e s e d a t a , 
o n t h e o r d e r o f 20 m e t r i c t o n s o f c o p p e r c o u l d b e 
f l o w i n g f r o m San D i e g o H a r b o r a n n u a l l y ; i f s o , t h i s 
w o u l d e q u a l t h e a n n u a l mass e m i s s i o n r a t e o f c o p p e r v i a 
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o l ι ι ι L_l 
0700 1100 1500 1900 

TIME 
Figure 8. Concentrations of 1254 PCB in surface seawater collected over a semidiurnal 
tidal cycle at the mouth of San Diego Harbor, 12 November 1974. Positive flow repre
sents outflowing water; negative, inflowing. Vertical bars indicate individual replicate 

values. 

0700 0900 1100 1300 1500 1700 1900 

Figure 9. Concentrations of copper in subsurface seawater collected over a semidiurnal 
mal cycle at the mouth of San Diego Harbor, 12 November 1974. Positive flow repre

sents outflowing water; negative, inflowing. 
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San Diego municipal wastewater. Although such an out
put from the Harbor i s cons i s t e n t with the f a c t that 
approximately 50 metric tons of copper i n a n t i f o u l i n g 
paints were applied to v e s s e l bottoms there during 
1974, the data i n t h i s case are s t i l l too scat t e r e d 
to draw d e f i n i t e conclusions. We are continuing our 
studies i n order to b e t t e r e s t a b l i s h the importance 
of harbors, submarine o u t f a l l s , and other routes such 
as a e r i a l f a l l o u t as sources of p o t e n t i a l p o l l u t a n t s 
to the Southern C a l i f o r n i a Bight. 
Summary 

Municipal wastewaters are the dominant known source of 
numerous trace contaminant  th  Souther  C a l i f o r n i
Bight. Annual input
t h i s route are an order of magnitude l a r g e r than those 
from d i r e c t i n d u s t r i a l discharges and storm runoff. 
A e r i a l precipitation is also a major source of chlorinated 
hydrocarbons. Bottom sediments around the l a r g e s t out
f a l l system are h i g h l y contaminated by various trace 
elements and DDT residues. Corresponding contamination 
of benthic organisms occurs f o r DDT but not the trace 
elements studied. Seawater c o l l e c t e d from the mouths 
of three important harbors contained copper and the 
ch l o r i n a t e d hydrocarbons at the p a r t - p e r - b i l l i o n and 
p a r t - p e r - t r i l l i o n l e v e l , r e s p e c t i v e l y . 
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27 
Use of Silver and Zinc to Trace Sewage Sludge 
Dispersal in Coastal Waters 

F. R U T H E R F O R D and T. C H U R C H 

College of Marine Studies, University of Delaware, Newark, Del. 19711 

Sewage sludge fro
Pennsylvania, and Camden
miles off the mouth of the Delaware Bay from 1961 to 1972 in 
amounts averaging 389,340 m3/year.(1) Since 1973 the disposal 
area has been moved some 40 miles off-shore. The City of Phil
adelphia commissioned the Franklin Institute Research Lab (FIRL) 
to investigate the dispersion of the sludge on the ocean bottom 
at the former dump site.(2) According to the FIRL findings, 
"The area has abundant life. . . well distributed number of 
species and that those present are healthy. Generally sediments 
appeared clean both in situ. . . and in samples brought to the 
surface". The only indication of potential pollution to Dela
ware shores that FIRL cited was that 52% of the seabed drifters 
recovered were found on Delaware's ocean beaches. Since the 
FIRL report depended on rather discriptive techniques of 
assessing sludge presence (3), a new method was deemed appro
priate to trace the actual dispersion of the sludge material. 

The secondary treated sludge is probably highly resistant 
to marine decomposition since it has been activated already by 
anaerobic digestion at 35°C for 30 days. In its barged form 
it forms stable flocs, has a high moisture content (80%), mod
erate ignition content (38%), and his heavily laden with greases, 
oils, and tars, having a 17% bituminous extract.(4) Also, it 
appears to be concentrated in several trace metals.(5) In 
studying the New York Bight, silver was identified as a possible 
tag for tracing sludge materials.(6) Also, chromium, copper, 
lead, nickel, and zinc were enriched in contaminated sediments 
by factors of 10 to 100 over uncontaminated sediments in the 
New York Bight.(7) In the southern California coastal zone, the 
anthropogenic fluxes of several metals, including silver and 
zinc, silver and zinc fluxes have increased, with silver 
originating principally from direct municipal waste, and the 
zinc from either atmospheric washout and/or from outfall waste.(8) 
Comparison between barged sewage sludge from Philadelphia and 
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normal bottom sediments from the vicinity of the dump site 
showed for 26 elements that silver and zinc had enrichment fact
ors of 100 to 200 respectively.(5) Thus, i t seemed fruitful 
to employ assays of silver and zinc in bottom sediments sur
rounding the Philadelphia dump site to disclose the possible 
dispersion of sewage sludge. 

SAMPLING 

Sediment samples had been collected from the former near-
shore dump site during cruises over the past four years. Fig
ure 1 shows the date and location of each sample. Samples 
obtained from FIRL (7) were collected using a La Fond Dietz 
Grab, while Watling et.al. (f72) and CMS 666-667 C73-'7b) used 
a O.lm^ Van Veen Grab
terior portions of the
ferred to plastic bags and frozen. The FIRL samples were ob
tained in an already dry state. A l l precautions were taken to 
avoid contamination from dust and handling. 

ANALYSIS 

A. Reagents and Standards: A l l reagents used were puri
fied in a s i l i c a sub-boiler. Two commerical standards (Ventron, 
Inc. and Spex, Inc.), and one prepared in the lab using pure 
silver nitrate were prepared to identical titer and compared. 
A l l gave similar assay within 8%. The lab prepared silver nitrate 
standard was employed, stored in 30% HNO3 in a linear poly-
thylene bottle, and the bottle completely covered by aluminum 
f o i l to prevent photoxidation of the solution. No standard 
materials were run because of absence of a matrix similar to 
sludge, or lack of both Zn and Ag assays. 

B. Sample Analysis: The samples were thawed and dried in 
an oven at 80°C for 48 hours and then stored in plastic M i l l i -
pore petri dishes. Normally, two duplicate 0.5 gram subsamples 
were weighed out from each mother sample, homogenized after 
drying, and each run with replicates. The sub-samples along 
with 3ml cone. HNO3 were placed in teflon crucibles and capped 
with teflon lids. These capped crucibles were placed in an 
aluminum bomb at about 80°C for 36-48 hours. After digestion 
the samples were transferred quantitatively into plastic cen
trifuge tubes and washed with distilled H20. The samples were 
then centrifuged for 10 minutes, the supernate liquor decanted, 
and diluted to 10ml in a glass volumetric flask for analysis. 
Silver was analyzed using a Varian Model 63 carbon rod flame-
less atomizer mated to a Varian Model 1200 atomic absorption 
spectrophotometer. The Model 1200, using an air-acetylene flame 
was employed in the zinc analysis. The instruments settings 
used are listed in Table I. 
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Table I 

Instrument settings for the Varian 1200 Atomic Absorption Unit 
and Model 63 Carbon Rod Atomizer used for the analysis of Ag 
and Zn in digestates of Philadelphia sewage sludge diluted in 
0.1N HNOo. 

Wave- Carbon Rod Settings 
Length Sl i t Lamp 

Lamp (nm) (nm) Current Dry Ash Atomize 

Ag 328.1 0.2 3mA 1 at 20 5 at 10 6 at 2.5 
sec. sec. sec. 

Zn 213.9 0.5 5mA Flame Analysis 

For each set of
values of 1 to 40 ppb for Ag and .5 to 5 ppm for Zn, which f i t 
in the linear working range of the spectrophotometer and its 
carbon rod atomizer. If any sample was out of this linear 
working range, i t was diluted and rerun. A blank was also de
termined for each set of samples and the values were corrected 
when necessary. The hydrogen lamp was used to correct for non-
atomic absorption, which was appreciable only for Zn at its 
shorter wavelength. 

Three separate 5μ1 inj ections from an Oxford pipette were 
placed in the carbon rod for each sub sample, and the peak re
trieval mode was used to obtain the absorbance of the silver. 
For zinc, two determinations of each sub-sample were aspirated 
into the air-acetylene flame and the absorbance determined 
using the three second integration mode. 

RESULTS AND DISCUSSION 

Table II li s t s the results of the anlaysis which are plot
ted in Figures 2, 3 and 4 respectively for silver, zinc and 
organic carbon concentration. The organic carbon was analyzed 
by a modified Coleman nitrogen analyzer coupled to a Beckman 
IR non-dispersive CO2 analyzer. The concentration recorded is 
the average value for each sub-sample of the source material. 
The results indicate that silver and zinc are concentrated 
along shoals boardering the shipping channels entering Delaware 
Bay to the north and southwest of the dump site. The rectangle 
of the dump site and the area due west seem to have the lowest 
concentration of silver and zinc. The only high reading in the 
dump rectangle was recorded on the same day a sludge barge had 
discharged as "starred" in Figures 2 and 3 and noted by "during 
dump". In Figure 2, "dumping ceased" notes a mininution 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



27. R U T H E R F O R D A N D C H U R C H Sewage Sludge Dispersal 443 

Figure 1. Surface sediments used for trace metal survey to study dispersion of Philadel
phia sewage sludge dumping ('61—72) 

Figure 2. Silver concentrations of sediments in vicinity of Philadelphia 
sewage sludge dump site (±5 ppm) 
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Figure 3. Zinc concentrations of sediments in vicinity of Philadelphia 
sewage sludge dump site (± 5 ppm) 

Figure 4. Percent organic carbon of sediments in vicinity of Philadelphia 
sewage dump site (±0.1%) 
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i n metal concentration i n the years subsequent to dumping cessa
t i o n . These results suggest that when the sludge settles to 
the bottom i t i s swept by the prevailing bottom d r i f t currents 
out of the dump s i t e primarily shoreward.(2) Alternatively, 
the strong prevailing thermocline, during the summer, may poss
i b l y be a s i g n i f i c a n t trap and dispersing agent. 

There i s l i t t l e agreement between the s i l v e r and zinc re
sults obtained by FIRL and this report, probably due to d i f f e r 
ent extraction techniques and instrumentation. FIRL reported 
using only 5ml of concentration HCl per 100ml of sample. This 
perhaps explains low metal recovery from an already resistant 
sludge that had received secondary treatment. The variation 
between sub-samples i n the areas of high metal concentration 
i s similar to that reporte (7)
heterogeniety may indicat

In another report on the Philadelphia dump area dealing 
with benthos ( 9 ) , numerous Nucula proxima were discovered also 
i n the region to the south and west of the dump rectangle. This 
bivalve species i s known to l i v e i n fine grained sediments with 
substantial organic content.(10) The number densities of 
Nucula (35,750 to 122,380/m2) are some of the highest ever re
corded, suggesting that these deposit feeding bivalves may be 
either feeding d i r e c t l y upon the sludge u t i l i z i n g i t s organic 
matter for sustenance, or i n d i r e c t l y u t i l i z i n g the carbon and 
nitrogen of the associated microfauna. Both forms of behavior 
are suggested i n the caprophagic behavior of deposit feeders.(11) 

Table III l i s t s the pair correlation coefficients between 
s i l v e r , zinc, organic carbon, and Nucula concentrations. There 
i s a confidence l e v e l for a relationship greater than 98% for 
a l l but one of the pairs (Zn to Nucula). The correlation of 
the numbers of Nucula proxima i n the area of high s i l v e r con
centration support the idea that both trace metals and p a r t i 
cular infaunal organisms are sensitive indicators that can be 
used to delineate the dispersal of sewage sludge. Implicated 
i n this association i s a possible l i n k for the introduction of 
sludge-derived toxins and pathogens into the marine food web, 
the evidence for which should receive future attention. 

SUMMARY 

The trace metals, s i l v e r and zinc are highly concentrated 
i n the secondary treated sewage sludge from the Philadelphia 
metropolitan area, and display sensitive indications as tracers 
for the bottom dispersal of the sludge off the mouth of Delaware 
Bay. From such metal distributions, i t i s f a i r to conclude that 
the sludge has moved out of the former designated area of d i s 
posal and dispersed some tens of miles shoreward, toward the 
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Table III 

Statistical Correlation Between the Concentrations of Silver, 
Zinc, Organic Carbon, and Number Densities of the Mollusc 
Nucula proxima for Sediments in the Vicinity of the Former 
Philadelphia Sewage Sludge Disposal Site. 

Variable Pair (x,y) 

Ag to Zn 

Ag to %C (org) 

Ag to # Nuc. 

Zn to %C (org) 

Zn to # Nuc. 

%C (org) to # Nuc. 

Correlation 
Coefficient(r) 

.59 

.44 

.85 

.61 

.37 

Confidence of a 
Relation (%) 

99% exists 

98% exists 

99.9% exists 

99% exists 

90% exists 

where Zxy - (ZxZy/n) 

|_(Σ χ n ) < I y n )J 

for n=20 degrees of freedom in 22 samples. 

west. The concentrations of these two metals match closely 
the distribution of organic carbon and number density of the 
deposit feeding bivalve mollusc, Nucula proxima. A possible 
link between disposed sewage sludge and the food web is im
plicated. 
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28 
Alternatives to Marine Disposal of Sewage Sludge 

R I C H A R D I. D I C K 

Civ i l Engineering Department, University of Delaware, Newark, Del. 19711 

Sludge is an inevitabl f wastewate  treatment
In current wastewater treatmen
processes commonly are used o conver  dissolved o  colloida
substances into suspended solids of large dimension. This per
mits pollutants to be removed by solids separation procedures 
and allows discharge of the treated wastewater, but leaves behind 
a suspension of solid particles in water--sludge--which consti
tutes an appreciable problem. The sludge produced at a waste
water treatment plant typically occupies a volume in the order 
of one percent or less of the volume of wastewater treated. 
However, the cost of effectively managing the residual material 
is in the same order of magnitude as the cost of treatment of 
the wastewater. And, the potential for environmental impact and 
public discontent probably exceeds that associated with discharge 
of the treated wastewater itself. 

Sludge Characteristics 

Generalizations concerning sludge characteristics are 
possible only when considering municipal wastewater treatment 
sludges or potable water treatment sludges. Even in these 
cases, appreciable variations from the norm occur. Sludges from 
industrial wastewater treatment are as varied as industry. In
sofar as it is possible to make generalizations concerning 
sludge properties, those properties are briefly reviewed here. 
More comprehensive reviews of sludge properties have been pre
pared by Vesilind (1), the author (2), and others. 

Chemical Characteristics. The solids particles in sludge 
are comprised of the waste constituents which the wastewater 
treatment plant was designed to remove, any precipitating or 
coagulating chemicals used in the wastewater treatment process, 
and materials incidentally removed in the treatment process. 
Initially, the liquid phase of the sludge has a chemical 
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composition similar to the wastewater at the point in the treat
ment process at which the sludge was produced. However, this may 
change appreciably during storage or treatment of sludges. 

Because the principal purpose of most wastewater treatment 
plants is to remove oxygen demanding materials, the principal 
chemical constituents of most sludges are organic compounds. In 
typical municipal wastewater treatment plants, these organic 
solids represent materials which were in suspended form in the 
raw wastewater and microorganisms synthesized in biological 
wastewater treatment processes designed to remove dissolved and 
colloidal organic compounds. 

Sludge typically contains significant amounts of other 
materials which incidentally are removed during the course of 
wastewater treatment. To illustrate, wastewater treatment plants 
are not ordinarily designe
yet, the majority of mos
conventional wastewater treatment processes, and these heavy 
metals are incorporated into the sludge. 

Most municipal wastewater treatment plants do not currently 
add chemicals to precipitate or coagulate waste constituents, but 
when such chemical addition is practiced, significant changes in 
chemical characteristics of sludges occur. Treatment plants 
which use lime, iron, or aluminum salts to precipitate phosphorus 
are good examples, and the same chemicals have been used to 
increase the removal of colloidal and suspended solids from raw 
wastewaters. Synthetic organic polyelectrolytes have also been 
used to improve clarification of raw waste or final effluents, 
and they have the advantage of not so significantly altering the 
quality and quantity of sludge produced. 

Physical Characteristics. The physical properties of 
sludges of most concern in considering alternatives to marine 
disposal are those related to the fact that sludges are difficult 
to thicken and dewater. The solids which are suspended in water 
to form sludges are light, flocculent, and hydrophillic. To 
illustrate, i t is not unusual to encounter waste sludges from 
biological treatment of wastewaters which cannot readily be 
concentrated by gravity sedimentation to beyond about one percent 
solids by weight. Typical values for mixed sludges from primary 
and secondary wastewater treatment are in the range of 4 to 5 
percent solids by weight. This means that for every pound of 
residual solids from wastewater treatment, 20 to 25 pounds of 
water also typically need to be processed. 

Chemical, physical, and biological techniques for condi
tioning sludge solids to alter the physical properties and render 
the sludge more amenable to dewatering processes are available, 
but they are expensive. Furthermore, some techniques (inorganic 
chemical conditioning) appreciably increase the mass of solids 
to be processed and alter the chemical characteristics of the 
sludge, while others (notably, thermal conditioning) result in 
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appreciable impairment of the quality of the liquid phase of the 
sludge which is subsequently returned to the wastewater treat
ment plant. Often, i t has been found to be more economical to 
leave water in the sludge than to pay the costs of taking i t out 
by use of sludge conditioning and dewatering techniques (3). 

Biological Properties. The biological property of sludge 
of most interest from the standpoint of sludge treatment and 
disposal is the content of viruses and pathogenic organisms. 
Simple sedimentation removes significant numbers of pathogenic 
organisms and some virus from municipal wastewaters. Secondary 
treatment removes additional pathogenic organisms and significant 
removal of virus occurs in the secondary stage of treatment (4). 

Thus, sludges from typical municipal wastewater which 
potentially contains agent
fever, cholera, amoebi
hepatitis must be assumed to contain the organisms and virus as 
well. ENote, however, that Lund (5) has presented data indi
cating that virus associated with biological sludges may be 
complexed in a non-infective form.l Additionally, intestinal 
worm eggs may be contained in sludge (6). 

Alternative Sludge Management Systems 

Coastal cities in the United States and other countries 
have found discharge of sludge at sea to be a convenient and 
economical means of sludge disposal. Most often, sludges have 
been anaerobically digested to reduce the amount of decomposible 
organic material and the numbers of pathogenic organisms prior 
to discharge at sea. When deep water can be reached within a 
reasonable distance of shore, sludge outfalls have been used. 
For example, at Los Angeles, a 21 inch diameter digested sludge 
outfall extends 7 miles into Santa Monica Bay. More often, 
tankering or barging have been used to transport sludge to sea. 
This is the case on the East Coast of the United States where 
shallow water overlies the continental shelf for appreciable 
distances out to sea. The City of Philadelphia, for example, 
barges digested sludge down the Delaware Bay and discharges i t 
at sea 50 miles from the coast. 

In 1972, two pieces of Federal legislation were enacted 
which were to significantly influence marine sludge disposal. 
One was the Marine Protection, Research, and Sanctuaries Act, 
and the other the 1972 Amendments to the Water Pollution Control 
Act. These laws required that the U. S. Environmental Protection 
Agency develop guidelines to be used as criteria for issuing 
permits for discharge of sludge at sea. Such criteria have been 
promulgated (7). They specify, for example, maximum permissable 
concentrations of heavy metals in sludges to be discharged at 
sea. As a practical matter, the quality of municipal sludges do 
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not generally seem to meet the EPA requirements, and only interim 
permits ordinarily are being issued. To illustrate, Philadel
phia's latest permit, issued in February, 1975 is an interim 
one-year, ocean disposal permit to allow discharge of 150 million 
gallons of sewage sludge per year. A request for permission to 
dump an additional 25 million gallons of sludge was denied by 
EPA. The permit requires that sludge dumping be reduced by 50 
percent by January, 1979 and by 100 percent by January, 1981 (8). 

It is not the purpose of this paper to consider the rela
tive advantages and disadvantages of ocean disposal of sludges. 
Rather, given the current state of affairs with regard to 
Federal policy on ocean dumping, what are the alternative 
sludge disposal schemes available to cities such as Philadelphia? 

If water is to be excluded from consideration as a 
receptacle for waste sludges
possible places for sludg
on earth. A third, and potentially attractive, alternative 
would be to avoid disposal by making productive use of sludges. 
A fourth option which might be proposed would be to eliminate 
the need for sludge treatment and disposal by avoiding the 
generation of sludges· In the scenario of a developed indus
trialized nation with desires for control of environmental 
quality, avoidance of the need for sludge disposal is not a 
viable option, for wastewater treatment inevitably w i l l produce 
some type of residual material. However, i t is worthwhile to 
introduce the idea of eliminating sludge production, for some 
diminuâtion of the problem of sludge treatment and disposal could 
be accomplished by selection of wastewater treatment processes, 
control of industrial discharges, and alteration of l i f e style 
so as to improve the quality of sludge and/or to reduce its 
volume. 

Given the facts that the accumulation of residual materials 
from wastewater is inevitable and that water, land, and air are 
the only places on earth, the only identifiable options to 
marine disposal of sludge would, then, seem to be: (1) recla
mation of sludge constituents, ( 2 ) discharge to air, and C3) 
discharge to water. These options are considered in more 
detail in the following sections. 

Sludge Reclamation 

Reclamation of chemical sludges comprised of a single type 
of precipitant or simple mixtures of précipitants which can be 
easily separated has been practiced. Sludges from water soften
ing offer a good illustration. The calcium carbonate produced 
by lime softening of water can be recalcined to recover the 
lime for reuse (and, indeed, to "mine" lime from water!) 
(9). And, techniques for reclaiming the magnesium pré
cipitants in softening sludges for possible use as 
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coagulants also have been described (10). Similar techniques 
for lime reclamation have been used in conjunction with physical-
chemical treatment of wastewaters (11). The required technology 
for recovery and recycle of aluminum from sludges produced at 
water coagulation plants would seem to exist (12), but few 
plants make use of the technique. Additional examples of recy
cle of comparatively homogeneous chemical sludges can be found 
in industrial waste treatment practice where rather Mpure w 

sludges sometimes can be produced by segregation of wastewaters. 
Recovery of the constituents of sludges from typical 

municipal wastewater treatment plants is far more dif f i c u l t . 
This is true even though sludges from typical municipal waste
water treatment plants contain a wide variety of potentially 
valuable materials. Normal sludges contain many metals, for 
example, as well as proteins
It is this wide diversit
relatively low concentration which makes reclamation difficult 
and expensive. 

Aside from the beneficial use of municipal sewage sludges 
on agricultural land (see later section), few illustrations of 
municipal sludge reclamation can be cited. With current tech
nology, reclamation of sludge constituents would not appear to be 
a viable alternative to ocean disposal of municipal sludges. 

Reclamation, however, is an appealing option, and i t would 
appear to be an approach worthy of attention. The most attrac
tive possibility for reclamation of resources from municipal 
sludges would seem to be to make use of the protein in waste 
biological sludges. Such sludges, as from the activated sludge 
wastewater treatment process, contain about 40 percent protein. 
Activated sludge has been shown Efor example, by Hurwitz (13)3 
to be a satisfactory animal food, and, indeed, waste activated 
sludge from industrial waste treatment plants has been incor
porated into animal feeds. Reocvery of protein for subsequent 
sale would seem to be another attractive possibility. Vitamin 
B12 recovery from activated sludge was, at one time, practiced 
in Milwaukee (14), and schemes for protein recovery could well 
incorporate provisions for such constituents which are less 
plentiful than protein in sludges but more valuable. In 
development of such processes, i t would be necessary to take into 
account the content of heavy metals and of trace recalcitrant 
organic compounds which might be found in activated sludge. 

There has been appreciable interest in the possibility of 
forming construction materials from sludges Esee, for example, 
Minnich (15)D. Various proposals for producing lightweight 
aggregate's" or ceramic materials by thermal processes or by use 
of chemical additives have appeared from time to time. With 
some sludges, i t would seem that more valuable utilization of 
sludge constituents might be envisioned than to incorporate 
them into building materials. 
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While many challenges remain i n the development of schemes 
for reclaiming sludge constituents, an important advantage i s 
that i t i s not necessary to operate the sludge reclamation 
f a c i l i t i e s at a p r o f i t . Current costs for treatment and disposal 
of sludges by other means are t y p i c a l l y i n a range of $ 5 0 to 
$ 1 0 0 per ton of dry s o l i d s . Sludge reclamation schemes which 
lose even this appreciable amount of money would s t i l l be 
competitive. 

Disposal to the M r 

If a t y p i c a l chemical analysis of sludge i s compared to 
the chemical composition of a i r , i t becomes readily apparent 
that disposal of sludge to the a i r i s not a satisfactory a l t e r 
native. Most constituent
the a i r environment. Constituent
portion of sludges, however, are "at home" i n the a i r . The 
organic compounds i n sludge could s a t i s f a c t o r i l y be returned to 
the a i r as carbon dioxide (by incineration or b i o l o g i c a l oxida
tion) , the nitrogeneous compounds could s a t i s f a c t o r i l y be 
returned to the a i r as nitrogen gas (by properly controlled 
combustion or b i o l o g i c a l d e n i t r i f i c a t i o n ) , and water could be 
returned to the a i r as water vapor (by incineration)· Other 
sludge constituents would have to be retained for disposal. 
Presumably, the disposal of ash would need to be on the land 
because i t i s the only place l e f t — n o t e , however, that incinera
t i o n on ships i s being explored (16). 

Typical municipal sludge solids are about 70 percent 
combustable. Incineration i n multiple hearth furnaces, f l u i d i z e d 
bed incinerators, and by the wet a i r oxidation process, i s 
practiced i n the United States. With the exception of the wet 
a i r oxidation process, the remaining ash i s small i n volume as 
compared to the o r i g i n a l mass of sludge and i s physically easy 
to handle. Incinerators must be designed and operated i n a 
fashion to control a i r p o l l u t i o n , and t h i s i s a factor which 
poten t i a l l y reduces the attractiveness of incineration. With 
most types of incinerators, the emission of particulates i s of 
concern, and, with some, the discharge of v o l a t i l e organic 
compounds i s a potential problem. F a r r e l l and Salotto (17) 
presented data indicating that common pesticide and p o l y c h l o r i -
nated biphenyls can be adequately destroyed by incineration. 
Analysis of the fate of heavy metals i n incinerators by the same 
authors indicated that, while mercury i s v o l a t i l i z e d and 
contained a gaseous form i n discharges from incinerators, other 
heavy metals are predominantly contained i n the ash or the f l y 
ash. The Environmental Protection Agency 1s performance standards 
for sludge incinerators are based on use of a venturi scrubber 
with monitoring of mercury discharges. 
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A second factor which reduces the attractiveness of sludge 
volume reduction by incineration is the difficulty Cor expense) 
of removing sufficient moisture from typical municipal sludges 
to allow the sludge solids to support combustion. The cost and 
energy and resource consumption involved in dewatering sludge 
to the point of achieving thermally self-sustaining conditions 
in an incinerator are very high. Most commonly, supplemental 
fuel must be used. The current energy situation has caused some 
cities to reevaluate sludge disposal schemes based on incinera
tion. Minneapolis-St. Paul, for example, currently incinerates 
sludge, but, because of increasing fuel costs and the lack of 
relia b i l i t y of fuel supplies, they are changing their approach 
(18). 

Other sludge treatment processes in addition to incineration 
also result in discharg
Anaerobic digestion o
technique which accomplishes partial removal of sludge constitu
ents and produces a fuel (methane gas) which, ultimately, is 
returned to the atmosphere. Anaerobic digestion is a rather 
standard part of sludge disposal schemes proceeding discharge 
to land or water. Aerobic digestion also results in return of 
some organic sludge constituents to the environment. Pyrolysis 
has recently been evaluated as a means of fuel production from 
sludges (19). 

Disposal to Land 

Two different types of sludge disposal on land are 
practiced. In some cases, land is used for stockpiling of 
sludges; and, in other cases, sludges are beneficially used on 
agricultural land. 

Stockpiling operations involve the discharge of liquid 
sludge to lagoons and the placing of dewatered sludge in land
f i l l s . These are very common types of sludge disposal—Farrell 
(20) estimated that 40 percent of the municipal sludges in 
the United States are disposed of by landfilling. The fraction 
is probably higher with industrial wastewater treatment plant 
sludges, because barriers to beneficial use on agricultural land 
more commonly occur. Landfilling of sludges is not necessarily 
an economical solution to the problem of sludge disposal, for 
removal of water from sludges is an expensive proposition. The 
alternative method of stockpiling—the accumulation of liquid 
sludge in a lagoon—results in storing of excessive volumes of 
sludge, and lagoons ordinarily remain permanently in the liquid 
state. 

Landfilling often is not a permanent solution to the 
problem of sludge disposal. This is because disposal sites 
inevitably become f i l l e d , and new locations must be sought, 
and because future land use requirements might require use of 
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the s i t e for a different purpose. In cases where i t has become 
necessary to vacate "permanent" sludge lagoons, appreciable 
expense has been involved (21). 

An additional factor which makes lagooning and l a n d f i l l i n g 
of sludge unattractive i s that the potential i s presented for 
groundwater and surface water contamination by sludge constitu
ents. With modern environmental quality standards, situations 
are created i n which sludge stockpiling might be accompanied by 
a perpetual obligation for monitoring and, perhaps, treatment 
of leachate from the stockpiling operation. 

L a n d f i l l i n g i s not a very s a t i s f y i n g means of dealing with 
sludges, for sludges are not returned to a sector of the envi
ronment with which they are compatible or i n which they can 
b e n e f i c i a l l y be used. The author previously has suggested that 
stockpiling frequentl
sludge disposal technique
However, i t must be admitted that i n many c a s e s — p a r t i c u l a r l y 
with i n d u s t r i a l sludges—no other viable option currently exists. 
This would be true i n the case of an i n d u s t r i a l sludge contain
ing a constituent which would be incompatible with a g r i c u l t u r a l 
u t i l i z a t i o n of sludge, which was not combustible, and for which 
no feasible means of reclamation exists. 

Use of t y p i c a l municipal sludges (and i n d u s t r i a l sludges 
with similar characteris t i c s ) on a g r i c u l t u r a l land allow produc
ti v e use to be made of sludge constituents. Sludge i s applied to 
land, i n the l i q u i d , dewatered, and dried forms. An analysis by 
Riddell and Cormack (3) indicated that, for most situations, 
i t i s more economical to transport the water contained i n 
sludges to the disposal s i t e than to attempt to remove i t by 
dewatering and/or drying processes. 

In the order of four to f i v e percent of the weight of so l i d s 
i n undigested, mixed, primary, and secondary sludges from muni
c i p a l plants i s nitrogen, and the sludge contains a similar 
f r a c t i o n of phosphorus (as P2O5) but only about a tenth as much 
potassium (as K2O). When the Ν, P, and Κ content of sludges i s 
compared to plant requirements, sludge i s seen to be potassium 
defic i e n t , and supplemental addition of potassium may be neces
sary. Anaerobic digestion s o l u b i l i z e s about half of the 
nitrogen and phosphorus. Plants which dewater sludge p r i o r to 
land application recycle these s o l u b i l i z e d nutrients to the 
wastewater treatment plant. When sludge i s applied i n the l i q u i d 
form, the nutrients are not recycled to the treatment plant. In 
addition to nitrogen and phosphorus, sludges contain many micro-
nutrients, humus, and (when applied i n l i q u i d form) i r r i g a t i o n 
water. 

Systems for a g r i c u l t u r a l u t i l i z a t i o n of sludges must be 
operated with due regard for safeguarding human health and avoid
ing environmental impact. Nitrogen, heavy metals and other trace 
constituents of sludges, pathogenic organisms, and viruses are 
constituents of sludges which warrant special concern. 
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Nitrogen is contained in sludges as the ammonium ion and 
in the form of organic compounds. Transformations of nitrogen 
in s o i l systems include mineralization, nitrification, de-
nitrification, immobilization, volatilization, adsorption, and 
uptake by plants. As a result of these transformations, some 
nitrogen is lost by volatilization of ammonia, some is 
nitrified and then denitrified to form nitrogen gas which also 
is lost to atmosphere, some is taken up by plants, some is 
converted by soil bacteria to rather stable organic compounds 
which slowly release nitrogen, and some is carried away with 
percolating water as the nitrate ion. It is the latter fate of 
nitrogen which is of concern from the standpoint of protection 
of environmental quality and human health. The concern stems 
from the fact that, while the positive ammonium ion is held by 
soil particles, nitrat
bacteria in the soil) o
nation of ground and surface waters is of concern because i t 
serves as a nutrient and, of more concern, because i t causes 
infant methemoglobnemia. The U. S. Public Health Drinking Water 
Standards (23) limit nitrate concentrations in drinking water 
to 10 mg/l as N. 

Heavy metals in sludge are of concern when sludge is 
applied to land due to their potential toxicity to plants and 
to animals, including humans. Similar concern exists for trace 
quantities of recalcitrant organic compounds which might be 
found in sludges. Some of the heavy metals (such as zinc, 
copper, and nickel) are principally of concern because of their 
toxicity to plants while others (like cadmium, lead, and mercury) 
are of interest principally because of their possible accumula
tion in food chains. 

Although appreciable quantities of sludge have been applied 
to agricultural land over long periods of time [jFarrell (20) 
estimated that 25 percent of the municipal sludge in the United 
States currently is used on agricultural land], much remains to 
be learned about the fate of heavy metals in s o i l systems and 
about appropriate guidelines for making judgments on appropriate 
sludge application rates. In Great Britain, regulations have 
been adopted which are based on the "zinc equivalent" of the 
sludge (24). The zinc equivalent is an approximate measure of 
the potential toxicity of sludge to plants due to its content of 
zinc, copper, and nickel. A similar technique recently has been 
proposed in this country (25). This approach considers not 
only the zinc, copper, and nickel content of sludge, but also 
the cation exchange capacity of the s o i l . Neither the British 
technique nor the American proposal take into account the possi
ble problem of heavy metals in the food chain. 

Heavy metals are of significant concern in a l l types of 
sludge reclamation and disposal. The obvious solution to 
problem would seem to be the pretreatment of industrial 
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wastewaters to avoid heavy metal introduction into sewer systems. 
However, there is increasing evidence to indicate that industries 
may not be the principal sources of heavy metals in municipal 
sewage. For example, Klein (26) recently indicated that i f there 
were zero discharge of industrial wastes into the New York City 
sewers, s t i l l 91 percent of the copper, 80 percent of the 
chromium, 94 percent of the zinc, and 84 percent of the cadmium 
would remain in the sewage. 

It must be assumed that wastewaters from municipalities 
may contain bacteria, protozoans, viruses, and helminths which 
can cause serious human diseases. The same is true of industrial 
wastewaters when wastes from employees are not segregated. Con
ventionally, sludges have been anaerobically digested prior to 
application on land. This may significantly reduce the number 
of human pathogens, bu
Thus, as conventionall
sludges must be practiced with concern for the possibility of 
human disease transmission. The opportunity for disease trans
mission could arise from production of aerosols during applica
tion of sludge, by human contact with soil to which sludge has 
been applied, from water containing runoff or leachate from 
sludged areas, or from contact with or consumption of agricul
tural products grown on land which received sludge. 

However, in spite of the fact that sludges contain 
pathogenic organisms and viruses, the disease agents are not 
totally destroyed in conventional sludge treatment processes 
and application of sludge on land is a rather prevalent practice 
in the United States, there is l i t t l e indication of actual dis
ease transmission by the sludge route. The author is unable to 
cite literature which documents a case of infectious disease 
being attributed to application of sludge on land in the United 
States. 

Should the possibility of disease transmission interfere 
with schemes for disposing of sludge on agricultural land, then, 
consideration may be given to inactivation of the organisms 
prior to disposal. Sludge pasteurization is being carried out 
in Germany (28), and a recent study in the United States (29) 
suggests that pasteurization can be provided at a cost which 
would not preclude its consideration in sludge treatment and 
disposal schemes. 

People Problems 

As outlined briefly in the previous sections, very 
significant technical problems exist in implementing alterna
tives to ocean disposal of sludge. However, these technical 
problems seem almost t r i v i a l as compared to the "people problems" 
involved. Indeed, the current state of affairs which forces 
coastal cities to seek alternatives to ocean disposal of sludge 
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was probably created, in some degree, by social rather than 
technical considerations. Proposals for sludge disposal on 
agricultural land are particularly vulnerable to public c r i t i 
cism, because the people on the receiving end of the schemes are 
not the same ones that generate the rather unglamorous material. 
Experiences of the Metropolitan Sanitary District of Greater 
Chicago serve to illustrate the problem (30). In the mid I9601s 
the District outlined a sludge disposal plan which involved 
transport of liquid digested sludge about 65 miles south to 
Kankakee County, Illinois for application on low quality agri
cultural land. The plan was expected to reduce 
significantly the District's sludge disposal cost, allow 
productive use to be made of sludge constituents, provide 
fe r t i l i z e r for crops, improve the value of agricultural land, 
and increase the tax bas
was flatly rejected by
Chicago Metropolitan Sanitary District has been able to implement 
a plan for transporting liquid digested sludge about 180 miles 
to Fulton County, Illinois where i t is used to convert abandoned 
strip mines to productive agricultural land (31).] The City 
of Philadelphia has encountered similar resistance in attempting 
to begin developing a land-based alternative to ocean disposal. 
In recent weeks, i t has been announced (32) that a joint 
Environmental Protection Agency-City of TITiladelphia pilot 
project for studying land disposal of Philadelphia sludge in 
Letterkenny Township, Pennsylvania as an alternative to ocean 
disposal was abandoned because of public resistance. 

Schemes for returning major portions of sludge to the air 
by incineration have been perhaps somewhat less likely to be 
curbed by public pressures. However, they are not immune to 
such pressures, as experiences of the Piscataway Plant of the 
Washington Suburban Sanitary Commission illustrate (33). In the 
early 1970's, alternatives for disposal of sludge from the 
Piscataway Plant were studied, and incineration was adopted as 
the most feasible solution. The Washington Suburban Sanitary 
Commission then proceeded with development of the incineration 
scheme, and construction was completed in 1974. After only 70 
hours of operation, incineration was banned by the Prince 
Georges County Council and the U. S. Environmental Protection 
Agency because of reports of high levels of lead in the blood 
of children in the vicinity of the incinerator. On the basis 
of an extensive study of blood lead levels in children and 
treatment plant employees, the County Health Officer concluded 
that no health hazard existed and the Environmental Protection 
Agency retracted i t s restrictions. However, the County Council 
denied a request by the Washington Suburban Sanitary Commission 
to operate the incinerators to permit collection of data on 
environmental impact. 
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Experiences at Chicago and Piscataway are illustrations 
of the socio-political barriers which may be expected to be 
encountered by coastal cities seeking to discontinue disposal 
of sludge at sea. Cities (and large industries) simply do not 
have within their jurisdiction the resources needed to accomplish 
satisfactory disposal of sludges. Regional schemes involving the 
cooperation of urban producers of sludge and rural recipients 
would seem to be necessary to cope with the problem of managing 
the residues produced in treatment of wastewater generated by 
modern societies. Such sludge disposal programs require exten
sive public education efforts and, perhaps, legislative action 
to enable cities to be able to rely on rural areas in developing 
plans for sludge treatment and disposal. 

Costs 

The cost of treating and disposing of residues from 
wastewater treatment currently approaches the cost of wastewater 
treatment itse l f . A l l indications are that upgrading of environ
mental quality standards w i l l increase the cost of sludge 
management even further (22). 

Available tabulations of estimated costs of alternative 
sludge disposal are rather consistent in ranking ocean disposal, 
land application, and incineration in order of increasing costs 
Usee, for example, Riddell and Cormack (3) and Burd ( 3 4 )j. A 
pertinent illustration of costs of alternatives to ocean 
disposal has been provided by Guarino and Townsend (35) who 
indicated that while ocean disposal at Philadelphia currently 
costs $17 per ton of dry solids, land application would be 
expected to cost $50 per ton of dry solids and incineration $62 
per ton of dry solids. 

Summary 

There are but two alternatives to marine disposal of 
sewage sludges—disposal to land or disposal to air. There are 
no other places on earth. An additional, but potentially 
attractive alternative is to avoid the need for disposal by 
making productive use of sludge constituents. In general, the 
costs of the potential alternatives to ocean disposal of sludges 
exceed the costs of ocean disposal. 

Many of the sludge constituents which are objectionable 
when sludges are discharged at sea are equally objectionable i f 
they are discharged to the air or land. Heavy metals, for 
example, are as out-of-place in the atmosphere or in terrestrial 
environments as they are in the ocean. Technical problems are 
also associated with attempts to recycle waste sludges into 
productive use to avoid the need for disposal. The heterogeneous 
composition of many sludges, for example, renders reclamation 
diff i c u l t . 
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But perhaps the most difficult problems in establishing 
acceptable sludge disposal schemes are not technical in nature. 
"People problems" abound in the area of sludge treatment and 
disposal. Cities which generate sewage sludges do not have with
in their jurisdiction the land or air resources required to 
receive the sludges. Significant attention to public relations, 
regional planning, and the political process w i l l be required 
to satisfactorily manage waste sludges. 
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29 
Effects of Baled Solid Waste Disposal in the Marine 
Environment—A Descriptive Model 

THEODORE C. LODER 
Department of Earth Sciences, University of New Hampshire, Durham, N.H. 03824 

The disposal of municipa
materials is becoming mor
costs increase, as suitable areas for sanitary l a n d f i l l and open 
dumping are used up and as the federal water and air pollution 
regulations become more strict. The concept of partial recycling 
has met with only limited success because of economic and p o l i t i 
cal problems, beside not being capable of handling the majority of 
our solid wastes for a number of years (1). Even with recycling, 
there is s t i l l a certain amount of material unsuited for recycl
ing or burning, which must be disposed. Disposal of this 
material in the ocean is one alternative that has attracted in
creasing interest in the past several years. 

There has not been sizeable ocean dumping of refuse during 
the past 25 years, although prior to that time several U.S. 
coastal cities (New York, Oakland, and San Diego) dumped part of 
their refuse at sea (2). This practice was stopped in part due 
to wash up of materials on nearby beaches and general public 
disfavor* Recently the only dumping of solid wastes recorded was 
in the Pacific Ocean (26,000 tons in 1968, 240 tons in 1973) with 
most of this from military institutions (2). 

The problem with the earlier dumping of solid wastes (refuse) 
was the post-dump dispersal of both flotables and low density 
sinkable materials. The movement of this material on the bottom 
results from a combination of wave orbital velocities (associated 
with passing waves) and tidal currents (2). First (3) reported 
that bottom current velocities of 15.2 cm/sec. are great enough 
to move cans on the bottom; however, at a disposal site off 
Boston at 55 m (180 ft) incinerator residues did not drift signi
ficantly. 

In 1967, Dunlea (4) proposed that solid wastes be shredded, 
compacted and encapsulated prior to disposal at sea to aid in 
sinking and prevent scattering of materials. Devanney et-al. 
(5) later studied the economics of waste disposal at sea and 
found i t to be economically feasible. Bostrom and Sherif (6) 
proposed that baled solid waste be dumped in tectonically active 
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downwelling areas with high sedimentation rates. Others have 
suggested that compacted bales be used as a r t i f i c i a l reef 
materials (7, B9 9, 10). 

There emerge two rather distinct concepts concerning marine 
disposal of wastes (5). The f i r s t is that there w i l l be major 
ecological destruction of an area in the ocean and consequently 
the dumping and i t s resultant effects should be confined to as 
local an area as possible. This is effectively the present 
federal policy in choosing specific dumpsites. In line with this 
concept, i t would be best to dump in an area of low level biolo
gical activity, below the permanent thermocline (below 1000 m) to 
reduce the biological impact and reduce the rate of decomposition 
because of the cold temperatures and increased pressures. 

The second concept is that the wastes represent a resource 
whose degradation at th
organic matter in nutrien
face waters. In addition, compacted bales could provide substrate 
for the formation of a r t i f i c i a l reefs (10). These second concepts 
require that the waste material be placed in relatively shallow 
shelf waters preferably below wave base, but close to the photic 
zone to have some effect (perhaps 30 to 100 m). Because the 
potential for impact is greater on the shelf, both from a biolo
gical and a public point of view, a dumpsite in this area would 
have to be chosen and monitored carefully. Certainly from an 
experimental point of view i t would be easier to study a shallow 
dumpsite than one on the continental slope or rise. In addition, 
i t would also be more economical with regard to transport of the 
waste. Because of these two different philosophical views, I 
have chosen to look at both a shallow and a deep dumpsite in this 
model. 

Research providing much of the basic data for this paper has 
been carried on by several groups who have studied the effects of 
both simulated and actual compacted solid wastes placed in sea-
water for up to three years. Bogast (11) placed solid waste bales 
in enclosed saltwater lagoons in Hawaii and monitored the water 
chemistry. Pratt et. al. (12) carried out a detailed chemical and 
biological examination of shredded and compacted solid waste 
materials in the laboratory. Rowe (10) has emplaced commercial 
bales at several depths and monitored them since 1971. Loder et* 
al. (13) emplaced small (30-40 kg) experimental bales of shredded 
solid waste materials in 15 m of water off the New Hampshire 
coast in 1971, and several bales have been emplaced on a rack off 
the edge of the continental shelf in 1974 (14). 

A Commercial Dump—Sequence of Events 

The following sequence of events might take place after a 
commercial dump has occurred and is based on the experimental work 
of the above-mentioned authors. 

The bales wil l most likely consist of about one and one half 
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tons of shredded compacted solid waste (residential trash) with a 
density slightly greater than seawater and an approximate compo
sition shown in Table I. 

Table I. Physical and rough chemical composition of municipal 
refuse from the United States East Coast (15). 

Physical Weight %* Rough Chemical % Dry % 

Cardboard 7 Moisture 28.0 ** 
Newspaper 14 Carbon 25.0 34.7 
Miscellaneous 25 Hydrogen 3.3 4.6 
Plastic Film 2 
Leather, molded 
plastics, rubber 2 Sulfur 0.1 0.1 
Garbage 12 Glass, ceramics, 

12.9 Grass and dirt 10 etc. 9.3 12.9 
Textiles 3 Metals 7.2 10.0 
Wood 7 Ash, other inerts 5.5 7.6 
Glass, ceramics, 
stoves 10 100.0 100.0 

Metallics 8 
TOTAL 100 

* This value w i l l vary depending on the location and season. 
** Because of the relatively high moisture content of solid waste 

(28%) a 3000-pound bale would actually only contain 2160 
pounds of waste material. Of this approximately one-third 
would be carbon. 

If the dumpsite is in shallow water where i t might be used as 
an a r t i f i c i a l reef, the type of bale covering is very c r i t i c a l for 
possible attaching organisms. Figures 1 and 2 show the difference 
in growth of benthic algae on experimental bales with and without 
a quarter-inch (6.4 mm) plastic mesh covering. Bales with a 
suggested alternative solid plastic covering w i l l probably take 
longer to sink because the release of air w i l l be i n i t i a l l y slow
ed by the plastic. The solid plastic sheeting w i l l also slow 
bottom water interchange with the bale and this would slightly 
reduce the decomposition rate. 

Once the bale has reached the bottom the oxygen concentra
tion within the bale w i l l drop to nearly zero in only a few hours 
to several days. This i n i t i a l drop is probably due to inorganic 
oxidation of metals (mainly iron and aluminum) present in the bale 
and by oxidation of food decay products produced during storage 
of the bales after manufacture and before emplacement (13). Once 
this i n i t i a l drop has occurred the oxygen concentration may stay 
near zero or rise as oxygen diffuses into the bale. It appears 
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Figure 1. A 15-20-kg waste bale after immersion for about 11 months at 
15 m. This bale was not meshed, and there has been no benthic organism 

attachment except on straps. 

Figure 2. A 40-45-kg waste bale after immersion for about 14 months at 
15 m. This bale was meshed, and there has been substantial attachment 
of benthic algae to the bale. The white patches are mats of sulfur-oxidizing 

bacteria such as in Figure 3. 
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to take 1-2 months in shallow marine waters for the bacterial 
populations to become established well enough to produce hydro
gen sulfide in solid waste materials. This might take substan
t i a l l y longer at a deep dumpsite because of the reduced decompo
sition rate which results from a combination of lower temperatures 
and increased pressure (16). 

Oxygen consumption during the biological degradation of the 
waste bales and subsequent depletion of dissolved oxygen in the 
bottom water wi l l be one of the most important impacts of the 
dumping. The rate of decomposition of the bales w i l l be mainly 
a function of the depth of water, temperature, and type of waste 
material (i.e. percent of easily decomposed organic material, 
such as food wastes). The size of the shredded material in the 
bale and the degree of compaction w i l l affect the porosity of 
the bales, which wi l l i
oxygen, and nutrients i
affect the decomposition rate. Porosities of shredded/baled 
solid waste are about 50 to 70 percent (17). Although theore
tical models have been developed for these processes in sediments 
(18), i t is uncertain i f these models can be applied directly to 
the bale problem. 

Measurements of oxygen consumption have been made by several 
workers on actual compacted solid waste materials, both in the 
laboratory and the field (Table II). Although the data have a 
wide range, actual values at a dumpsite where mean temperatures 
might be 4-10°C would show less variation, perhaps 15 to 60 ml 
02/nr-hr""1 with an estimated average of 30 ml 02/m -hr*"1. High 
values would be expected in a shallow water site during late 
summer months while lower rates might be found at a continental 
rise site because of the lower degradation rates. 

The oxygen content of the bottom water w i l l also be a func
tion of the season, location, and depth of the site. Shallow 
shelf areas (50 m) off the northeast coast have annual ranges of 
5 to 8 ml/1, while a shelf basin (> 200 m deep) such as the 
Wilkinson Basin (Gulf of Maine) with somewhat restricted flush
ing, has lower values (4 to 5 ml/1) (19). A continental slope 
site might have values around 7 ml/1 (20). 

The pH of the bale water w i l l i n i t i a l l y drop, probably due 
to food acids, formation of metal hydroxides, and release of 
carbon dioxide. Loder et»al. (13) found an average pH drop to 
6.5 while Pratt et.al. (12) reported a drop to pH of 6.0 within 
a day after immersion. The pH in our experimental bales rose to 
between 8 and 9 after over three months of immersion. It has 
remained this high for over two years for most of the bales, 
although some bales have pH values of between 6.5 and 7.0 (13). 
The pH of these systems is controlled by complex reactions in
volving carbon dioxide, organic acids, sulfides, and ammonia 
(23). The pH can have an important effect on biological activity, 
metals solubility, and the forms of sulfides present in the bale. 

There will be some phosphorous in the waste, in a quantity 
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Table I I . Results of oxygen consumption experiments on baled 
s o l i d wastes immersed i n seawater. 

Experiment d e s c r i p t i o n (Ref.) Temperature Oxygen consumption 
(°C) (ml 02/m^-hr^)* 

"Ave. (//values)Range 
Laboratory Test blocks (12) 

2 months immersion 
5 months immersion 
7 months immersion 

3.2-7.5 
8-9 

16-17 

39 
26 
83 

(6) 
(4) 
(2) 

23-55 
16.6-30.6 
70-90 

Whole, exper. bales (30-40 kg) 
i n 15 m water at I s l e
Shoals, N.H. a f t e r 1
months (13) 

8-10 16 (4) 10.5-17.4 

Whole, exper. bales (10-20 kg) 
i n laboratory a f t e r 12-18 
months (21). 

3-5 
15 
14-17 

25 
22 
76 

(2) 
(1) 
(2) 

23-28 

46-106 

Commercial si z e d bales i n 15 m 21.7 30-126 
water at WHOI (22) 

* (ml 02/m -hr~ x) χ (0.0248) - micro-moles oxygen (0)/mr - s e c " 1 

of probably w e l l l e s s than one percent of the organic matter 
present. The phosphorous w i l l be oxidized to phosphate and w i l l 
i n i t i a l l y adsorb to the metal oxy-hydroxides i n the waste, or 
form f e r r i c phosphate. This phosphate w i l l be released as the 
bale system goes anoxic (24)· 

In several experiments on s o l i d waste, phosphate reached 
l e v e l s of 20-30 μΜ and then dropped o f f r a p i d l y a f t e r 3 to 4 
months (12, 13). I t appears that the greatest amounts of phos
phate w i l l be released during the f i r s t few months of decomposi
t i o n . 

Most nitrogen i n the bales w i l l be converted to ammonia 
which then may d i f f u s e from the bale system. Concentrations of 
ammonia reached a l i t t l e over 400 μΜ i n closed s o l i d waste-sea-
water systems (12), while ammonia i n experimental bales at sea 
averaged between 12 to 35 μΜ with highest values around 100-150 
μΜ (13). The ammonia di f f u s e d from a shallow waste dumpsite 
could have an impact on p r o d u c t i v i t y i n inshore waters where 
nitrogen i s often the l i m i t i n g n u t rient (25). In a deep water 
dumpsite the impact would be small. Since the r e l a t i v e amount 
of nitrogen to carbon i s very low as a r e s u l t of the high c e l l u 
lose content of trash (Table I ) , the b a c t e r i a w i l l depend on 
n i t r a t e d i f f u s e d i n t o the bales as a nitrogen source once the 
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nitrogen within the original bale is utilized. 
Dissolved organic matter concentrations within the bale w i l l 

rise to 2 to 3 orders of magnitude greater than the surrounding 
water. Pratt et«ale (12) reported concentrations as high as 1200 
mg dissolved organic carbon (D0C)/1 after about three months, 
while I found concentrations of 50 to several 100 mg DOC/1 after 
two years of immersion for our experimental bales. Since normal 
ocean concentrations of DOC range from about 0.5 to several mg 
DOC/1, there w i l l be a diffusional flux of dissolved organic 
matter out of the bale, which could contribute to the bale decom
position or solution at a rate 1 to 2 orders of magnitude faster 
than sulfide reduction rates predict. 

A diffusion equation (Table IV) can be used to calculate the 
rate of loss of organic materials where Φ « 0.6; Οχΐ» 1 mg C/l; 
C Q - 100 mg C/Ι· and x
coefficient (Ds) is d i f f i c u l t
the molecular value for simple ions ( 10~* cm^/sec); consequent
ly Ds = 10-6 was used in this example. The resultant loss rate 
then is 5 μ-moles DOC/m̂ -sec.""1. This could be an order of mag
nitude slower or faster depending on how realistic the diffusion 
rates are and whether or not the organic matter w i l l continue to 
be solubilized at the same rate after the f i r s t few years of 
immersion. At the above rate a 3000-pound bale would "dissolve" 
in about 30 years. 

Trace metals in solid wastes have been determined by 
analysis of incinerator wastes (3), and reactions of some of 
these metals have been discussed by Pratt et» al . (12). Many of 
the trace metals will form relatively insoluble sulfides, preci
pitate, and remain within the bale. However, some of the metals 
may form soluble polysulfide complexes or dissolved organic com
plexes due to the relatively high amount of dissolved organic 
matter in the bales, This may mobilize the metals and allow them 
to diffuse out of the bale. It is not possible to estimate the 
proportions of each metal that w i l l remain or diffuse out of a 
bale at this time. This important area of research needs more 
work. 

Hydrogen sulfide is produced within the bales as a result of 
the reduction of sulfate in seawater through a complex series of 
microbiological reactions, which decompose the organic matter 
within the bale releasing carbon dioxide, ammonia, hydrogen sul
fide and phosphate. Pratt (12) reported the release of hydrogen 
and methane early after solid waste materials in seawater had 
gone anoxic, but found only H2S was produced after about 5 months. 

The rate of production of hydrogen sulfide is a function of 
the temperature and pressure affecting the microbiological 
activity with the limiting rate a function of the diffusion rate 
of sulfate into the bale. Once formed, the hydrogen sulfide may 
be bound within the system by metal sulfide precipitation, or 
may leave the system by volatization or diffusion. Once i t 
reaches the surface of the bale, i t may be oxidized to sulfur by 
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s u l f u r - o x i d i z i n g b a c t e r i a such as the Beggiatoa, sp. and 
T h i o t h r i x , sp, (Figs. 2 and 3) commonly found on the s o l i d waste 
bales (ÎQ, 12, 13, 26). I t may undergo chemical oxidation to 
t h i o s u l f a t e , s u l f i t e , or s u l f a t e with most a l l of i t ending up as 
s u l f a t e a f t e r 30 to 40 hours i n seawater (27)» 

The maximum rate of production of s u l f i d e s w i t h i n s o l i d 
waste materials appears to roughly be about 0.1 μ-moles/l-day"1 

(0.0012 μ-moles/l-sec-l) (12, 13). This i s several times higher 
than a value of 0.04 μ-moles/l-day estimated f o r some anoxic 
sediments (28). Every μ-mole of H2S produced w i l l use up f i v e 
μ-moles of oxygen i f t o t a l l y oxidized. I f we assume the amount 
of s u l f i d e l o s t from a bale equals the production r a t e , then f o r a 
3000-pound bale with 60 percent void space and a 5.8 meter sur
face area, we can c a l c u l a t e an equivalent oxygen consumption rate 
of 0.78 μ-moles oxygen
the maximum r a t e , i t represent
consumption by a bale surface as measured (Table I I ) with the 
rest being due to r e s p i r a t i o n by b a c t e r i a and organisms on the 
outside of a bale. 

Using the maximum rate of s u l f i d e production one can c a l c u 
l a t e the maximum rate of decomposition or oxidation of the or
ganic matter i n a bale. I t i s generally assumed that two moles 
of organic carbon are oxidized to carbon dioxide per mole of s u l 
fate reduced (28, 29). 

I f the maximum s u l f i d e production rate i s about 0.1 m-mole/ 
1-day"1 then 0.2 m-moles of organic carbon would be oxidized. 
Thus a 3000-pound bale of s o l i d waste with a 60 percent porosity 
and 25 percent carbon w i l l take a minimum of about 500 years to 
decompose. This time i s s u b s t a n t i a l l y longer than predicted 
based on dissolved organic carbon d i f f u s i o n l o s s . Since t h i s 
s u l f i d e production rate i s the maximum estimated r a t e , the bale 
decomposition could take an order of magnitude longer i f decom
p o s i t i o n rates are an order of magnitude too high. This might 
be the case f o r the deep sea. I t i s not s u r p r i s i n g then that 
newspaper removed from our submerged bales a f t e r several years i s 
e a s i l y readable. 

I t i s d i f f i c u l t to p r e d i c t what w i l l happen to a s i n g l e bale 
or group of bales (a dump) over an extended time period because 
the biochemical and b i o l o g i c a l degradation rates w i l l change. 
The e a s i l y s o l u b i l i z e d and oxidized materials w i l l be removed 
f i r s t , leaving more r e s i s t a n t m a t e r i a l s , r e s u l t i n g i n slower de
gradation rates» As a bale becomes covered with sediment, the 
d i f f u s i o n rates w i l l also slow. However, as the biochemical 
processes slow, the bales should become more a t t r a c t i v e to en
crusting organisms. Destruction by boring organisms such as 
various species of polychaetes or isopods has been shown (Fig. 4). 
Boring shipworms (Teredinids) may also attach and colonize i n 
these bales (30). I f boring organisms do colonize the bales i n 
large numbers the degradation rate of a bale could decrease to 
several decades from the 500 year estimate based only on s u l f i d e 
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Figure 3. Close-up of a mat of sulfur-oxidizing bacteria on a food waste 
bale immersed at 15 m. Both genera Beggiotoa and Thiothrix of the order 
Beggiatoales are present. (For scale reference the mesh openings are about 

one-quarter inch (6.3 mm).) 

Figure 4. Photograph of newspaper from the outside 10 cm of an experi
mental waste bale immersed for 13 months at 15 m. The burrows on the 
left were found in the outside 2-A cm and were made by a bunowing 
isopod Limnora ligorum. The dark areas are due to precipitation of iron 

sulfides. 
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rates. 
Since most of the volume of a bale is paper-type material , 

there w i l l be a large volume decrease of a bale as this material 
is removed. In the end there would remain a pile of carbon-rich 
relatively inert materials consisting of glass, plastics, stone, 
dirt and some metals. These remaining materials w i l l be either 
scattered by organisms and currents or buried depending on their 
quantity and dump site conditions. A l l the above parameters w i l l 
probably result in different overall rates for a continental shelf 
dump vs. a deep water dump. Overall rates w i l l probably be slow
er at a deep water site, but whether they w i l l be significantly 
slower is not known and dif f i c u l t to estimate. 

Input to Dump Model 

In the following sectio
that w i l l affect the final size and chemical changes at a hypo
thesized dumpsite located either on the continental shelf or on 
the continental slope. Some of the input data can be stated 
quite accurately such as the size and density of the bales. For 
other data one is forced to choose a most-likely estimate and give 
i t a range of an order of magnitude or more. Some of these 
estimated values are site specific, such as currents, and could 
be better known prior to an actual dump. Other values such as 
the diffusion rates are only estimates based on limited measure
ments and poorly known diffusion coefficients. The parameters 
chosen are summarized in Table III. 

The weight of commercial-sized bales that have been used in 
experimental work and l a n d f i l l has been about 3000 lbs (1360 kg) 
(10, 31). Generally one dimension is variable while 2 directions 
remained fixed as a function of the size of the final compressing 
chamber. Although the San Diego bales were rectangular in shape 
(31), i t is assumed that for this model the bale shape is a cube 
with dimensions such as to contain a given weight at a given 
density. A nearly cubic bale of about 3000 lbs (1360 kg; 1.08 m 
on a side) is easy to handle in terms of strapping, wrapping, and 
shipping, and is commercially feasible to manufacture (32). 

Bale density should be greater than that of seawater (about 
63.9 lbs/ft.3 - 1.024 g/cc) so they w i l l sink as soon as they 
enter the water. It is possible to make bales of shredded waste 
to densities of slightly over 70 l b s / f t . 3 (1.121 g/cc) although 
a density of slightly under that would be more likely. 

A bale must be strapped together prior to dumping. This may 
be done using No. 6 to 10 carbon steel wire (possibly vinyl 
coated) or polypropylene strapping with metal or plastic clips. 
Uncoated steel wire lasts at least 2 to 3 years in shallow sea
water (22); however, plastic strapping would last substantially 
longer. Encapsulation may be done to prevent i n i t i a l loss of 
floatables and shredded material, but w i l l reduce the rate of 
interchange with the water. This could range from a plastic 
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Table III. Summary of ranges and average or most-likely values 
for input variables to model. 

Variable Name Units 
Estimated 

Symbol Average Range 

1. Bale weight (lbs) W 3000 2800-3500 

2. Bale density (lbs/ft 3) β$ 68 64-72 

3. Dumping rate of (tons/day) I 2000 1000-6000 
Input 

4. Bottom coverage 
density 

5. Bottom currents (cm/sec) ν 
(a) shallow and 10 5-40 

mid-depth 
(b) deep 2 0.5-5 

6. Thickness of (m) h 2 1-5 
mixed layer 
above bottom 

7. Concentration of X (μ-moles/l) [x]± 

in bottom water 
(μ-moles/l) [x]± 

(a) oxygen 540 350-700 
(b) sulfides 0 0 
(c) carbon (DOC) 80 40-160 
(d) ammonia 0.5 0-2.0 

8. Diffusion rate of X (μ-moles/m^-sec"^-) 

(a) oxygen uptake 0.74 0.37-1.5 
(b) sulfide release* 0.1 0.01-0.2 
(c) carbon (DOC) release** 5 1-50 
(d) ammonia release*** 0.1 0.01-0.5 

* Based on about maximum sulfide production and steady-state 
release. 

** Based on diffusion equation and estimated Ds (see text) 
***Based on diffusion equation with Ds - 3.5 χ 106 cm^/sec. 

(18) (see text) 
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mesh allowing total chemical interchange (13) to polyethylene 
sheeting (6 mil) with a few holes punched to release gases (10). 

The dumping rate for this model was chosen as 2000 tonsTday. 
A rate below 1000 tons/day would not be economically feasible, 
while 5000 tons/day represents almost the entire output from a 
fairly large city such as Boston (32). 

The percent of the bottom actually covered by dumped bales 
would depend on an environmental decision whether to spread a 
low-level input over a large area or to have a higher level input 
in a more local area. The less dense the dumping, the less the 
impact on benthic fauna and bottom water quality. It would also 
depend on whether the deposit was in shallow water and was used 
as an a r t i f i c i a l reef (hence high percent of coverage) or deep 
water where spreading out might be necessary to reduce impact. 
The amount of scatter i
how they were dumped an
coverage might range from a few percent up to nearly 100 percent. 
A barge dumping bales over a 5-minute period while drifting at 
one knot would end up with localized coverage of about 20 percent 
assuming a dump path of about 33 m and a constant dump rate with 
l i t t l e water movement. Repeated dumping in the same spot would 
increase the coverage, however, 20 percent coverage w i l l be con
sidered most likely with an approximate range of 5 to 50 percent. 

Because the bales are represented as cubes with five sides 
exposed to the water, each bale increases the effective surface 
area of the bottom by 5-fold. As coverage is increased the 
effective area of bale surfaces would increase, but the exposure 
of a bale surface to water currents would start to decrease as 
more bales inhibited the free flow of bottom water past the sides 
of the bales and only the tops had access to free current flow. 
Consequently, the actual situation in a real dump would be far 
more complex than described. 

Choosing average values for bottom currents at a dumpsite is 
very difficult because the current regimes can be very site 
specific. Most data available has been for short durations and , 
consequently,long term seasonal as well as storm driven currents 
variations are not well known. In addition, most current 
measurements have been made well above the bottom to eliminate 
benthic boundary layer effects which result from bottom friction 
and slow the currents down just along the bottom (33). 

A further consideration is that the currents are often tidal 
in nature even on the continental slope, and thus may change 
direction on a diurnal basis. It is conceivable that a parcel 
of water could oscillate over a dumpsite several times before 
being carried out of the dumpsite area, however, only undirec-
tional flow is considered in this model. The rate of dumping (I) 
and bottom coverage (C) should be partly dependent on the currents 
at the dump site, because the currents w i l l renew oxygen and re
move degradation products. It is assumed that a dumpsite would 
not be chosen unless i t had reasonable currents. 
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At a shallow water site on the continental shelf (30 to 200m) 
current speeds tend to show greater variation of both speed and 
direction and could be strongly affected by storms at some shallow 
depths up to 50 to 100 m. Current speeds range from nearly zero 
to about 100 cm/sec. with average currents of 5 to 40 cm/sec. 
(0.1 to 0.8 knots). Bottom drifter movements give an estimate 
of very minimum current speeds which can range from 0.5 to 4 cm/ 
sec. on some shelf areas (34, 35). 

There is less data available for deeper water off the con
tinental shelf. Schmitz (36) reported near-bottom currents 
averaging 2.7 cm/sec (range 1.5 to 3.7), 2 to 3 m off the bottom 
in water 943 to 993 m deep in an area just east of Block Canyon. 

I have chosen to calculate the effects of a dump on the con
centrations of oxygen, hydrogen sulfide, dissolved organic carbon 
and ammonia in the botto
values used for oxygen ar
bon from (37) while for ammonia and hydrogen sulfide they are 
estimated. The diffusion rates for these parameters were esti
mated from various sources discussed in the previous section. 
Using this data and the following assumptions, the concentration 
of each parameter [x| t is determined for bottom water that just 
passed through the dumpsite after one year of dumping. 

Assumptions made to simplify the model are: 
1. Bales are of uniform density and size and are cubic in shape. 
2. The bales are placed on the bottom in a uniform grid covering 

a given percent area of the bottom. 
3. A water parcel surrounds each bale and remains around each 

bale for a given time determined by the bottom current speed. 
During this time period a calculated amount of material is 
added to i t or removed as in the case of oxygen. 

4. The volume of a water parcel is calculated using equation (8) 
in which (h) is the height above bottom to which complete 
mixing occurs (Fig. 5). The value for h would increase down
stream at a real bale site, but here is assumed to remain 
constant. This value (h) is a complex function of current 
speed (ν), turbulence induced by the bales and benthic 
boundary layer effects, a l l of which affect the vertical eddy 
diffusivity, and a l l of which are difficult to determine 
without actual field measurements. A value of 2 m (about 1.5 
χ the bale height off the bottom) was estimated for h. 

5. Concentrations for each component (x]t are calculated using 
equations (2-10) in Table IV and are given in Table Vb. 

There are nine input variables and each one can vary, but to sim
plify I have chosen only three combinations whose inputs and re
sults are listed in Table Vb. 

Results of Dump Model 

Table Va summarizes the physical parameters describing the 
bales and dumpsite after one year of dumping at a rate of 2000 
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D 

Figure 5. Cross-sectional schematic of bale dump 
model for calculating the chemical effect of bale decom
position on bottom water quality just downstream of the 
dumpsite where: ν = current; hDVw = height, side, and 
volume at the mixed water parcel; [XL =- initial con
centration at component Χ; [X] t = final concentration 
of component X at downstream edge of dumpsite; AB — 
area of bale side; XD/Bale = amount of X diffused from 
bale per unit time. Equations for calculations are listed 

in Table IV. 
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Table IV· Equations used in model.* 

481 

J x = (-Ds) (Φ) (C x. - CG) (10*) (1) 

J x • mass diffusing from bale in (y-moles/m^-sec"1) (38) 

where Ds • diffusion coefficient (molecular diffusion about 10"^ 
cm2/sec) 

Φ = porosity of the bale (assumed value 0.6) 
Οχΐ» concentration of component χ in water outside bale 

(μ-moles/l) 
C Q • concentratio
x f = distance ove

occur (assumed 10 cm) 
V B

 β (W#>e) (2.8317 χ 10"2) » Volume of bale (m3)* (2) 

S B - V B 1 / 3 - side dimension of bale (m) (3) 

A B - V B
2/ 3 - side area of bale (m2) (4) 

Ν - (I) (7.3 χ 105)/w * bales per year (5) 

Κ - (1 χ 10~4) (N) (A B)/(c) » area bottom covered (km2/yr) (6) 

D - (100 A B/C)^ - water parcel side for one bale (m) (7) 

V w • [(D2) (h) - VjH 1000 * water parcel volume for one bale 
(liters) (8) 

XD/Bale - (AB) (5) (Χβ) β amount of material diffusing out of 
bale/sec. (9) 

[ x ] t = X ± V w +̂  (100) (D) (X n/bale)j (Nt)** (10) 
— 

* Symbol definition and units are given in Tables 3 and 5, 
unless given above. 
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tons per day. The dumpsite covers a r e l a t i v e l y small area of the 
ocean bottom at 20 percent coverage (2.8 km2 or 1.09 mi 2 ) . 

The values of Δ X (Table Vb) give an estimate of the amount 
of change i n the concentration of the four chemical components 
considered. The results are calculated for both a shallow or 
shelf s i t e as well as a deep s i t e . The impact for a l l parameters 
i s greater at the deep s i t e example, because the currents were 
estimated at one-fifth the velo c i t y of those at the shallow s i t e . 
The r e l a t i v e impact of the Δ X i s a function of the concentra
tion of the component i n the bottom water. For example, since 
there i s e f f e c t i v e l y no su l f i d e i n oxygenated ocean water, the 
[x) t represents a l l the s u l f i d e added. Sulfide i s oxidized i n 
the water (a r a t i o of 1 mole s u l f i d e to 5 moles of oxygen) and 
the oxygen content reduction as a resu l t of thi s s u l f i d e oxygen 
demand can be ea s i l y calculated
s i t e ) would this reduc
a l l the other situations the additional s u l f i d e oxygen demand 
less than doubles the Δ X for oxygen. 

The amount of organic carbon released i s substantial and 
w i l l exert an oxygen demand on the water column. The time neces
sary to oxidize i t a l l could range from weeks to years, during 
which time there w i l l be substantial d i l u t i o n and the end effec t 
on the oxygen concentration should be small. The same i s also 
true for ammonia because i t takes several months for ammonia to 
be n i t r i f i e d (39). For the worst case (deep s i t e ) the concentra
tion of ammonia could reach levels at which i t becomes toxic to 
certain f i s h types (12). 

A l l of these values are at the end of one year. At longer 
periods of time, the concentration (Δ X ) increases by a factor 
of 1.4 for every doubling of amount of material or years. The 
effect of doubling other input variables i s shown i n Table VI. 
For example, i t would take about 60 years of dumping at 2000 tons 
per day to reduce the oxygen concentration to zero at the down
stream edge of the bale s i t e for the deep s i t e i f only oxygen 
consumption for the average case i s considered. 

Conclusions 

Thus i t appears on the basis of this simple model, using 
only short-term-based decomposition rates, that dumping of baled 
s o l i d waste would not be harmful to the water quality for the 
parameters examined and over the short term. This suggests that 
an experimental dump of compacted baled s o l i d waste could be 
undertaken. The physical, b i o l o g i c a l , and chemical characteris
t i c s of the s i t e must be car e f u l l y considered p r i o r to i t s selec
tion. For example, an area with very low oxygen concentration 
and low currents should not be chosen. 

Once a s i t e i s chosen and an experimental dump i s begun, 
careful monitoring of the s i t e area must be maintained. This 
monitoring w i l l provide actual f i e l d data which w i l l enable 
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Table Va. Calculated results for input data given in Table 3 
using equations in Table 4. 

Variable name Units Symbol Average 

1. Side dimension of bale (m) SB 1.077 

2. Area of bale side (m2) AB 1.159 

3. Volume of a bale v B 1.249 

4. Number of bales at a 
given time (1 year

(#) Nt 4.87 χ 105 

5. Area of bottom covered (km2/yr) Κ 2.82 

6. Side of water parcel around bale (m) D 2.41 

7. Volume of water parcel (liters) 
around bale 

(liters) V w 
1.04 χ 10* 

Table Vb. Concentrations of X and ΔΧ in μ-moles/l just down
stream of dump at time (t) for deep (D) and shallow 
(S) sites when t is one year. 

Average Worst* Best* 
Wt Δ Η Mt *M Mt ΔΜ 

Oxygen S 533 -7 322 -23 699 -1 
D 505 -35 68 -282 693 -7 

Sulfide S 0.94 — 3.77 1.07 
D 4.7 37.7 0.19 

Carbon S 127 47 981 971 162 2 
D 315 235 9,450 9,410 179 19 

Ammonia S 1.44 .94 9.41 9.41 2.02 0.02 
D 5.21 4.71 94 94 0.19 0.19 

* For both worst and best cases Ν,^/Ορ, I, C, and h were held at 
average estimates. For |~χ] ̂  and v, worst was low range value; 
best was high range value. For (X) D worst was high range 
value, best was low-range value. 
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Table VI. The effect on ΔΧ after one year by doubling variables. 

Variable Change ΔΧ by factor of: 

Double bale weight GO 0.92 

Double bale input/yr. (I) 1.4 

Double percent coverage (C) 1.6 

Double height of mixing (t) 0.5 

Double current speed (v) 0.5 

Double diffusion rate 

Double time (t) 1.4 

scientists to modify and update the dumping impact predictions. 
It must also be possible for the dumping scheme to be altered or 
stopped anytime the monitoring shows rapid deleterious effects 
to the area. Any dumping program should remain on an experimen
tal basis since ocean dumping should be considered only as an 
interim solution to the solid waste problem. At least partial 
resource recovery wil l ultimately be of more benefit both to man 
and the oceans rather than ocean disposal of the entire solid 
waste problem, in spite of the fact that everything ultimately 
ends up in the oceans. 

Abstract 

Compacted experimental bales of municipal solid waste 
(trash) have been immersed in seawater for several years and 
monitored for chemical, biological and physical changes. This 
experimental data is used to develop a descriptive and simple 
mathematical model for a commercial-sized disposal operation on 
the continental shelf or deep water off the shelf, handling the 
needs of a medium-sized coastal city. Factors considered in the 
model include: bale size; quantity per unit time; bale composi
tion; packaging; areal extent of dump; depth; biota; current 
regime; decomposition rates; and the effects on water quality 
such as oxygen consumption, dissolved organics, nutrients, and 
hydrogen sulfide. The effects of a dumpsite on bottom water 
quality at the end of one year are calculated for a shallow and 
deep site for the "average-most likely" dump and plausible ex
tremes of the above variables. 
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Pioneering the New Industry of Shrimp Farming 

PAUL F. BENTE, JR. 

Marifarms, Inc., P.O. Box 2239, Panama City, Fla. 32401 

In the l a t e 1930  (Hudinaga)
working at Ai o , Japan
reproduction of kuruma shrimp (Penaeus japonicus) 
caught commercially i n the Seto Inland Sea. His 
c l a s s i c paper (1), containing d e t a i l e d drawings and 
de s c r i p t i o n s of"~the many l a r v a l transformations and 
complete b i o l o g i c a l development of t h i s shrimp, was 
received f o r p u b l i c a t i o n (in the E n g l i s h language) 
one week before P e a r l Harbor day. Such research, 
inter r u p t e d by the war, was resumed i n the 1950's. 
Hatching and r a i s i n g shrimp commercially got underway 
i n the I960*s. The Japanese government a l s o 
i n s t a l l e d s e v e r a l large hatcheries with the goal of 
hatching baby shrimp i n order to restock the Seto 
Inland Sea to improve commercial shrimping. Hatching 
and growing shrimp became the most advanced of some 
two-dozen mariculture operations that were under 
intense study i n Japan. 

Kuruma shrimp are now c u l t i v a t e d commercially i n 
Japan i n many small farms, which have growing ponds 
that g e n e r a l l y are from 2 to 20 acres i n s i z e . To 
harvest a crop, a pond i s drained, and the shrimp are 
c o l l e c t e d by hand, c h i l l e d , packed i n sawdust, 
shipped by a i r , truck or t r a i n , and d e l i v e r e d a l i v e , 
to tempura restaurants. This s p e c i a l t y market has 
grown to about 700,000 l b s . per year. I t s p r i c e s are 
seve r a l times higher than those charged f o r processed 
frozen or canned shrimp so l d i n the world markets. 

E f f o r t s were not made to develop the know-how 
i n t o large s c a l e farming to supply world markets, 
p r i m a r i l y because there were no s u i t a b l e , large, 
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unused c o a s t a l areas a v a i l a b l e f o r such operations. 
Water p o l l u t i o n and unfavorably low temperatures f o r 
much of the year were other d e t e r r i n g f a c t o r s . 
Marifarms, Incorporated, was formed to undertake such 
a venture i n the United States, s t a r t i n g i n F l o r i d a . 

With approval of the Japanese government, 
Marifarms acquired shrimp mariculture r i g h t s and 
know-how from the Taiyo F i s h i n g Co., Ltd., of Tokyo, 
Japan. To begin exploratory t e s t s i n 1968, Dr. 
M . Miyamura, then president of T a i y o 1 s subsidary 
engaged i n shrimp farming at Takematsu, came to 
Panama C i t y , F l o r i d a , with four experienced t e c h n i 
c i a n s . Americans were als o employed to understudy 
and to help. As operation
of 14 Japanese were employed at one time or another, 
but gradually a l l returned to Japan, except f o r Dr. 
Miyamura who s t i l l serves on the company1 s Board of 
D i r e c t o r s . 

In t h i s pioneering work Marifarms encountered a 
formidable array of problems — business, f i n a n c i a l , 
p u b l i c r e l a t i o n s , s o c i o - c u l t u r a l , t e c h n i c a l , e t c . 
This paper describes a few of the many s i g n i f i c a n t 
t e c h n i c a l advances that the company made i n w r e s t l i n g 
with the problem of making large scale operations 
v i a b l e . 

Hatching 

Although the Japanese team was very experienced 
i n hatching the kuruma shrimp, of course, i t had 
never worked with the three commercial v a r i e t i e s 
found i n the Gulf of Mexico — the brown (Penaeus 
aztecus), the white (Penaeus s e t i f e r u s ) , and the pink 
(Penaeus duorarum) shrimp. Moreover, there was no 
a v a i l a b l e hatching experience i n U.S. l a b o r a t o r i e s 
comparable to that i n Japan, and no experience i n 
catching large numbers of shrimp, ready to spawn. 
Hence, hatching became the f i r s t order of business. 
Hatching i s f i r s t described and t h e r e a f t e r mother 
shrimping, that i s , procuring shrimp f o r spawning to 
begin hatching. 

Three concrete, 28,000 g a l l o n tanks, approxi
mately 30 f t . by 30 f t . by 6 f t . deep, the l a r g e s t 
s i z e that had been used s u c c e s s f u l l y i n Japan, were 
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i n s t a l l e d f o r the hatching t e s t s . A f t e r a few 
abortive s t a r t s i n the summer of 1968, the hatchery 
turned out 7.5 m i l l i o n baby shrimp of the pink 
v a r i e t y . In 1969, about 14 m i l l i o n white, 5 m i l l i o n 
pink, and 70 thousand brown shrimp were hatched. 
Fortunately, the hatching of each v a r i e t y s u f f i c i e n t 
l y resembled the process f o r the kuruma shrimp that 
the technicians were able to adapt procedures to 
achieve good y i e l d s . 

On the strength of t h i s progress, 32 more of 
these tanks were constructed f o r commercial work. 
During the 1970-74 seasons i t turned out a t o t a l of 
about 1.5 b i l l i o n bab  shrimp  Each  20 m i l l i o
were stocked i n p u b l i
were provided to several research centers. 

The hatching of baby shrimp i s shown by Table I. 

Table I 

C h a r a c t e r i s t i c s of Hatching Cycle 

Time i n Size at 
Form Common Close of 

Form Indicated Food Period 
(days) (mm.) 

Egg 1 
Larva 
Nauplius 2 
(Stages I-V) 
Zoea 4 
(Stages I-III) 
Mysis 3 
(Stages I-III) 

Shrimp 
Baby 6 
(suspended i n 
water) 

Baby 14 
(bottom 
dwelling) 

egg yolk 

phytoplankton 
(5-10 μ i n size) 
zooplankton, 
artemia, yeast 

artemia, 
p e l l e t feed 

marine l i f e 
i n c l . benthic, 
p e l l e t feed 

0.25 

0.5 

2.2 

5.0 

7.5 

20.0* 

* Weight at t h i s s i z e i s about 0.02 gms. 
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T h i s i s a f a s c i n a t i n g , complex p r o c e s s i n v o l v i n g 
12 t r a n s f o r m a t i o n s a f t e r t h e spawned eggs have b e e n 
f e r t i l i z e d . The l i t e r a t u r e i s now r e p l e t e w i t h b i o 
l o g i c a l d e t a i l s o f t h e s e c h a n g e s . E x c e l l e n t d e s c r i p 
t i o n s a r e g i v e n i n two U.S. P a t e n t s (2) ( 3 ) , w h i c h 
have b e e n d e d i c a t e d t o t h e p u b l i c . ~" ~~ 

T h i s p a p e r i s c o n c e r n e d o n l y w i t h a few o f t h e 
p r o c e d u r e s i n w h i c h m o d i f i c a t i o n s o f c o m m e r c i a l 
s i g n i f i c a n c e have b e e n made. I n g e n e r a l , t h e h a t c h 
i n g w a t e r must be g e n t l y a e r a t e d . I t s h o u l d be a t 
25°-28°C. and have a s a l i n i t y o f a t l e a s t 14 p a r t s 
p e r t h o u s a n d . I f s a l i n i t y i s l o w , i t c a n be i n c r e a s e d 
b y a d d i t i o n o f r o c k s a l t r a t h e r t h a n s e a s a l t  a 
s i m p l e r , c h e a p e r p r o c e d u r
oped as f l e x i b i l i t y i n o p e r a t i n g p r o c e d u r e s was 
e x p l o r e d . 

The z o e a does n o t swim and must be k e p t 
suspended i n w a t e r and f e d b y h a v i n g i t s mouth c o l 
l i d e w i t h p h y t o p l a n k t o n . The o r i g i n a l p r o c e s s 
i n v o l v e d c u l t u r i n g s p e c i a l p h y t o p l a n k t o n ( c h l o r e l l a 
and S k e l e t o n e m a c o s t a t u r n ) b y a d d i n g n u t r i e n t s , i n c l u d 
i n g r e s i d u e s o b t a i n e d f r o m t h e m a n u f a c t u r e o f s o y 
s a u c e . One may j u d g e what t h i s h a t c h i n g w a t e r l o o k e d 
l i k e f r o m t h e f a c t t h a t t h e J a p a n e s e c a l l e d t h e 
m i x t u r e " b l a c k t e a . " T h i s p r o c e d u r e was g r a d u a l l y 
m o d i f i e d t o c u l t u r i n g n a t u r a l l y o c c u r r i n g p h y t o p l a n k 
t o n b y a d d i n g c h e m i c a l f e r t i l i z e r s as n u t r i e n t s t o 
enhance t h e i r m u l t i p l i c a t i o n . Y e a s t was a l s o added 
as a f o o d . 

The raysis swims a f t e r i t s f o o d and l i v e s on 
z o o p l a n k t o n and o t h e r meat. The o r i g i n a l p r o c e s s 
added v a r i o u s forms o f s u p p l e m e n t a l meat, s u c h as 
f i n e l y g r o u n d up c l a m s . T h i s was m o d i f i e d t o g r o u n d 
f i s h , and t h a t was l a t e r d i s p l a c e d b y a d d i t i o n s o f a 
l i v e f o o d , i n t h e f o r m o f h a t c h e d a r t e m i a , commonly 
c a l l e d b r i n e s h r i m p . These p r o c e d u r e s s i m p l i f i e d 
o p e r a t i o n s , r e d u c e d l a b o r , and i m p r o v e d y i e l d s . 

I n t h i s p r o c e s s t h e c a p a c i t y o f t h e h a t c h i n g 
t a n k s i s g o v e r n e d c h i e f l y b y t h e t o t a l w e i g h t o f 
l i v i n g s h r i m p (biomass) a t t h e t i m e t h e s h r i m p a r e 
f i n a l l y moved t o t h e g r o w i n g a r e a s o f t h e f a r m . T h i s 
v a r i e s f o r e a c h v a r i e t y o f s h r i m p . W h i t e s h r i m p c a n 
t o l e r a t e a much h i g h e r d e n s i t y t h a n brown o r p i n k 
s h r i m p . Time f o r t h e f u l l h a t c h i n g c y c l e a l s o v a r i e s 
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and i s another l i m i t a t i o n on p r o d u c t i v i t y . D e t a i l s 
are given i n Table I I . 

Table II 

P r o d u c t i v i t y L i m i t s of 28,000 Gallon Hatchery Tanks 

Kind of Avg. L i m i t i n g Size of Shrimp Duration of 
Shrimp Population* at End of Cycle T o t a l Cycle 

(mg.) (days) 

Brown 1,250,000 5-10 35-40 
White 4,000,000 3-6 22 
Pink 2,000,00

* Occ a s i o n a l l y under i d e a l conditions d e n s i t i e s 2.5 
times t h i s high have been obtained. 

The l i m i t i n g or maximum number of eggs or larvae 
to s t a r t the process i s thus determined by these 
f a c t s , taking i n t o account m o r t a l i t y expected as the 
larvae move through t h e i r many transformations. 

To increase capacity, the process has been 
d i v i d e d i n t o two steps, i n v o l v i n g scale-up of an 
exploratory laboratory research procedure used by 
Cornelius Mock and coworkers of the U.S. Galveston 
Laboratory. The f i r s t step i s conducted i n a c y l i n 
d r i c a l , open top, 7000 g a l l o n , f i b e r - g l a s s tank 
standing on legs i n one corner of the 28,000 g a l l o n 
concrete tank. I t i s p a r t i a l l y submerged i n the 
water of the b i g tank. Water i n the c y l i n d r i c a l tank 
i s gently c i r c u l a t e d — by being removed from the 
bottom i n t o an a i r l i f t pipe which discharges i t at 
the top so as to cause a slow r o t a r y s t i r r i n g motion 
of the water column. 

This operation accomplishes several things. The 
c i r c u l a t i o n prevents the shrimp larvae, food p a r t i 
c l e s , and general d e b r i s , such as egg s h e l l s , from 
s e t t l i n g to the bottom, a s i t u a t i o n which g e n e r a l l y 
k i l l s o f f a large proportion of a hatching i f i t i s 
allowed to p e r s i s t . To avoid that i n the 28,000 
g a l l o n tanks, technicians o c c a s i o n a l l y had to swim 
about with f l i p p e r s to s t i r up the s e t t l i n g s accumu
l a t i n g on the bottom of the tank despite vigorous a i r 
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a g i t a t i o n . The p r o c e d u r e a l s o a l l o w s t h e f i r s t p a r t 
o f t h e p r o c e s s t o be done i n much h i g h e r d e n s i t y , 
t h u s e n h a n c i n g t h e l a r v a e ' s c a p t u r e o f t h e f o o d p a r 
t i c l e s and t h e r e b y r e d u c i n g t h e t o t a l amount o f e x t r a 
f e e d r e q u i r e d . I t t u r n s o u t t h a t t h i s a l s o i n c r e a s e s 
t h e s u r v i v a l o f t h e l a r v a e as t h e y p a s s t h r o u g h t h e 
t r a n s f o r m a t i o n s . 

A t t h e a p p r o p r i a t e t i m e t h e 7000 g a l l o n t a n k i s 
d r a i n e d i n t o t h e 28,000 g a l l o n t a n k w h i c h c o n t a i n s 
w a t e r p r e p a r e d f o r t h e s e c o n d s t e p o f t h e h a t c h i n g 
c y c l e when t h e s h r i m p a r e i n t h e p o s t l a r v a l f o r m . 
W h i l e t h i s s t e p i s b e i n g c a r r i e d o u t , i f d e s i r e d , t h e 
f i r s t s t e p o f t h e n e x t h a t c h i n d
c o n c u r r e n t l y . Thus
t h e number o f c y c l e s t h a t c a n be t u r n e d o u t i s e s s e n 
t i a l l y d o u b l e d . S i n c e s u r v i v a l i s i n c r e a s e d , t h e new 
p r o c e d u r e i s c a p a b l e o f e s s e n t i a l l y d o u b l i n g and a t 
t i m e s e v e n t r i p l i n g p r o d u c t i o n r a t e , w h i l e s i m u l t a n 
e o u s l y r e d u c i n g t h e amount o f f o o d u s e d p e r g i v e n 
number o f s h r i m p h a t c h e d . Though e v e r y t a n k i s 
g e n e r a l l y o p e r a t i n g i n a d i f f e r e n t s t a g e o f t h e com
p l e x h a t c h i n g p r o c e s s , a l l t h i s i s done b y f o u r 
b i o l o g i s t s and two h e l p e r s who a r e d e p l o y e d t o o t h e r 
o p e r a t i o n s when t h e h a t c h e r y i s s h u t down. 

W i t h t h i s o v e r v i e w o f t h e h a t c h i n g p r o c e s s i n 
mind c o n s i d e r now some o f t h e d e v e l o p m e n t s i n p r o 
c u r i n g g r a v i d s h r i m p needed b y t h e h a t c h e r y . 

M o t h e r S h r i m p i n g 

A f t e r h a t c h i n g was d e m o n s t r a t e d , t h e company 
made many e x p l o r a t o r y t r i p s , c h a r t e r i n g c o m m e r c i a l 
t r a w l e r s , t o l e a r n where i n t h e G u l f and when d u r i n g 
t h e c a l e n d a r y e a r e a c h v a r i e t y o f s h r i m p i n t h e 
g r a v i d c o n d i t i o n c o u l d b e c a u g h t i n s u f f i c i e n t num
b e r s t o o p e r a t e c o m m e r c i a l l y . G r a v i d s h r i m p a r e 
f e m a l e s c a r r y i n g r o e s u f f i c i e n t l y d e v e l o p e d so t h a t 
s p a w n i n g c a n be i n d u c e d i n a h a t c h e r y . F i s h i n g i s 
good when 5 p e r c e n t o r more o f a n o r m a l c a t c h a r e 
g r a v i d . 

Though many s i t e s were f o u n d where mother 
s h r i m p i n g c a n be done s u c c e s s f u l l y , t h o s e most s u i t e d 
t o t h e company's l o c a t i o n a r e t h e w a t e r s o f f M o b i l e 
d u r i n g F e b r u a r y t h r o u g h A p r i l f o r brown s h r i m p , 
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Appalachicola during May and June for white shrimp, 
and both l o c a t i o n s during J u l y through September f o r 
pink shrimp. During the seasons of 1970 through 1974, 
the company procured a t o t a l of 154,000 mother shrimp, 
equivalent to about 13,000 pounds, heads on b a s i s . 

Mother shrimping i n i t s e l f i s a hi g h l y t e c h n i c a l 
operation, f o r which the crew must be s p e c i a l l y 
t r a i n e d and the trawler s p e c i a l l y equipped to hold 
the shrimp a l i v e i n aerated, c h i l l e d water, and then 
to package and ship them s u c c e s s f u l l y to the hatchery 
by chartered plane or, i f the run i s short, by company 
truck. 

Handling whit  mothe  shrim  s p e c i a l 
problem. The sack
shrimp during copulation i s c a r r i e d outside the s h e l l . 
(Pink and brown mother shrimp carry i t i n s i d e the 
s h e l l . ) I f the gravid white shrimp becomes agitated 
enough to snap i t s t a i l , as i t does i n t r y i n g to 
escape, i t g e n e r a l l y loses the spermatophore making 
f e r t i l i z a t i o n of the subsequently spawned eggs impos
s i b l e . Despite such odds, by c a r e f u l handling, the 
hatching of white shrimp was qu i t e s u c c e s s f u l . These 
odds were f i n a l l y reduced by p l a c i n g each mother 
shrimp, as soon as i t was caught, i n t o a perforated 
c y l i n d e r , capped on each end, and of a diameter that 
prevented each shrimp from f l i p p i n g i t s t a i l . A f t e r 
t r a n s p o r t a t i o n the shrimp was released s a f e l y i n the 
hatching tank. 

When a gravid shrimp i s placed i n the hatching 
tank, spawning almost i n v a r i a b l y takes place during 
the next night. Since t h i s happens i n the dark, no 
one sees what goes on. By s p e c i a l techniques, the 
Japanese government has captured the spawning process 
on movie f i l m . This shows that as the mother shrimp 
swims around i t releases a stream of roe that i s d i s 
persed i n the water by the gentle paddling a c t i o n of 
i t s 10 swimmerets. The spawning also ruptures the 
spermatophore so that the released eggs are f e r t i l i z e d 
i n the sea water. 

Feeding Shrimp i n Growing Areas 

In Japan l i t t l e space was a v a i l a b l e f o r use as 
shrimp farms. Therefore, the pat t e r n of development 
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t h e r e was t o c u l t i v a t e what s p a c e was a v a i l a b l e as 
i n t e n s i v e l y as p o s s i b l e . B e n t h i c f o o d s , on w h i c h 
s h r i m p n o r m a l l y f e e d , d i d n o t grow n a t u r a l l y i n t h e 
b o t t o m s o f t h e ponds t h a t were c o n s t r u c t e d , f o r t h e s e 
were g e n e r a l l y on a h a r d p a n t h a t had b e e n u s e d i n 
t h e f o r m e r p r a c t i c e o f e v a p o r a t i n g s e a w a t e r t o manu
f a c t u r e s a l t . I n f a c t , sand u s u a l l y had t o be h a u l e d 
i n , i n o r d e r t o p r o v i d e a b o t t o m i n w h i c h t h e s h r i m p 
c o u l d submerge t h e m s e l v e s . A t t h e t i m e M a r i f a r m s 
a c q u i r e d i t s know-how i t was common p r a c t i c e t o f e e d 
t h e s h r i m p c r u s h e d c l a m s . 

M a r i f a r m s s e l e c t e d s i t e s where s p a c e p e r m i t t e d 
e x t e n s i v e o p e r a t i o n s  A 2500  embayment w i t h 
t i d a l exchange o f w a t e
F l o r i d a and two 300 a c r e m a r i n e l a k e s w i t h pumped 
w a t e r exchange were c o n s t r u c t e d on u p l a n d s l e a s e d 
f r o m a p r i v a t e owner t o compare f a r m i n g i n e a c h t y p e 
o f a r e a . 

B o t h t y p e s o f farms had b o t t o m s w h i c h were 
t y p i c a l l y s o f t and san d y and i n w h i c h b e n t h i c o r g a n 
isms abound. I t was i n t e n d e d t h a t t h e s h r i m p f e e d 
p a r t i a l l y on n a t u r a l l y o c c u r r i n g m a r i n e l i f e w h i c h 
w o u l d p r o v i d e s u f f i c i e n t g r o w t h s t i m u l a n t s and 
n u t r i e n t s t h a t t h e y c o u l d be f e d a l o w e r g r a d e s u p 
p l e m e n t o f g r o u n d up t r a s h f i s h , s i n c e a h i g h e r 
q u a l i t y r a t i o n o f c l a m s was n o t a v a i l a b l e . 

L a b o r a t o r y t e s t s showed t h a t c o n v e r s i o n r a t i o s 
f o r a r a t i o n o f f i s h o n l y were v e r y h i g h , and t h a t 
o v e r a l l g r o w t h was s l o w and w o u l d p r o b a b l y n e v e r 
r e a c h f u l l p o t e n t i a l , r e g a r d l e s s o f how l o n g s h r i m p 
were f e d s u c h a r a t i o n . B u t f i s h meat f e d i n com
b i n a t i o n w i t h n a t u r a l l i v e f o o d , o r w i t h h a t c h e d 
a r t e m i a , gave much b e t t e r r e s u l t s . 

The company i n s t a l l e d an i n s u l a t e d r e f r i g e r a t e d 
b a r g e t o h o l d a s u p p l y o f f i s h . Pogy f i s h i n g b o a t s 
d e l i v e r e d l o a d s o f f i s h e v e r y week o r two, pumping as 
much as 90 t o n s a t a t i m e i n t o t h e b a r g e . The f i s h 
were pumped o u t as needed, p a s s e d t h r o u g h a g r i n d e r 
t o make a s l u r r y t h a t was t r a n s p o r t e d t o t h e g r o w i n g 
a r e a s and d i s c h a r g e d i n t o t h e p r o p wash t o f e e d t h e 
s h r i m p as t h e f e e d - b o a t t o u r e d t h e s h r i m p f a r m i n a 
c r o s s - g r i d p a t t e r n . D u r i n g 1970, t h e company f e d a 
t o t a l o f 800,000 l b s . o f raw f i s h . B e c a u s e w e a t h e r 
i n t e r f e r r e d w i t h f i s h i n g and d e l i v e r y when needed, 
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i t was d i f f i c u l t to maintain steady operations. 
Further, i t was a messy, malodorous operation, con
ducted under the threat of being overtaken by 
s p o i l a g e . 

Therefore, the company sought a b e t t e r and more 
r e l i a b l e supplemental feed and abandoned the feeding 
of raw f i s h i n 1971 when i t s experimental work with 
dry feeds showed promise. Many dry feeds were 
tested, made from various combinations of ingredients, 
using various binders i n the conventional method of 
feed preparation by pressing the mixture i n t o a mold. 
In general the formula f o r p e l l e t i z e d shrimp feed, on 
a weight b a s i s , i s
or crab meal or combination
20% meat scraps, 2% whey, 2% vitamin mix, and 2% 
binder such as Durabond. 

A l o c a l feed m i l l produced four m i l l i o n pounds 
of such p e l l e t s f o r operations during 1971-73, but 
a l l formulations had the disadvantage of d i s i n t e g r a t 
ing i n sea water i n s e v e r a l minutes. This obstacle 
was f i n a l l y overcome by Ralston-Purina by using the 
cooking-extrusion process. T h e i r p r o p r i e t a r y p e l l e t s 
had much b e t t e r cohesive p r o p e r t i e s ; a f t e r being 
dropped i n t o water they d i d not d i s i n t e g r a t e f o r 20 
to 24 hours, allowing the shrimp adequate time to 
f i n d and eat the p e l l e t s . In 1974, 2.2 m i l l i o n 
pounds of these p e l l e t s were used. 

Last year, i n two 300 acre production u n i t s 
y i e l d i n g harvests of 300 and 200 thousand pounds of 
shrimp, r e s p e c t i v e l y , the conversion r a t i o using t h i s 
p e l l e t feed was 1.8 and 1.9 pounds (dry weight) fed 
per pound of whole shrimp landed. Indications are 
that conversion r a t i o s as low as 1.4 w i l l be p o s s i b l e 
i n r a i s i n g shrimp of a s i z e averaging 50 per pound, 
heads on b a s i s . 

I t i s i n t e r e s t i n g to note that i n Japan p r o p r i 
etary dry p e l l e t feeds of a d i f f e r e n t composition 
were simultaneously and independently developed and 
adopted as standard procedure. The industry was 
d r i v e n to t h i s by the growing shortage and r i s i n g 
p r i c e s of clams. The p e l l e t s developed i n Japan were 
based on higher q u a l i t y ingredients, since the r a t i o n 
had to provide a l l the growth stimulants i n view of 
the f a c t that n a t u r a l foods d i d not occur i n the ponds 
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used i n Japan. Consequently, the cost of such feed 
was very much higher. Nevertheless, Marifarms pur
chased a large l o t of t h i s feed and evaluated i t . 
Used under Marifarms 1 conditions of having a p a r t i a l 
supply of n a t u r a l food a v a i l a b l e , the r e s u l t s were 
about the same as those obtained using the feed 
developed at Marifarms, but, of course, the expense 
was f a r greater. 

Confining Shrimp to the Growing Areas 

In farming t i d a l waters, the baby shrimp were 
i n i t i a l l y planted i  c i r c u l a  enclosed b  f i n
mesh nylon nets havin
window screening. A chain fastened to one edge of 
the net sealed o f f the bottom, while a l i n e of cork 
f l o a t s at the other edge held the net to the surface. 
Since small shrimp move about much as do suspended 
p a r t i c l e s i n r i l e d water, i n rough weather the shrimp 
would sometimes be washed out with waves breaking 
over the top of the pens. Though s t i l l on the farm, 
these l i b e r a t e d shrimp were i n an area where preda
to r s had not been removed and where feed was not 
added. Therefore, s u r v i v a l was low, and growth some
what slower at l e a s t u n t i l the shrimp grew large 
enough to move about i n search of food. 

Such d i f f i c u l t i e s were not experienced i n the 
marine lakes. Moreover, growth of nat u r a l foods i n 
closed systems could be stimulated by f e r t i l i z i n g the 
waters. Hence, operations i n the bay were improved 
by constructing s t a r t i n g ponds on the adjacent shore. 
The procedures used to en r i c h the n a t u r a l foods i n 
these pond waters, while at the same time suppressing 
undesirable organisms, are those developed by Texas 
Parks W i l d l i f e Department (4). In a d d i t i o n a supple
ment of powdered p e l l e t feed i s spread on the waters 
f o r the baby shrimp. 

Marifarms conducted many t e s t s to determine the 
s i z e that shrimp must be to be retained by nets of 
various mesh s i z e s — or s t r e t c h , as openings are 
termed by the f i s h i n g industry. Marifarms has found 
i t most productive to r e t a i n baby shrimp behind pen 
nets or w i t h i n diked ponds u n t i l they are at l e a s t 
0.3 gm i n s i z e . Population has to be adjusted at the 
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outset so that the shrimp do not exceed the p e r m i s s i 
b l e b i o - d e n s i t y under the operating conditions that 
are encountered (rate of water exchange, temperature, 
oxygen supply, kind of shrimp, c o n d i t i o n of the 
bottoms, e t c . ) . 

When the shrimp become 0.3 gm i n s i z e they are 
released i n t o a much l a r g e r nursery enclosed by a 
coarser net designed to r e s t r a i n shrimp of that s i z e . 
Openings i n t h i s net are approximately 1/4" χ 1/4" 
(or 1/2" nominal s t r e t c h ) . By the time the shrimp 
exceed 0.8 gm i n s i z e , they are released i n t o s t i l l 
l a r g e r adjacent growing areas confined by a s t i l l 
coarser net s i z e d t  hold back thes  shrimp  Thi
net has openings o
s t r e t c h ) . A f t e r the shrimp reach 3.0 gm i n s i z e they 
are released i n t o the f i n a l growing area which i s 
enclosed by a net with openings 7/16" χ 7/16" (or 
7/8" nominal s t r e t c h ) . 

Shrimp behave very d i f f e r e n t l y i n large growing 
areas than i n small experimental ponds of but a few 
acres. White shrimp migrate i n schools? whereas 
brown and pink do not. Shrimp a l s o move to f i n d 
n a t u r a l feeding grounds. As shrimp grow l a r g e r they 
seek deeper water, but they frequently move back i n t o 
warm shallow waters to feed on n a t u r a l foods that 
seem to abound where more su n l i g h t reaches the 
bottoms. They g e n e r a l l y do not seek to escape u n t i l 
they are young adults, at which time they would norm
a l l y move out to sea with the t i d e s . This tendency 
occurs j u s t p r i o r to and during harvest periods. At 
such times Marifarms attaches a s p e c i a l l y designed 
supplementary c o l l a r of f l o a t s to the top of i t s nets 
i n order to stop the shrimp from swimming over the 
top during rough weather. 

Marifarms uses some 15 miles of nets. The hydro
dynamics of c o n s t r u c t i o n may be compared to con
s t r u c t i n g a suspension cable that i s subjected to 
f l u c t u a t i n g heavy loads, i . e . , t i d e s moving back and 
f o r t h . To hold the nets down on the bottom, a heavy 
chain i s lashed to the net. Various head ropes on 
which f l o a t s were placed have been t r i e d to hold the 
net up to the surface. A l l the p l a s t i c type ropes 
have caused trouble, because they g r a d u a l l y elongate 
permanently with repeated s t r e t c h i n g by the t i d e s . 
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The r e s u l t i s that the net at the top i s g r a d u a l l y 
stretched out, though not at the bottom, u n t i l i t 
f i n a l l y tears from top to bottom. This d i f f i c u l t y 
has now been overcome by using p l a s t i c coated galvan
ize d s t e e l cables i n place of head ropes. 

Nets o f t e n used i n the f i s h i n g industry do not 
have a balanced c o n s t r u c t i o n — that i s a heavier 
nylon cord i s used i n one d i r e c t i o n than i n the 
other. In Marifarms 1 use when such nets tear, they 
p a r t as i f being unzippered, breaking the weaker 
strands progrès s i v e l y and r a p i d l y . Marifarms has had 
i t s nets s p e c i a l l y made i n a balanced c o n s t r u c t i o n . 
No matter what s i z  opening  used  th
has found, that to
have at l e a s t a pound of nylon f o r every 25-30 s q . f t . 
of net. 

Nets are dipped i n a p r o p r i e t a r y a n t i f o u l i n g 
mixture to reduce t h e i r p i c k i n g up barnacles, 
hydroids, and other marine growths. The dip i s made 
up of 84% copper oxide, 8% t r i b u t y l t i n , and 8% 
t r i p h e n y l t i n dispersed i n petroleum d i s t i l l a t e . 

In a d d i t i o n nets must be washed every few days 
by pumping many heavy j e t s of water, under water, 
onto each side of the net. Equipment f o r doing t h i s 
i s suspended from a barge on which are located two 
pumps. This i s one of the " t r a c t o r s " of the farm 
which had to be developed. I t traverses the nets 
from one end to the other. Another " t r a c t o r " of the 
farm i s equipped with a p a i r of large r o t a t i n g nylon 
b r i s t l e brushes which can scrub the nets clean i f 
more vigorous a c t i o n i s necessary. In appearance 
these brushes look l i k e the ones you see i n a car 
wash l i n e , but they are much s t i f f e r . Without 
p e r i o d i c cleaning, the openings of the net become so 
plugged that the nets break under the s t r a i n of heavy 
t i d e s . 

Another barge t r a c t o r has been developed to 
deploy nets to enclose areas f o r shrimp farming 
operations and to set up outer nets to keep out f i s h . 
This t r a c t o r can put out a mile of net i n one day. 
The same barge can remove the nets and the chain 
which holds the nets to the bottom. Every winter 
a f t e r harvesting has been completed, these removal 
operations are done i n two separate steps, f i r s t 
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removing f l o a t s and net, and then chain which has 
been cut f r e e . The nets are cleaned, repaired, 
coated with a n t i f o u l i n g agents, r e b u i l t with chain 
and f l o a t l i n e , and put out f o r use again i n the 
sp r i n g . With proper care, a net can be used f o r 
three years. 

M u l t i p l e Cropping 

Marifarms has learned enough about the a v a i l a 
b i l i t y of mother shrimp and the hatching and growing 
patterns to make i t p r a c t i c a l to grow two consecutive 
crops of shrimp i  th  Th  f i r s t 
crop i s brown shrimp
and March, planted i n the s t a r t i n g areas i n A p r i l and 
May, moved p r o g r e s s i v e l y through the nursery and i n t o 
the grow-out areas, and harvested i n June to August. 

The hatchery meanwhile s h i f t s to white shrimp, 
which are hatched i n the May and June p e r i o d . These 
move p r o g r e s s i v e l y through the same areas a r r i v i n g i n 
the grow-out areas a f t e r the summer harvest of brown 
shrimp has been completed. The white shrimp are then 
harvested i n the October - December p e r i o d . 

While i t i s t h e o r e t i c a l l y p o s s i b l e to run a 
t h i r d crop of pink shrimp through the system, hatch
ing these i n July-August-September period, holding 
through the winter i n j u v e n i l e form while i t i s too 
co l d f o r growth to continue, and subsequently con
t i n u i n g growth i n the spring and harvesting them 
together with the brown crop during the next summer, 
t e s t s show that wintering over operations should have 
f a i r l y deep holding areas so that the water doesn't 
cool down as much as i t does i n shallower areas dur
ing c o l d snaps. 

S u r v i v a l i n the shallow pond areas i n p a r t i c u l a r 
i s too low to j u s t i f y such e f f o r t s . When water tem
perature drops below 1 0 Ô C , s u r v i v a l f a l l s o f f 
markedly. At 4°C. the e f f e c t i s l e t h a l . Operations 
fu r t h e r south ought to make a t h i r d crop f e a s i b l e . 

Harvesting Procedures f o r Q u a l i t y Product 

In shrimping at sea, the catch i s manipulated by 
hand. Sometimes as l i t t l e as 10 percent of what i s 
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caught are shrimp. F i r s t of a l l , the trash f i s h and 
other marine l i f e are sorted out by hand and thrown 
overboard. Then while trawling continues, the crew 
members squeeze the heads o f f the shrimp by hand, 
place the t a i l s i n wire baskets, and f i n a l l y store 
these with i c e below deck. When a load i s accumu
l a t e d , the trawler returns to p o r t to unload and 
stock up on p r o v i s i o n s , and then returns to f i s h i n g 
at sea. Ships stay out a week or more at a time. 

By contrast, Marifarms uses s i m i l a r trawlers, 
but since the farmed bay waters contain l i t t l e but 
shrimp, there i s no need to s o r t the catch by hand 
on deck. The catch i s dropped on deck  spread out 
and layered with shave
catch i s g e n e r a l l y kep y
few hours of trawling, the boat has a load of s e v e r a l 
thousand pounds on i t s s t e r n deck. Then the boat 
returns to a dock at shore on the farm where the 
catch i s unloaded by a vacuum l i f t with the a i d of a 
heavy stream of water. 

In the procedure used i n harvesting the farmed 
marine lakes, as they are caught, the shrimp are 
placed i n t o a t r a n s f e r net on the s p e c i a l s k i f f used 
f o r the t r a w l i n g . Every hour or so the s k i f f stops 
at a docking p o i n t so that the t r a n s f e r net can be 
l i f t e d out and immediately emptied i n t o a tank of i c e 
water mounted on a t r a i l e r . Every few hours t h i s i s 
hauled to a vacuum l i f t f o r f i n a l unloading. 

The shrimp are discharged from the l i f t i n t o a 
la r g e a g i t a t e d tank of i c e water from which they are 
removed by a metal chain l i n k type conveyor b e l t . 
The shrimp on the conveyor pass across an i n s p e c t i o n 
table where debris, and the r e l a t i v e l y few f i s h , 
crabs, etc., are removed by hand. (The crabs are 
accumulated and s o l d as a by-product. Crab y i e l d i n 
1974 was about 20,000 l b s . , l i v e weight.) At the end 
of the conveyor the shrimp are weighed i n t o standard 
f i s h boxes holding 100 pounds each. They are kept 
c h i l l e d by p l a c i n g a l a y e r of i c e on the bottom, i n 
the middle, and on the top of each box of shrimp. 
These boxes are loaded i n t o a t r a c t o r t r a i l e r , and 
loads of 20,000 to 30,000 pounds are hauled o f f to 
nearby processing plants w i t h i n a day of being 
caught. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



30. BENTE Shrimp Farming 501 

The shrimp are d e l i v e r e d untouched by human 
hands. Consequently, the b a c t e r i a count i s low. The 
shrimp do not give o f f a strong f i s h y smell when 
cooked. They have a sweet t a s t e , devoid of the 
i o d i n e - l i k e f l a v o r often encountered i n other shrimp. 
Thus, the q u a l i t y of the c u l t i v a t e d shrimp produced 
by Marifarms i s superior to the standard product of 
the market p l a c e . 

Outlook 

Since 1970, the world catch of f i s h has 
de c l i n e d . Despit
equipment and l a r g e
catch of shrimp seems to be reaching a plateau. In 
t h i s period of mounting concern f o r producing high 
q u a l i t y , n u t r i t i o u s foods while at the same time con
serving f u e l , i t i s important to consider where 
shrimp mariculture f i t s i n t o the p i c t u r e as food and 
f u e l consumption are compared f o r producing various 
animals f o r food. 

As Table I I I shows, c u l t i v a t i n g shrimp uses much 
les s feed than does r a i s i n g c a t t l e f o r beef. I t i s 
also considerably lower than feed consumed i n r a i s i n g 
hogs or turkeys, and i n f a c t i t f a l l s s l i g h t l y below 
that needed to r a i s e chickens. The percentage of 
meat obtained from whole shrimp i s also higher than 
that obtained from many animals r a i s e d f o r food. 

I t i s als o worth noting that i n the case of 
r a i s i n g beef i t takes about 960 days from s u c c e s s f u l 
f e r t i l i z a t i o n to f i n a l slaughter and i n the case of 
producing pork i t takes 240 days. However, i n the 
case of c u l t i v a t i n g shrimp, depending on v a r i e t y and 
season, i t takes only 120 to 180 days, from day of 
spawning to day of harvest. 

The d i r e c t and i n d i r e c t consumption of f u e l i n 
shrimp mariculture i s pre s e n t l y about equal to that 
f o r beef production. However, when the mariculture 
operations reach normal capacity, f u e l consumption 
w i l l f a l l to h a l f that needed to r a i s e beef, and to 
l e s s than one fourth that needed to catch an equiva
l e n t amount of shrimp at sea. Hence, development of 
shrimp mariculture i s i n keeping with the demands and 
concerns of the time f o r conservation i n the use of 
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f u e l and f o r more e f f i c i e n t use of grains i n produc
ing meat f o r human consumption. 

Table I I I 

Consumption of Competitive Feeds 
i n Raising Animals f o r Meat 

Lbs. Feed 
Consumed 
Per Animal 

C a t t l e 

Swine 
Turkey 
Chicken 
Shrimp -
i n 1974 

Shrimp -
projected 

2,625 

840 
70 
8 

550,000 

(a) 

(i) 

Lbs. Raw 
Lean Meat 
Produced 

340 ( b) 

85 <> 
l 2 ( f ) 

2 < 1 ( g ) 
152,500 

Conversion 
Ratio 
Col 2/Col 3 

7.75<c) 

9.9 
5.8 
3.8 
3.55 

2.8 

(a) In a d d i t i o n t o 10,875 l b s . of forage. 
(b) Slaughter weight = 1050 l b s . Grade i s "high-

good" to "low-choice". "Choice" and "prime" 
requ i r e feeding more g r a i n . 

(c) Forage excluded from c a l c u l a t i o n . Forage above 
accounts f o r 2 72 l b s . of lean meat, g i v i n g a 
conversion r a t i o of 40 to 1. 

Grain alone accounts f o r 68 l b s . of lean meat, 
g i v i n g conversion r a t i o of 38.6 to 1. 

(e) Slaughter weight = 240 l b s . 
Slaughter weight = 20 l b s . 
Slaughter weight = 4 l b s . 
Gross weight of crop = 305,000 l b s . , heads on. 
In the case of shrimp, t h i s feed supplied f o r a 
mariculture crop of 21 m i l l i o n shrimp, averag
ing about 70 per pound, heads on b a s i s . 

(d) 

(f) 
(g) 
(h) 
(i) 

In a l l , Marifarms has expended over 310 man 
years of e f f o r t i n pioneering shrimp farming. To 
date, the company has harvested 2 m i l l i o n pounds of 
shrimp (about 140 m i l l i o n shrimp), 825,000 pounds 
(65 m i l l i o n ) of t h i s l a s t year. The goals are to 
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more than double t h i s i n 1975. The capacity of the 
farm i s expected to be about 5 m i l l i o n pounds per 
year, based on two crops per year r a i s e d during an 
8-month p e r i o d . Marifarms considers t h i s only the 
beginning. In another decade shrimp farming has the 
prospect of incr e a s i n g about 100 f o l d . I t can spread 
to developing countries where a new source of food 
and a cash crop should be welcome. In techniques, 
mariculture of shrimp stands at the threshold where 
a g r i c u l t u r e was one or two generations ago. But 
mariculture of shrimp w i l l grow r a p i d l y with the 
advantages of today's know-how i n marine b i o l o g y 
coupled with a v a i l a b i l i t
technology, and engineering

Abstract 

Commercial scale procedures are described which 
have been developed in pioneering the new industry 
of hatching, growing and harvesting shrimp in netted 
off tidal areas and in diked marine lakes with pumped 
water exchange. The technology described is a fusion 
of Japanese and U.S. developments in marine biology 
extended by a 7-year (310 man year) endeavor to com
mercialize shrimp farming. To date, harvests at the 
Panama City, Florida, farm have landed approximately 
140 million shrimp, weighing nearly 2 million pounds, 
heads-on basis. Sequential steps in the hatching and 
growing operations are reviewed. Development of 
pelleted, dry feeds to supplement live food naturally 
available in the sea water is discussed, and conver
sion ratios are given. Unique harvesting procedures 
are also described which result in a product that is 
superior in quality to that generally available in 
commercial quantities. 
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Renatured Chitin Fibrils, Films, and Filaments 

C. J. BRINE and PAUL R. AUSTIN 

College of Marine Studies, University of Delaware, Newark, Del. 19711 

A resurgence of interes  i  chiti  ha  bee  stimulated b
the NOAA-Sea Grant marin
and recognition of the important, though l i t t l e understood, role 
of mucopolysaccharides in accelerating wound healing and a l l ev i 
ating inflamations of the skin (3 , 4_). Research on the problems 
of ce l l wall structure and composition in both fungi and animal 
tissue (5 , 6) has broadened the scope of chitin studies. 

Very recently, chitin i tse l f has been shown to be an 
essential nutrient of the crawfish diet (_7, 2 6 ) , ce l l wall chitin 
microfibrils have been prepared in vitro with a chitin synthetase 
(8) and the present authors have purified and crystallized chitin 
from solution in f i b r i l l a r and film form for the f irs t time in its 
natural or renatured state Ç9, 1 1 ) , showing characteristic 
spherulitic structures. 

In nature, chitin not only exists in well-recognized 
crystalline forms, but in tendons and other stress-bearing fibrous 
portions of marine animals, i t is even more highly organized into 
oriented molecular structures showing typical fiber orientation 
characteristic of man-made fibers such as nylon and polyethylene 
terephthalate (12 -16 ) . 

It is the purpose of this report to extend and amplify the 
earlier disclosures of techniques of chitin f i b r i l and film 
preparations, and to describe an improved method for the casting 
of films and extrusion of filaments of chitin with high molecular 
organization. These renatured structures may be cold drawn to 
more than twice their original length, which induces fiber 
orientation and an increase in tensile strength equal to or 
surpassing that of natural chitin filaments. 

It is recognized that this research is s t i l l at an early 
stage and that much refinement of technique and data are 
required to confirm and enlarge upon these findings. Neverthe
less the implications for developing applications for chitin as 
continuous film and filaments, as well as for a better under
standing of chitin properties and functions in such diverse areas 
as fungi, insect physiology and marine l i f e has prompted this 
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progress report. 

Natural C h i t i n 

As background, several samples of n a t u r a l c h i t i n were 
obtained and examined by scanning e l e c t r o n microscopy (SEM), 
p o l a r i z i n g microscopy and x-ray d i f f r a c t i o n techniques. Red 
crab c h i t i n , used f o r most of our studies, occurs as both flakes 
and small f i b r i l s as shown by SEM i n Figures 1 and 2. The 
ordered layers or bundled structures are s t r i k i n g . 

With the p o l a r i z i n g microscope, the presence of spherulites 
i n n a t u r al c h i t i n i s indicated by the t y p i c a l Maltese Cross 
patterns, Figure 3 . This evidence of c r y s t a l l i n e ordered 
structure i s confirmed by x-ray diffractograms with t h e i r w e l l -
defined concentric Deby

In some c h i t i n preparations
Dungeness and King crabs, the fibrous material b a l l s up i n a 
sample b o t t l e and may contain filaments as long as 0 .7 cm. Some 
of these filaments, apparently a r i s i n g from tendons or s t r e s s -
bearing portions of the crab, were found to have strong f i b e r 
o r i e n t a t i o n , as evidenced by t h e i r c h a r a c t e r i s t i c nodal x-ray 
patterns, Figures 5 and 6. 

Comparison of d-spacings from these diffractograms with 
l i t e r a t u r e values for c h i t i n (12 , 17), Table I , showed good 
conformity considering the l i k e l y v a r i a t i o n s i n sample h i s t o r y , 
moisture content and morphology. 

Renatured C h i t i n Films 

Because of i t s i n t r a c t a b i l i t y , c h i t i n i s normally prepared by 
removing calcareous and proteinaceous materials from crab s h e l l s , 
for example, by successive treatment with d i l u t e acids and 
a l k a l i e s . The i n s o l u b l e residue i s c h i t i n . Although i t i s 
soluble i n concentrated mineral acids and c e r t a i n s a l t s o l u t i o n s , 
these agents cause degradation or are inconvenient f o r p u r i f i c a 
t i o n and subsequent handling of the c h i t i n . 

In our p r i o r work (9-11) i t was shown that c h i t i n could be 
dissolved with reasonable f a c i l i t y i n t r i c h l o r o a c e t i c a c i d (TCA) 
systems, which permitted f i l t r a t i o n , and then could be renatured 
by p r e c i p i t a t i o n with acetone or other anhydrous non-solvent. In 
t h i s way, amorphous and f i b r i l l a r forms and unsupported f i l m s of 
c h i t i n were obtained with varying degrees of s p h e r u l i t i c c r y s t a l -
l i n i t y . The new solvent system contributed advantages of reduced 
rate of degradation as w e l l as a greater tendency to r e p r e c i p i t a t e 
ordered structures. These s t r u c t u r a l features were confirmed by 
comparisons with natural c h i t i n : Figure 7, showing f i b r i l s 
imbedded i n a renatured f i l m , using p o l a r i z i n g micrography; 
Figure 8 , with spherulites i n renatured f i l m , indicated by Maltese 
Crosses; Figure 9 , with concentric Debye rings i n renatured f i l m , 
which establishes i t s c r y s t a l l i n e ordered c h i t i n s tructure; and 
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Figures 1-6. Natural chitin studies 

507 

Figure 1. Red Crab flake, SEM 
340X 

Figure 3. Red Crab flake; spheru
lites; polar, microgr. 17 OX 

Figure 5. Dungeness Crab filament; 
x-ray shows orientation 

Figure 2. Red Crab fibril, SEM 
340X 

Figure 4. Red Crab fake; x-ray 
shows crystalline structure 

Figure 6. King Crab filament; x-ray 
shews orientation 
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TABLE I - NATURAL CHITINS, d-SPACINGS (A) 

Red Crab Shrimp King Crab Dungeness Crab Lobster 
(Rings) a (Rings) a (Nodes) (Nodes) (Nodes)0 (13, 17) 

11.08b 

11.00 — 10.83 
10.34 10.15 — 9.84 9.65 

9.16 9.26 9.56 
8.85 

7.86 7.33 7.82 
6.81 
5.38 — 5.68 
5.08D — 5.0
4.87v 4.81 

7.62 
7.30 6.96 
5.36 5.65 

4.20 4.25 
3.79 3.96 3.81 

3.74 
3.54 — 3.56 3.38 

2.71 2.57 
LFlake, bspherulitic region of f i b r i l l a r samples, °high intensity 
group 

Supplemental Notes to Table I. The x-ray diffraction 
analyses were performed throughout with the Jarell-Ash 
Microfocus x-ray Generator #80-000 and the Phillips Micro-
camera #56055 for the x-ray photographs. By referring to the 
geometry of the film and specimen loading in the microcamera 
and making the appropriate measurements of the diffraction 
positions on the film, the characteristic angles, Θ, for the 
reflections can be derived. The d-spacings can then be 
calculated using the Bragg relation, where the wavelength of 
the x-radiation used is 1.542A for CuKa radiation and 
specimen to film distance is 15.0 mm. A l l samples were 
dried over night at ambient temperature in a vacuum desic
cator over Drierite. 

Crustacean chitins used in this study were Opilio 
chionectes - Japanese Red Crab (Eastman Kodak Co.), Pendalis 
borealis - Alaskan Pink Shrimp, Paralithodes camtschatica -
Alaskan King Crab and Cancer magister - Pacific Dungeness 
Crab (Food, Chemical and Research Laboratories). 

4.30 
3.89 

3.51b 
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Figures 7-12. Renatured Red Crab chitin products 

Figure 7. Fibrils in Film B1I; polar. Figure 8. Film BII; spherulites; 
microgr. I70X polar, microgr. 170X 

Figure 9. Film BII; x-ray shows Figure 10. Fibrils in Film III; SEM 
crystalline structure 475X 

Figure 11. Drawn Film Bill A; x-ray Figure 12. Drawn Filament VI; 
shows orientation x-ray shows orientation 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



510 M A R I N E C H E M I S T R Y 

Figure 10, SEM, renatured chitin film showing the presence of 
f i b r i l l a r chitin in the matrix, responsible for the crystalline 
manifestations. 

Oriented Chitin Films. With the stage thus set, we appeared 
to be at the threshold of achieving our long-range goal, that of 
orienting renatured chitin by cold drawing to enhance its prop
erties and to approximate the structure of natural fibrous chitin. 
Indeed, we found out somewhat laboriously that to obtain chitin 
films of sufficiently high quality to be cast, coagulated and 
renatured in crystalline form, and sufficiently ordered to be 
coId-drawn to high tenacity products, several criteria must be met 
simultaneously: 

1. An anhydrous solven
chloride was bes
as a c r i t i c a l component. 

2. High molecular weight polymer ; achieved by short 
solution time, usually an hour or less, with the 
resultant solution to be as concentrated and as viscous 
as possible. 

3. Immersion of the film in an anhydrous non-solvent, 
preferably acetone. 

4. Neutralization with anhydrous alkali such as potassium 
hydroxide in 2-propanol. 

5. Cold drawing of cut film from a few to over a hundred 
percent, and 

6. Extraction and/or decomposition of residual solvents to 
reduce them to a low level. 

Again, x-ray diffraction was used to demonstrate the fiber-
type orientation realized: Figure 11 is the renatured cold-drawn 
chitin film (BIIIA), nodal pattern. Although not as distinct a 
pattern as that of the natural product, there can be no doubt 
that the desired chitin polymer orientation has been accomplished. 

Some of the experiments that established the c r i t i c a l factors 
for the preparation of high quality films are outlined in Table 
II, Renatured Chitin Films. 

For example, in the f i r s t line (A-105B) a reasonably good 
film was obtained, as judged by its tensile strength, pliability 
and toughness, but the chitin had been kept in acid solvent for 
four hours, probably too long to maintain i t s molecular weight, 
and i t was neutralized in an aqueous system. The film contained 
very few or no spherulites and i t could not be cold drawn. Note 
that even with alkali extraction, not a l l the TCA was removed. 
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TABLE II - RENATURED CHITIN FILMS 

Film Film Anal. Spher Cold Path 
No. Preparation N,% Cl,% ulites Draw Diff 

A105B 40% TCA in 
CH2CI9, 4 
hours" 

6.52 0.58 No — 

BII As above, 
0.5 houre 

6.52 0.58a -H- 15% 25, 
125 

B i l l Standard 
(chloral) 

5.71 10.06a +++ 100% 100-
125 

BIIIA Standard 
(chloral) 

BIIIA Above, ext. 5.03 9.45b +++ 85% 125 
Drawn 12 hrs. with 

acetone -
CH2C12 

BIV Standard 
(chloral) 

5.19 8.88a' C +++ 100% — 

Sharp 
rings 

Sharp 
rings 

Rings; 
Nodal 
after 
draw 

"Extracted 4-12 hrs. with CH2C12 before analysis 
bTreating film further with b. 1% NaOH in 2-propanol 
then gave N, 6.56; CI, 0.68 

cTreating film further with b. 1% NaOH in 2-propanol 
then gave CI, 1.16. 

^Film coagulated with two 20 min. acetone washes; 
neutralized with aqueous sodium hydroxide. 

eFilm coagulated with four 15 minute acetone washes; 
neutralized with aqueous sodium hydroxide. 

^Relative birefringence; path differences obtained 
with f i r s t order red plate and imbibing fluid with 
refractive index of 1.552; values in nm. 
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An important advance was made with the use of chloral 
hydrate in the TCA-methylene chloride system (B i l l and BIIIA). 
This mixture speeded solution and dissolved more chitin, up to 
about 2-3 percent. It also aided the cold drawing operation, but 
contributed markedly to the chlorine content of the film. The 
retention of chloral undoubtedly affected the properties of the 
film, but the x-ray patterns nevertheless appear very similar to 
those of natural unoriented chitins as shown previously; compar
isons of d-values of drawn film (Table III) bears this out. 

TABLE III - RENATURED CHITIN, DRAWN FILM AND FILAMENT, 
d-SPACINGS (A) 

Drawn Film Drawn F i l . Lobster 
BIIIAa>c VI

12.22 
11.63 11.00 
9.64 8.95 9.56 
7.13 7.20 6.96 
5.93 5.66 5.65 
5.30 5.54 5.13 
3.82 4.07 3.81 

3.63 3.38 
aN, 5.03%; CI, 9.45%; bhigh intensity group; 
c a l l spacings are close to calculated best 
f i t values, orthorhombic system 

The chlorine compounds in the film were very difficult to 
remove and confirm the strong affinity of chitin for acids and 
other organic compounds (18). Simple solvent extraction with 
methylene chloride or a mixture of i t with acetone s t i l l left a 
substantial amount of chloral or TCA in the film. Most of i t 
could be removed, however, by treatment with hot alcoholic 
alkali; i t is decomposed apparently by the haloform reaction. 

On the basis of crystallographic evidence, Rudall (14) 
indicated that approximately one in every six acetyl groups in 
chitin is deacetylated. If this is true, one might speculate that 
chloral may react with the acetamide residues (19) or the free 
amine groups to form an aldehyde ammonia or Schiff fs base type 
of structure, which would account for the difficulty of removing 
halogenated impurities. Since chloral contains 72 percent of 
chlorine, a small amount has a significant effect on the 
composition as a whole. 

It is of interest that microscopic indication of f i b r i l l a r 
structure and spherulites in the film correlates well with 
ability of the film to be cold drawn, that i s , a high degree of 
molecular order in the film is a prerequisite for fiber-like 
orientation ( B i l l and BIIIA vs. A105B). Both clorai and water 
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have plasticizing effects that facilitate cold drawing. 
Finally, the tensile strength of the films is strikingly 

improved by cold drawing (A105B vs. BIIIA), as brought out with 
comparisons from the literature in Table IV. Here i t is seen 
that our renatured chitin films, when they have a good degree of 
crystalline order or are oriented by cold drawing, are far 
superior to those prepared by the viscose process and equal or 
surpass the best values for natural, oriented chitin fibers. 

TABLE IV - CHITIN FILMS 

Ten. Str. Elong., 
Film kg/sq mm % Ref. & Comments 

Natural (oriented fiber
Regenerated (xanthate) 
Renatured (A105B)a 32.5 11 Non-crystalline 
Renatured (BIIIA) a 52-58 125 Crystalline; 

extracted 
Renatured (BIIIA) a 75-95 4 Pre-oriented by 

partial cold 
drawing 

Conditioned at 60% R. Η., room temperature. 

Method of Preparation. The biological source of chitin 
is the Japanese red crab, Opilio chionectes, obtained through the 
Eastman Kodak Company. It is pulverized dry in a blender to pass 
a 24 mesh screen. Two parts by weight of chitin are dissolved 
in 87 parts by weight of a solvent mixture comprising 40 percent 
chloral hydrate and 20 percent methylene chloride, with gentle 
warming and mechanical stirring for 30-45 minutes; methylene 
chloride is added to replace that lost by evaporation. The very 
viscous solution is filtered through wool felt and/or a glass 
fiber mat. It is immediately cast upon glass and doctored with 
a glass rod to an even thickness, usually about one-sixteenth 
inch. The glass plate and film is immersed in four successive 
washes of dry acetone, each wash lasting 15 minutes. The films 
become free from the glass during the acetone washing and are 
subsequently treated several times with 1-5 percent potassium 
hydroxide in 2-propanol. The films are then washed with deion-
ized water until neutral. The dry films are clear, pliable and 
strong. 

Renatured Chitin Filaments 

As soon as the technique for preparing good chitin films 
was found, i t was adapted to the preparation of filaments by 
extrusion of the chitin solution through a syringe and hypodermic 
needle or by laying a ribbon filament down on glass. Solution 
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preparation, filtration, acetone renaturing and washing were 
carried out as for films. In several cases the same parent 
solution was used for the preparation of both films and f i l a 
ments. Either a sodium hydroxide-potassium hydroxide mixture or 
potassium hydroxide in 2-propanol was used for neutralization 
and the filaments were then washed with deionized water until 
neutral. When filaments were extruded into acetone, they were 
allowed to range freely; nevertheless, strain birefringence from 
extrusion was noted in some cases. 

The filaments contained much crystalline material, as 
indicated by their birefringence and x-ray diffraction patterns. 
They could be cold drawn with necking down and the drawn f i l a 
ments had good knot strength. The results of these experiments 
are summarized in Table V, Renatured Chitin Filaments. 

TABLE V -

No. 

F-II 

VI 

Preparation 

Standard3, 
Syringe and 
needle 
Standard" 
Syringe and 
needle 
Standard" 
Ribbon on 
glass 

,a,b 
1 § 
and 
,a,b 

Cold 
Draw 

200-
300% 

Fair 

Good, 
Necks 
down 

Drawn 
F i l . 

Knotted 

Coherent 

Good knot 
strength 

Path 
Diff., nm 

175-200 

175-200 

175 

Film 
Ref. No. 

B i l l 

BIIIA 

BIIIA 

Standard solution in TCA, chloral hydrate, CH2CI2; 
coag. acetone; neut. KOH in 2-propanol, wash with 
water. Ext. and anal, as for Film Ref. 

W i t . with NaOH-KOH in 2-propanol. 

With polarizing microscopy, the observations paralleled 
those of the films. Undrawn filaments showed the Maltese 
Crosses indicative of the presence of spherulites and upon draw
ing showed strong birefringence. Using the polarizing technique 
for birefringence, relative path differences were in the range 
of 175-200 nm for cold drawn fibers as compared with 125-150 nm 
for red and Dungeness crab f i b r i l s and filaments. 

In x-ray studies, unoriented filaments gave patterns of 
crystalline materials with fairly sharp, concentric Debye rings, 
whereas the cold drawn, oriented filaments gave the beautiful 
nodal patterns as shown in Figure 12 (VI). The close similarity 
to natural chitin, Figures 5 and 6, is apparent. 

To characterize the nodal x-ray patterns of renatured, 
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oriented chitin filaments, the d-spacings were determined and 
compared with those cold drawn film (BIIIA) and literature values 
of the lobster (13, 17), Table III. Although crustacean chitins 
have in general the same alpha-chitin structure (14, 15, 17, 25), 
the x-ray diffractograms may differ slightly because of sample 
history, thickness, degree of order or crystallinity, impurities 
and polymorphism as is known with cellulose (21). In spite of 
these variables, i t was found that the d-spacings of our oriented 
chitin filaments, even with residual chlorine-containing 
components, showed reasonable agreement with the literature and 
those of other oriented chitin filaments determined concurrently 
(Table I). The renatured filaments appear to have the established 
natural chitin structure. 

Finally, the contribution of cold drawing and orienting to 
the strength chitin filament
Chitin Filament Properties
chitin fibers and a regenerated product, taken from the l i t e r a 
ture, are compared with our cold drawn filaments. The value for 
viscose rayon is cited from the same reference. 

It is seen that our renatured chitin filaments are equal 
or superior to natural chitin fibers, even when calculated 
on the original fiber dimensions. When calculated on their break 
dimensions, as i f a cold drawn product were being measured, the 
higher values are indicated. The small amount of filament 
available precluded obtaining data directly on the oriented 
filaments. 

TABLE VI - ORIENTED CHITIN FILAMENT PROPERTIES 

Filament 

Natural (lobster) 
Regenerated from sulfuric 

acid 
(Viscose rayon) 
Renatured, as extruded 

Calcd. on dimension 
at break 

Renatured, as extruded0 

Calcd. on dimension 
at break 

aInstron TT-CM Tensile Testing machine; conditioned at 
60% R.H., room temperature. 

bCross section 0.08 χ 0.10 mm, Τ at break 0.44 kg. 
cCross section 0.014 χ 0.740 mm, Τ at break 0.75 kg. 

Ten. Str. Elong. 
kg/sq mm % Reference 

58 — (13) 

35 — (22) 
25 — (22) 
56 13 V 

63 

72 44 VI 

104 
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Perspective 

With the establishment of the principle that chitin can be 
renatured, even into highly oriented form, attention is focused 
on the need for a superior solvent system to avoid chitin degrad
ation, provide more concentrated solutions, avoid solvent reten
tion in the filaments and films, and faci l i tate wet or dry 
spinning, or casting, of such structures. Studies in this 
direction are continuing. 

Considering the modest potential supply of chitin (50-100 
million pounds per year in the U. S.) and the high cost of i n i t i a l 
manufacture of both chitin and the proposed filaments and films, 
applications have been hypothesized that involve high value-in-
use. Examples include surgical sutures and other hospital 
supplies, taking advantag
sewing thread and decorativ
softening point and unusual dye receptivity (23, 24); and oven 
and other food wrap, based on i ts edibi l i ty and temperature 
stabil ity. 

It is noteworthy that there are only a handful of commercial 
fibers oriented by cold drawing; with the leads developed in this 
study, perhaps in time chitin can be added to that l i s t . 

Abstract 

A method has been developed for the solution and subsequent 
precipitation of chitin that renatures i t in highly ordered, 
crystalline form closely similar to native chit in. Cr i t i ca l 
factors include the use of a high molecular weight, soluble 
chitin and an anhydrous precipitation and neutralization system. 
A mixture of chloral hydrate, trichloroacetic acid and methylene 
chloride is an effective solvent, although some solvent residue 
is retained by the chit in. Acetone is preferred for renaturing. 
Filaments and films with a good degree of order and crystal l inity 
can be cold drawn to more than double their original length to 
enhance their properties; tough, pliable films and high strength 
filaments have been prepared in this way. 
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Seawater Desalination by Reverse Osmosis 

32 

N . W A L T E R R O S E N B L A T T 

Ε . I. D u Pont de Nemours & Co., Inc., Wilmington, Del. 19898 

In reverse osmosis
acts as a molecular
pure water ("permeate") from the saline feed stream 
by pressure driven transport. The process is today 
established in the desalination of brackish water, 
where bidding and selling plants of one million gpd* 
and more on the basis of specified water quality data 
is an accepted practice in the trade. The published 
performance record of some plants installed over the 
last five years is available as realistic evidence to 
back the warranties given by manufacturers. Research 
in seawater RO - supported to a large measure by the 
U.S. Department of the Interior (Office of Water 
Research and Technology)- has now reached the point 
where reverse osmosis is moving also in this field 
from the R&D phase into the commercial arena. 

Process P r i n c i p l e s 

The phenomenon of n a t u r a l osmosis takes place 
when a d i l u t e s o l u t i o n and a concentrated s o l u t i o n are 
separated by a semipermeable membrane, the solvent 
migrat ing from the d i l u t e to the concentrated compart
ment (Figure 1) . The process i s r e v e r s i b l e and under 
a h y d r a u l i c pressure i n excess of the osmotic 
pressure , so lvent (water) w i l l flow into the d i l u t e 
compartment. Considerable work of a fundamental 
nature was c a r r i e d out i n the l a t e 19th and ear ly 20th 
centur ies as part of the s tudies on c o l l i g a t i v e 
proper t i e s of s o l u t i o n s , but the f i e l d was dormant 

*gal lons per day 
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by t h e l a t e 1920's. I n t e r e s t was r e k i n d l e d i n t h e 
1950 1 s w i t h t h e i n t e n s i f i e d s e a r c h f o r e c o n o m i c a l 
methods t o d e s a l t b r a c k i s h and s e a w a t e r . The thermo
dynamic e f f i c i e n c y o f r e v e r s e o s m o s i s a p p e a l e d t o 
p h y s i c a l c h e m i s t s a c t i v e i n the f i e l d and t h e s e a r c h 
f o r membranes w i t h s e m i p e r m e a b i l i t y began. The g o a l s 
were h i g h r e j e c t i o n o f t h e s o l u t e , i . e . s a l t s , h i g h 
s o l v e n t o r w a t e r f l u x and i n a d d i t i o n , l i k e w i t h so 
many o t h e r good t h i n g s i n n a t u r e - l o n g l i f e . The 
f i r s t i m p o r t a n t l e a d was the d i s c o v e r y by R e i d and 
B r e t o n t h a t c e l l u l o s e a c e t a t e f i l m s have semiperme
a b i l i t y t o w ards s a l t s o l u t i o n s and a c t i v i t i e s i n t h i s 
f i e l d s u b s e q u e n t l y g a t h e r e d momentum when Loeb and 
S o u r i r a j a n i n v e n t e d a s y m m e t r i c c e l l u l o s e a c e t a t e 
membranes. I n t h e s
l a y e r s e v e r a l hundre
a t h i c k e r b u t more porous s u b s t r a t e t h a t has l i t t l e 
r e s i s t a n c e t o w a t e r f l o w ( F i g u r e 2) (1). With asymmetry 
w a t e r f l u x c o u l d be i n c r e a s e d by one"" t o two o r d e r s o f 
magnitude w i t h o u t l o s i n g r e j e c t i o n . From t h a t t i m e 
on, t h e pace q u i c k e n e d a t t h e U n i v e r s i t y o f C a l i f o r n i a 
and a t o t h e r p l a c e s . The f i r s t a t t e m p t s t o d e s a l t 
s e a w a t e r were more a c r e d i t a b l e d e m o n s t r a t i o n o f 
p i o n e e r i n g s p i r i t t h a n a t e c h n i c a l a c c o m p l i s h m e n t . 
The r e a s o n s were i n p a r t t h a t c e l l u l o s e d i a c e t a t e 
membranes d i d n o t have t h e c h e m i c a l p r o p e r t i e s f o r 
p r o l o n g e d s t a b l e p e r f o r m a n c e i n d e s a l t i n g s e a w a t e r 
on top of a l l t h e o t h e r f o r m i d a b l e c h a l l e n g e s of 
the m a r i n e e n v i r o n m e n t . S i n c e t h e n e f f o r t s were 
l a r g e l y t u r n e d t owards b r a c k i s h w a t e r d e s a l t i n g , 
where RO has e s t a b l i s h e d a w e l l r e c o g n i z e d p o s i t i o n . 
S e v e r a l c o m p r e h e n s i v e t e x t s on t h e s t a t e of the a r t 
i n r e v e r s e o s m o s i s t e c h n o l o g y have been p u b l i s h e d 
( 2 , 3, 4, 5 ) . 

L e t ' s now t u r n t o t h e problems we f a c e w i t h 
s e a w a t e r RO: 

TABLE I 
SALT CONCENTRATION AND OSMOTIC PRESSURE 

IN SEAWATER RO 

S a l t O s m o t i c 
C o n c e n t r a t i o n P r e s s u r e 

(25°C) 

Feed 3.45% 369 p s i a 
C o n c e n t r a t e o r R e j e c t 5.15% 567 p s i a 
( 3 0 % r e c o v e r y o f p r o 
d u c t w a t e r ) 
Average 4.3% 460 p s i a 
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Figure 1. Reverse osmosis (RO) principles 

Figure 2. Skin structure of asymmetric cellulose acetate membrane (1) 
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Standard seawater with a concentration of 3·45% s a l t 
has an osmotic pressure of more than 350 p s i . 
Assuming that 30% of the incoming feed water i s re
covered as product water,the concentrate stream leaving 
the module has a concentration of 5.15% s a l t and mo re 
than 550 p s i osmotic pressure. In r e a l i t y the true 
s a l t concentration at the membrane surface i s higher 
as a r e s u l t of a phenomenon c a l l e d concentration 
p o l a r i z a t i o n (Figure 3). Salt and water migrate to 
the membrane surface, the water passes and the s a l t 
i s rej ected and accumulates. Ultimately the s a l t 
returns from the boundary to the main strearn as a 
r e s u l t of the concentration d i f f e r e n c e . The higher 
the membrane f l u x the larger the accumulât ion pro
blem . Turbulent flo
in a laminar flow c o n f i g u r a t i o
the boundary l a y e r . The adverse e f f e c t s of con
centration p o l a r i z a t i o n or accumulation of s a l t in 
the boundary layer are : 

© higher osmotic pressure leading to 
reduced water f l u x , 

© higher s a l t concentration d i f f e r e n c e 
across the membrane between the brine 
side and the product side leading to 
increased trans-membrane migration 
of s a l t , 

® increased r i s k of p r e c i p i t a t i n g 
sparingly soluble s a l t s . 

To achieve r e a l i s t i c f l u x l e v e l s and p r o d u c t i v i t i e s 
i n seawater RO, the applied pressures across the mem
brane are 800-1500 p s i . 

The problems of concentration p o l a r i z a t i o n were 
recognized early and well understood from t h e o r e t i c a l 
analyses of membrane permeabillty. Another problem 
encountered i n RO p r a c t i c e was appreciated f u l l y 
only when more f i e l d experience was gained. Any 
surface i n a marine environment i s r a p i d l y covered 
with deposits that w i l l i n t e r f e r with water transport 
across the membrane and with the e f f e c t i v e removal of 
the accumulated s a l t s from the membrane surface. 
Sources of these deposits are 1) b i o l o g i c a l , 2) 
p a r t i c u l a t e matter i n the seawater,or 3) corrosion 
products generated by the metals used i n the con
s t r u c t i o n of the RO plant. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



32. R O S E N B L A T T Seawater Desalination 523 

Experience has shown that the decrease i n mem
brane p r o d u c t i v i t y with time from f o u l i n g and other 
causes can be corr e l a t e d on a log/log p l o t . The 
p r o d u c t i v i t y loss with time for several l e v e l s of 
logarithmic f l u x decline rate are i l l u s t r a t e d i n 
Figure 4 and the importance of e f f e c t i v e f o u l i n g con
t r o l i s evident. We have seen cases where membrane 
pr o d u c t i v i t y dropped at a rate corresponding to 20% 
r e s i d u a l p r o d u c t i v i t y a f t e r one year. E f f e c t i v e 
f o u l i n g c o n t r o l can maintain a logarithmic f l u x de
c l i n e rate better than 0.05, corresponding to 75% 
of the i n i t i a l p r o d u c t i v i t y a f t e r the f i r s t year and 
70% a f t e r three years and we believe based on our ex
perience that t h i s i s a r e a l i s t i c goal. I n t e r e s t i n g l y , 
f o u l i n g i n seawater
j e c t i o n than with p r o d u c t i v i t y

The product water (permeate) from a de s a l t i n g 
plant i s expected to conform with U.S. Public Health 
Standards, i . e . to contain not more than 500 ppm 
t o t a l dissolved s o l i d s (TDS). The l i m i t for ch l o r i d e 
ions i s 250 ppm. These water q u a l i t y s p e c i f i c a t i o n s 
c a l l f or a s a l t r e j e c t i o n c a p a b i l i t y above 98.5%. In 
p r a c t i c e the r e j e c t i o n has to be better than 99% to 
compensate for the increased s a l t concentration re
s u l t i n g from product water recovery and from concen
t r a t i o n p o l a r i z a t i o n . 

As much as RO appeals thermodynamically, the 
process poses a cost e f f i c i e n c y problem because i t 
i s a r e l a t i v e l y slow rate process. For example, the 
water generating capacity of good f i l m membranes for 
seawater d e s a l i n a t i o n i s 10-15 gallon/sq. ft./day. 
In comparison a well engineered evaporator with a 
heat tr a n s f e r c o e f f i c i e n t of 1000 BTU / ( h r . ) ( s q . f t . ) 
(°F) generates 24 l b s . or 3 gallons of water per 
square foot per day per °F or 30 gallons at a 10°F 
d r i v i n g force. Since seawater RO has to be conducted 
i n s i d e a pressurized space designed for 800 to 1500 
p s i operation, an obvious goal i s to package as much 
membrane area as possible into a pressure v e s s e l . 

Engineering of Membrane Devices 

We can now compile a l i s t of the problems that 
have to be considered i n the development of RO devices 
for seawater d e s a l t i n g : 

1. Support of the thi n f r a g i l e membrane 
against the d i f f e r e n t i a l pressure of 
800 to 1500 p s i i n the case of seawater. 
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Figure 3. Concentration polarization 
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Figure 4. Effect of fouling control on productivity 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



32. R O S E N B L A T T Seawater Desalination 525 

2. Compactness - high p r o d u c t i v i t y per 
unit volume. 

3. Low concentration p o l a r i z a t i o n . 

4. Fouling c o n t r o l . 
Prevention and foulant removal by 
cleaning. 

5. E f f e c t i v e s e a l i n g of the membrane to 
prevent by-passing of feed into product. 

A compact, high pressure mass exchange device 
accommodating a l l these requirements was indeed a 
novel and formidabl
engineering. Three
proposed at one time or another remained as the 
p r i n c i p a l candidates: the tubular, the s p i r a l , and 
the hollow f i b e r concept l i s t e d here i n increasing 
order of compactness, i . e . s p e c i f i c surface area per 
unit volume: 

2 3 

tubular device 100 f t / f t 

s p i r a l device 300 " " 

hollow f i b e r device 3300 " " 
The e a r l i e s t concept was the perforated or porous 

tubular c o n f i g u r a t i o n , usually 0.5 inch ID with a 
membrane contained i n s i d e the tube and supported on a 
l i n e r from f a b r i c , paper or non-woven mate r i a l s . 
Feed water under pressure flows through the bore and 
the product water permeates through the membrane and 
leaves v i a the perforations (.4). Tubular devices, 
being r e l a t i v e l y simple, saw the most diverse e f f o r t 
to optimize them t e c h n i c a l l y and economically by: 

• j u d i c i o u s s e l e c t i o n of materials, 
e.g. sand logs, porous f i b e r g l a s s 
tubes, 

• compact packaging, e.g. h e l i c a l 
c o i l c o n f i g u r a t i o n , 

• advanced f a b r i c a t i o n technology, 
e.g. l a s e r d r i l l i n g of p e r f o r a t i o n s . 
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Another approach to achieve large s p e c i f i c areas 
i s the s p i r a l wound device, wherein a f l a t membrane 
envelope i s formed around a f a b r i c spacer and closed 
on three sides (Figure 5 ) . The open side terminates 
at a porous or perforated product water tube. The 
envelope or le a f together with an external spacer for 
the feed water stream i s r o l l e d s p i r a l l y around the 
product tube and i s then i n s t a l l e d i n a pressure 
v e s s e l . The feed stream flows a x i a l l y through the 
channels between the s p i r a l windings. Water permeates 
through the membrane and flows r a d i a l l y i nside the 
lea f towards the product tube. This membrane con
f i g u r a t i o n i s predominantly the r e s u l t of work done 
by the Roga D i v i s i o n of General Atomics (now owned by 
Universal O i l Products
O f f i c e of Saline Wate
and Technology) i n the U.S. Department of the I n t e r i o r . 

The most compact membrane devices developed so 
far are hollow f i b e r permeators. Du Pont 1 s hollow 
f i b e r membranes have the thickness of a human h a i r . 
The f iber i s asymmetric with a rej ec ting skin on the 
outside supported on an inner porous layer (Figure 6). 
Pressurized s a l i n e water flows around the outside of 
the f i b e r and the water permeates through the skin 
and the porous support and leaves v i a the bore. The 
OD i s twice the ID and the f i b e r has the mechanical 
c h a r a c t e r i s t i c s of a thick-walled pressure v e s s e l and 
the membrane i s se l f - s u p p o r t i n g . The f i b e r bundle 
c o n s i s t i n g of several hundred thousand up to a few 
m i l l i o n f i b e r s i s s i m i l a r to a U-tube heat exchanger. 
The open end i s encased i n an epoxy tube sheet which 
separates the s a l i n e water from the permeate. The 
feed stream enters through a c e n t r a l d i s t r i b u t o r 
pipe, flows r a d i a l l y outward through the bundle and 
i s removed v i a the annular flow screen at the vessel 
wall (Figure 7). D e t a i l s on the construction and 
h i s t o r y of the Permasep permeator were published 
elsewhere (J5) . 

Table II summarizes the c h a r a c t e r i s t i c s of the 
d i f f e r e n t designs. 

More recently a new entry, the "spaghetti" 
module having the membrane on the outside of a poly
propylene rod with l o n g i t u d i n a l grooves was announced 
by the United Kingdom Atomic Energy Establishment (JO ; 
but l i t t l e i s known on i t s performance i n seawater 
d e s a l t i n g . 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Figure 5. Spiral wound membrane con
figuration, (a) spiral element, (b) partially 

unrolled. 

Figure 6. Skin structure of asymmetric hollow fiber membrane (1) 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Plant Engineering 

The e s s e n t i a l elements of an RO plant are intake 
f a c i l i t i e s , pretreatment equipment to con t r o l membrane 
f o u l i n g , a high pressure pump to provide the d r i v i n g 
force and of course membrane modules (Figure 8). The 
two p r i n c i p a l system concepts under consideration for 
seawater d e s a l t i n g were the one-pass and the two-pass 
processes i l l u s t r a t e d i n Figure 9. The two-pass 
approach with two stages of s a l t i n t e r c e p t i o n appealed 
as the t e c h n i c a l l y more r e l i a b l e route, but the mem
branes i n the two-pass RO plant should have at l e a s t 
twice the fl u x of one-pass membranes to be economically 
competitive. F i e l d tests with l i v e seawater to 
develop know-how o
out at Ocean C i t y , Ne
the Ocean City Research Corporation. The seawater 
was d i l u t e d with run-off water from the areas bordering 
the bay, a representative concentration being 2.7% 
TDS. The seawater contained r e l a t i v e l y large 
qu a n t i t i e s of suspended matter complicating the con
t r o l of membrane f o u l i n g . 

In 1968 we had lab tested with synthetic sea
water an asymmetric polyamidehydrazide f i l m membrane 
(DP-1) which produced 10-12 gfd* (>99% r e j e c t i o n ) at 
1000 p s i (Figure 10) (8). Soon thereafter t h i s f i l m 
membrane was modified f o r two-pass operation to pro
duce more than 30 gfd* at 1000 p s i and r e j e c t i o n 
l e v e l s of 90%. Experiments were c a r r i e d out at 
Ocean City with f l a t test c e l l s (Figure 11) (9) to 
c l a r i f y the r e l a t i v e merits of one-pass versus two-
pass d e s a l i n a t i o n and to learn enough about f i e l d 
operation and f o u l i n g c o n t r o l to move towards p i l o t 
plant t r i a l s . 

The two major classes of membrane foulants are 
p a r t i c u l a t e matter and b i o l o g i c a l l y a c t i v e species 
which form foulant layers on the membrane. The f i r s t 
category i s best intercepted by combining coagulation 
with f i l t r a t i o n through sand and/or diatomaceous 
earth f i l t e r s . The b i o l o g i c a l foulants are con
veniently rendered i n a c t i v e by c h l o r i n a t i o n which i s 
performed more e f f e c t i v e l y below the normal pH 8 of 
natura l seawater. Since free c h l o r i n e i s harmful to 
polyamidehydrazide and polyamide membranes i t has to 
be removed chemically or with a carbon treatment. 

*gallon/sq. ft.-day 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Figure 7. Cutaway drawing of Permasep permeator 

SALINE 
WATER 
INTAKE 

Figure 8. Schematic of RO plant 

ONE-PASS PROCESS 

SEAWATER FEED , RO PLANT PERMEATE J 

3.5% TDS RO PLANT <500 ppm TDS 

^CONCENTRATE 

TWO- PASS PROCESS 

CONCENTRATE 

Î 
SEAWATER FEED 

RO PLANT PERMEATE RO PLANT 
PERMEATE 

3.5% TDS RO PLANT <Q5% TDS RO PLANT <500 ppm TDS 

^CONCENTRATE 

Figure 9. Process concepts for seawater RO 
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Figure 10. Skin structure of asymmetric polyamide-hydrazide membrane (1) 

Figure 11. Cross-section of radial flow cell (9) 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



532 
M A R I N E C H E M I S T R Y 

Foulants generated i n the plant r e s u l t from the 
corrosion of m e t a l l i c components. The design of an 
RO plant has therefore not only to assure s t r u c t u r a l 
i n t e g r i t y but i n addition reduce the adverse e f f e c t s 
of corrosion products on membrane performance. The 
advantages of non-metallic materials are obvious. 
But Monel i s s a t i s f a c t o r y at low seawater v e l o c i t i e s 
and SS 316 can be adequately engineered by maintaining 
v e l o c i t i e s higher than 6 f t / s e c . and el i m i n a t i n g 
stagnant zones. The int e r f e r e n c e of i r o n f o u l i n g can 
be further reduced by a c i d i f i c a t i o n to pH 5-6. The 
co n t r o l of corrosion products i s s i m p l i f i e d , i f only 
one metal i s used i n the plant (10). 

The c e l l tests with the one-pass f i l m membranes 
showed that f o u l i n g
foulant removal by cleaning
s t a b i l i t y was demonstrated with l i v e seawater f i l t e r e d 
to better than 0.5 Formazin T u r b i d i t y Units, 
chlorinated and then treated chemically or with 
carbon to remove free c h l o r i n e . The f o u l i n g c o n t r o l 
of the higher flux/lower rej ection membranes for the 
two-pass process was more complicated and the type 
of pretreatment adequate for one-pass membranes was 
not s u f f i c i e n t (Figure 12). Flux declined r a p i d l y 
a f t e r the f i r s t week. Cleaning restored performance 
b r i e f l y . The res t o r a t i o n , though temporary showed 
that the i n t r i n s i c c a p a b i l i t y of the membrane was 
better than i n d i c a t e d by the f i e l d test data and 
pointed to f o u l i n g and not membrane d e t e r i o r a t i o n 
as the cause of f l u x d e c l i n e . Tests with agitated 
test c e l l s did not change the pi c t u r e ; evidently 
mixing near the membrane surface did not counteract 
the tendency to f o u l . Cost c a l c u l a t i o n s did not 
i d e n t i f y s u f f i c i e n t incentives to solve the f o u l i n g 
c o n t r o l problem of the two-stage process and a l l 
subsequent work concentrated on the one-pass process. 
The elements of a pretreatment systern to co n t r o l 
f o u l i n g of one-pass membranes comprising 

c h l o r i n a t i o n , 

ρH adj us tment, 

anthracite/sand and diatomaceous 
earth f i l t r a t i o n , 

removal of r e s i d u a l chlorine with 
carbon or chemicals, 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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40h 

D Q <m=0.31 

m=0.13 
- m=0.05-

o TWO-PASS MEMBRANE 87-90% REJECTION 
ACTUAL PERFORMANCE 
INTRINSIC CAPACITY (NO FOULING) 

• ONE - PASS MEMBRANE 99-99.5 % REJECTION 
ACTUAL PERFORMANCE 

• CLEANING 
ν POST CLEANING DATA 
m LOG FLUX DECLINE RATE 

TEST CONDITIONS: PRETREATED LIVE SEAWATER 
RADIAL FLOW CELLS 
1000 psif 30°C f 2.3-2.9% TDS 
L 1 10 20 40 100' 

TIME, DAYS 

Figure 12. Representative performance of one-pass and two-pass film membranes 
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were d e f i n e d and equipment t o p r o c e s s 70,000 g a l / d a y 
was i n s t a l l e d a t Ocean C i t y t o e v a l u a t e the p e r 
formance of the membranes i n p r a c t i c a l modules. P r o 
v i s i o n s t o h e a t t h e i n c o m i n g s e a w a t e r i n w i n t e r were 
needed a t Ocean C i t y t o m a i n t a i n y e a r - r o u n d o p e r a t i o n . 
The o n l y major change t h r o u g h t h e f i e l d t e s t t r i a l s 
was t h e a d d i t i o n of i n l i n e c o a g u l a t i o n . The f i n a l 
s e t - u p i s shown s c h e m a t i c a l l y i n F i g u r e 13 and the 
i n t a k e and p r e t r e a t m e n t f a c i l i t i e s can be seen i n 
F i g u r e s 14 and 15. The two sand f i l t e r s and d i a t o -
maceous e a r t h f i l t e r s were o p e r a t e d i n p a r a l l e l ; t h e 
c a r b o n f i l t e r s were o p e r a t e d i n s e r i e s - e x c e p t 
d u r i n g backwash - to a s s u r e c o m p l e t e r e m o v a l of a l l 
c h l o r i n e . The l a r g e s t o r a g e t a n k p r o v i d e d s u f f i c i e n t 
r e s i d e n c e t i m e f o r e f f e c t i v
C o n t r o l i n s t r u m e n t
m o n i t o r e d t h e pH, c h l o r i n e c o n c e n t r a t i o n b e f o r e t h e 
c a r b o n f i l t e r s as w e l l as the absence of f r e e 
c h l o r i n e between t h e f i r s t and t h e second c a r b o n 
f i l t e r and f i n a l l y s e a w a t e r t e m p e r a t u r e b e f o r e 
f e e d i n g t he RO equipment. The o t h e r i m p o r t a n t p r o 
c e s s v a r i a b l e s i n the RO p l a n t i t s e l f a r e o p e r a t i n g 
p r e s s u r e , f l o w r a t e s and s a l t c o n c e n t r a t i o n . The 
one-pass membranes r e j e c t d i v a l e n t i o n s e s s e n t i a l l y 
c o m p l e t e l y and t h e r e f o r e o n l y t h e c h l o r i d e i o n 
c o n c e n t r a t i o n of t h e f e e d and t h e p r o d u c t s t r e a m 
has t o be m o n i t o r e d . R e j e c t i o n d a t a r e f e r t o t o t a l 
c h l o r i d e s . 

Feed Water Q u a l i t y 

As s t a t e d b e f o r e , p a r t i c u l a t e o r c o l l o i d a l 
m a t t e r and m i c r o b i o l o g i c a l s p e c i e s a r e the major 
s o u r c e s o f membrane f o u l a n t s i n s e a w a t e r RO. Methods 
to m o n i t o r t h e l a t t e r c a t e g o r y a r e o n l y g r a d u a l l y 
e v o l v i n g , b u t a m e a n i n g f u l measure of t h e f i r s t 
c a t e g o r y i s now a v a i l a b l e i n t h e p l u g f a c t o r t e s t . 
I n t h e p l u g f a c t o r t e s t the change i n f i l t r a t e f l o w 
w i t h t i m e t h r o u g h an 0.45 m i c r o n f i l t e r a t c o n s t a n t 
p r e s s u r e i s d e t e r m i n e d . R e s u l t s a r e e x p r e s s e d as 
" p e r c e n t p l u g f a c t o r " (P) 

Ρ - ( 1 - - ± — ) χ 100 
2 

w h e r e i n t - and a r e t h e t i m e i n t e r v a l s r e q u i r e d t o 
c o l l e c t a f i x e d volume (500 ml.) o f f i l t r a t e . The 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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Figure 14. Seawater intake at Ocean City, N.J. 

Figure 15. Pretreatment facility at Ocean City, N.J. 
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test has to be c a r r i e d out at constant pressure -
conventionally 30 psig - and the time i n t e r v a l between 
the two measurements i s usually 15 minutes. The test 
can be performed with a M i l l i p o r e I n l i n e - 47MM F i l t e r 
Holder. The r a t i o of percent plug to the time i n t e r 
v a l between the two measurements i s termed the 
f o u l i n g index. 

The basic operations of the manual procedure were 
recently automated and can be performed continuously 
at a frequency of three measurements per hour with 
the instrument shown i n Figure 16. 

F i e l d Tests of RO Devices 

This s e c t i o n discusse
culminated i n the demonstratio
i n one-pass with commercial hollow f i b e r permeators. 

Du Pont 1s membranes can be f a b r i c a t e d i n f i l m or 
i n hollow f i b e r form and are therefore adaptable to 
a l l three p r i n c i p a l membrane configurations. Sea
water RO was,in the l a t e s i x t i e s / e a r l y seventies, a 
pioneering undertaking at the f r o n t i e r s of d e s a l t i n g 
technology and reports on e a r l i e r attempts were less 
than encouraging. We adopted for t h i s f i r s t phase 
of our work the tubular c o n f i g u r a t i o n as a matter of 
prudence, because 

• the larger brine channels operated 
i n turbulent flow provided f l e x i 
b i l i t y i n c o n t r o l l i n g the two major 
problem areas of concentration 
p o l a r i z a t i o n and membrane f o u l i n g , 
e.g. the tubular device can be 
cleaned mechanically with foam b a l l s , 

ο the development work to achieve 
operating pressures of 1000-15000 
p s i was less than needed for the 
other more complex configurations. 

Desalination i n one-pass was demonstrated with 
s i n g l e perforated ss 316 tubes which contained 
tubular DP-1 membranes. Polymeric f i l m membranes 
can lose t h e i r high s a l t r e j e c t i o n , i f the support 
medium has an uneven surface. Continued s a t i s f a c t o r y 
operation i n the f i e l d was p ossible a f t e r smooth 

In Marine Chemistry in the Coastal Environment; Church, T.; 
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membrane supports from non-woven materials were pro
vided . The performance of these early tubular devices 
i s of more than passing t e c h n i c a l i n t e r e s t because 
some of them have retained t h e i r s a l t r e j e c t i o n pro
p e r t i e s a f t e r more than two years i n the f i e l d 
pointing to the inertness of the polyamide and poly
amidehydrazide i n natural seawater; t h e i r i n t e g r i t y 
i s affected only by a d d i t i v e s , e.g. c h l o r i n e . The 
DP-1 membranes were then incorporated i n several 
multitube c l u s t e r s of 18 tubes each s u i t a b l e for 
operation up to 1500 p s i . These prototypes of com
mercial seawater modules were fa b r i c a t e d by Paterson 
Candy I n t e r n a t i o n a l Ltd. i n the United Kingdom 
(Figure 17). Modules were tested with two modes of 
fo u l i n g c o n t r o l , namel
(c h l o r i n a t ion, pH ad
and carbon treatment) or mild pretreatment (sand/DE 
f i l t r a t i o n ) combined with frequent membrane 
cleanings. The following r e s u l t s 

Start 12.5 gfd/99% Rej. Start 11.7 gfd/99.3% Rej. 
77 Days 10.4 gfd/99% Rej. 7 4 Days 10.0 gfd/98.8% Rej. 

(30 cleanings) 
(1200 p s i , normalized to 3.5% TDS, 25°C) 

pointed to r e a l i s t i c prospects for seawater RO. It 
became, however, doubtful at that stage whether the 
tubular c o n f i g u r a t i o n was a t e c h n i c a l necessity. The 
experiments with tes t c e l l s which had narrow brine 
channels of 0.020 to 0.050 inch width and some pre
liminary t r i a l s with hollow f i b e r permeators showed 
that the more compact membrane devices had promise. 
Cost c a l c u l a t i o n s i n d i c a t e d that even with the added 
cost of complete pretreatment the compact con
f i g u r a t i o n s were economically a t t r a c t i v e over tubular 
modules operated without pretreatment. Emphasis i n 
the program s h i f t e d therefore to one-pass d e s a l i n a t i o n 
with s p i r a l and hollow f i b e r modules· 

Pretreated Water Sand F i l t e r e d Water 

(1 Module) (2 Modules) 
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Figure 16. Continuous plug factor monitor 

Figure 17. Tubular RO module 
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Small s p i r a l elements (2 inch diameter - 3 sq. f t . 
membrane area) with DP-1 polyamidehydrazide f i l m mem
branes showed good i n t e g r i t y i n lab tests with the 
following r e s u l t s : 

Performance s t a b i l i t y was maintained at Ocean C i t y i n 
f i e l d tests l a s t i n g 3 to 4 months. F i e l d tests on 
p i l o t plant scale are planned when larger elements 
(4 inch diameter) are a v a i l a b l e . 

F i e l d tests wit
c a r r i e d out with 4 inc
prototypes of an experimental 8 inch device. Data 
on the two permeators are l i s t e d i n Table I I I . The 
progress made i n maintaining longer and longer periods 
of stable operation with hollow f i b e r permeators i s 
shown i n Figure 18. Representative l i n e s were drawn 
through actual performance data as i l l u s t r a t e d for 
permeator 2787. The f i r s t permeator l o s t performance 
s t a b i l i t y a f t e r approximately 500 hours because of 
inadequate removal of p a r t i c u l a t e matter. We added 
coagulation to the pretreatment. We then encountered 
slime formation and today we suspect that t h i s slime 
may have been induced through our own actions by the 
addition of sodium t h i o s u l f a t e to eliminate free 
c h l o r i n e . The permeators l o s t a d d i t i o n a l p r o d u c t i v i t y -
though not rej ection - during a f a i l u r e of the t h i o 
s u l f ate i n j ection system. With carbon treatment as 
the more r e l i a b l e d e c h l o r i n a t i o n route, stable per
formance with moderate p r o d u c t i v i t y decline from 
f o u l i n g was maintained for more than 4000 operation 
hours t i l l November 1974 when the equipment was d i s 
mantled f o r t r a n s f e r to the Government Test S i t e at 
W r i g h t s v i l l e Beach, North Carolina. The p r o d u c t i v i t y 
loss encountered during a lengthy shutdown (permeator 
3338) can be avoided, i f some formaldehyde (1%) i s 
kept i n the permeator. P e r i o d i c shock treatments 
during RO operation with a 500-1000 ppm sodium b i 
s u l f i t e s o l u t i o n which has b i o c i d a l properties were 
b e n e f i c i a l . Sodium b i s u l f i t e i s also a p r a c t i c a l 
agent for chemical d e c h l o r i n a t i o n , but r e l i a b l e con
t r o l s to i n t e r c e p t any r e s i d u a l c h l o r i n e w i l l have to 
be demons trated before i t can replace the carbon. 

1000 psig 
1250 psig 

8.4 gfd/99.3% r e j e c t i o n 
11.5 gfd/99.5% r e j e c t i o n 

(3.5% s e a s a l t , 25°C) 
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Adequate r e j e c t i o n has g e n e r a l l y been l e s s of a p r o 
blem t h a n p r o d u c t i v i t y d e c l i n e . The p e r m e a t o r s were 
t y p i c a l l y c l e a n e d once a month w i t h various agents t h a t 
c o u l d i n c l u d e f l u s h e s w i t h p o l y p h o s p h a t e , u r e a and 
e n z y m a t i c d e t e r g e n t s . Membrane p o s t - t r e a t m e n t s t o 
r e s t o r e r e j e c t i o n c a n , i f needed, be a p p l i e d i n t h e 
f i e l d . The l o n g e s t o p e r a t i n g e x p e r i e n c e w i t h an 8 
i n c h p e r m e a t o r i s 2000 h o u r s . D a i l y s hock t r e a t m e n t s 
w i t h a sodium b i s u l f i t e s o l u t i o n were a p p l i e d and 
the p r o d u c t i v i t y has been even more s t a b l e t h a n ob
s e r v e d w i t h 4 i n c h p e r m e a t o r s ( F i g u r e 1 9 ) . 

The t r i a l s w i t h s i n g l e 4 i n c h p e r m e a t o r s h e l p e d 
t o c o n s o l i d a t e t h e p r e t r e a t m e n t t o 

c h l o r i n e
alum c o a g u l a t i o
s u l f u r i c a c i d t o pH 6.5, 
sand and d i a t o m a c e o u s e a r t h f i l t r a t i o n , 
c a r b o n t r e a t m e n t , 

w h i c h m a i n t a i n e d w a t e r q u a l i t y i n a f o u l i n g i n d e x 
range of 3 to 4 w i t h o c c a s i o n a l e x c u r s i o n s t o 5. 
The s c a l e of f i e l d t e s t s was now expanded t o m u l t i -
p e r m e a t o r o p e r a t i o n i n a p i l o t p l a n t ( F i g u r e 2 0 ) . 
F i v e 4 i n c h and two 8 i n c h B-10 p e r m e a t o r s were 
a r r a n g e d i n the f i n a l 1000 h o u r s b e f o r e shutdown i n 
a s t a g e d d e s i g n i n o r d e r t o a c h i e v e h i g h r e c o v e r y . 
By t h a t t i m e each p e r m e a t o r had been on t e s t f o r a t 
l e a s t 1000 h o u r s . Arrangement and r e p r e s e n t a t i v e 
p e r f o r m a n c e d a t a a r e shown i n F i g u r e 21. T o t a l 
p o t a b l e w a t e r p r o d u c t i o n i n t h e s e p i l o t p l a n t t r i a l s 
e xceeded 10,000 g a l l o n s / d a y . The b r i n e c o n c e n t r a t e 
c o n t a i n e d 5.5 t o 6% s a l t c o r r e s p o n d i n g t o a t l e a s t 
30% r e c o v e r y from s e a w a t e r a t the s t a n d a r d con
c e n t r a t i o n of 3.5% TDS. The permeate from t h e second 
and t h i r d s t a g e had l e s s t h a n 350 ppm TDS, showing 
t h a t the B-10 p e r m e a t o r s can r e c o v e r p o t a b l e w a t e r 
from a f e e d s t r e a m o f s t a n d a r d s e a w a t e r c o n c e n t r a t i o n . 

RO i n the Seawater D e s a l i n a t i o n M a rket 

The Membrane D i v i s i o n i n the O f f i c e of Water 
R e s e a r c h and T e c h n o l o g y has a g g r e s s i v e l y s u p p o r t e d 
r e s e a r c h i n s e a w a t e r RO and as a r e s u l t s e v e r a l ap
p r o a c h e s a r e b e i n g d e v e l o p e d . The Dow C h e m i c a l 
Company i s c o n d u c t i n g f i e l d t e s t s i n one-pass 
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Figure 19. Performance of 8-in. B-10 permeator (live seawater, 2.7% TDS, 800 psi, 25°C) 
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k Inch permeators 

8 Inch permeators 

Figure 20. Pilot plant with "Permasep" permeators 
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STAGE 1 

PRETREATED SEAWATER 

8 in. B-10 

4 in. B-10 

4 in. B-10 

PRODUCTIVITY. 6 9 0 Q 

RECOVERY, % 30 

PRESSURE, psi 820 

CONC 
FEED.% TDS 

STAGE 2 

2.7 4.4 
PRODUCT, ppm CI" [] 

FEED. REJECT 

PRODUCT 

3400 

44 

795 

175 

STAGE 3 

4H 4 in. B-10 

4 in. B-10 I-·* 

4 in. B-10 

BRINE 

1250 

50 

785 

5*5.5-6 

210 

TEMP,°C 18 18 18 

Figure 21. Seawater RO pilot plant (hollow fiber permeators) 
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d e s a l i n a t i o n w i t h t r i a c e t a t e h o l l o w f i b e r s . U n i v e r s a l 
O i l P r o d u c t s 1 Roga D i v i s i o n has e x t e n d e d t h e c o n c e p t 
of asymmetry t o c o m p o s i t e f i l m membranes, where an 
u l t r a t h i n s k i n i s d e p o s i t e d on a porous s u p p o r t 
s t r u c t u r e . C e l l u l o s e t r i a c e t a t e t h i n f i l m c o m p o s i t e 
membranes i n s m a l l s p i r a l modules (4 s q . f t . ) were 
t e s t e d w i t h l i v e s e a w a t e r and p r o d u c e d 8 gfd/99.7% 
r e j e c t i o n a t 1000 p s i ( 1 1 ) . E n v i r o g e n i c s Systems 
Company t e s t e d s p i r a l modules w i t h membranes from 
c e l l u l o s e a c e t a t e b l e n d s i n one-pass and two-pass 
o p e r a t i o n s (9200 East F l a i r Dr., ElMonte, C a l i f o r n i a 91734). 

C o m m e r c i a l d e s a l i n a t i o n i s d ominated by d i s 
t i l l a t i o n p r o c e s s e s . I t i s a r e l a t i v e l y new 
t e c h n o l o g y w h i c h grew o v e r t h e l a s t 20 y e a r s from 
a p p r o x i m a t e l y 15 m i l l i o
c a p a c i t y i n the e a r l
g a l l o n s p e r day i n the e a r l y s i x t i e s and t o more t h a n 
350 m i l l i o n g a l l o n s p e r day i n the e a r l y s e v e n t i e s . 
T h i s t r e n d i s e x p e c t e d to c o n t i n u e d e s p i t e i n c r e a s i n g 
c o s t . Recent c o s t e s t i m a t e s f o r new d i s t i l l a t i o n 
p l a n t s w i t h r e a l i s t i c a c c o u n t i n g f o r e n e r g y c o s t 
p r e d i c t $2/1000 g a l l o n s a t t h e 50,000,000 gpd l e v e l , 
$4-6/1000 g a l l o n s a t 1,000,000 gpd p l a n t c a p a c i t y 
and more t h a n $7/1000 g a l l o n s i n 100,000 gpd p l a n t s . 
We e x p e c t RO t o be c o m p e t i t i v e i n the 100,000 t o 
1,000,000 gpd r a n g e , p r o v i d e d membrane l i f e i s a t 
l e a s t two y e a r s and p r e t r e a t m e n t c o s t i s n o t e x c e s s i v e . 
The Ocean C i t y p r e t r e a t m e n t f a c i l i t y was one of t h e 
f i r s t i n s t a l l a t i o n s o f i t s k i n d and had t o h a n d l e a 
v e r y d i f f i c u l t w a t e r . S e v e r a l s i m p l i f i c a t i o n s come 
r e a d i l y t o mind. L o c a l c o n d i t i o n s may a l s o be more 
f a v o r a b l e , e.g. w a t e r from s e a w e l l s may meet the 
r e q u i r e d q u a l i t y s t a n d a r d s w i t h v e r y l i m i t e d 
a d d i t i o n a l t r e a t m e n t s . A major i n c e n t i v e f o r RO i s 
t h e l o w e r energy r e q u i r e m e n t s amounting to 25-40% 
of the t h e r m a l p r o c e s s e s . 

We f o r e s e e s m a l l e r c o m m e r c i a l p l a n t s to be i n 
o p e r a t i o n i n t h e n e a r f u t u r e . A s m a l l p l a n t w i l l go 
on s t r e a m i n the C a r i b b e a n a r e a and t e s t programs 
w i t h i n d i v i d u a l B-10 p e r m e a t o r s a r e i n p r o g r e s s o r 
i n p r e p a r a t i o n i n E u r o p e , on t h e U.S. West Coast and 
i n t h e F a r and M i d d l e E a s t . 
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Summary 

Du Pont has developed polyamide hollow f i b e r 
membranes and polyamidehydrazide f i l m membranes that 
produce potable water from seawater by the reverse 
osmosis process. This paper i s mainly based on the 
work done with these n o n - c e l l u l o s i c reverse osmosis 
membranes. 

The s a l t concentration of 3.5% i n seawater and 
the corresponding osmotic pressure of at l e a s t 350 
p s i make the engineering of a pressure driven mem
brane process to desalt seawater a formidable 
undertaking. In addition, the int e r f e r e n c e of 
membrane foulants that accumulate on the surface and 
reduce p r o d u c t i v i t
c o n t r o l l e d for r e l i a b l
t e c h n i c a l c a p a b i l i t y to desalt seawater by reverse 
osmosis has been demonstrated, the leading options 
being at t h i s time d e s a l i n a t i o n i n one-pass with 
hollow f i b e r and s p i r a l wound membrane configurations. 
P r a c t i c a l methods to control membrane f o u l i n g by 
pre t r e a t i n g the seawater e x i s t . "Permasep" hollow 
f i b e r permeators have produced potable water from 
seawater i n a 10,000 gallons/day p i l o t plant. The 
lower energy requirements of the RO process are an 
advantage i n competition with the conventional 
thermal ( d i s t i l l a t i o n ) processes. 

Acknowledgement 

The work reported i n t h i s paper was c a r r i e d out 
by members of a Du Pont task force. Among these, 
R. A. H a i l i n g did the work with DP-1 f i l m membranes. 
P. P. Goodwyn and S. A. Cope developed the B-10 
seawater permeators. P. R. McGinnis was responsible 
for f i e l d tests and J. P. Agrawal worked on f o u l i n g 
c o n t r o l . 

The O f f i c e of Water Research and Technology 
(formerly OSW) i n the U.S. Department of the I n t e r i o r 
supported f i n a n c i a l l y Du Pont's seawater program 
with f i l m membranes since March 1971 and with hollow 
f i b e r permeators since July 1973. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



548 M A R I N E C H E M I S T R Y 

Literature Cited 

1 Panar, M., et al, Macromolecules (1973) 6, 777-780, 
Sept.-Oct. 

2 "Recent Developments in Separation Science", 
Vol. II, CRD Press, the Chemical Rubber Co., 
Cleveland, Ohio 44128. 

3 S. Sourirajan, "Reverse Osmosis", Academic Press, 
New York, 1970. 

4 Mer ten, U. (Editor), "Desalination by Reverse 
Osmosis", The M.I.T. Press, 1966. 
R. Ε. Lacey, S. Loeb, (Editors), "Industrial 
Processing with Membranes", Wiley, New York, 1972. 

6 "Why Hollow Fiber Reverse Osmosis Won the Top 
CE Prize for Du
Nov. 29, 1971, p.

7 Grover, J. R., et al, Desalination (1974) 14, 
93-102. 

8 Applegate, L. Ε., Antonson, C. R., "Reverse 
Osmosis Membrane Research", Plenum Press, 
New York, London 1972, pp. 243-252. 

9 Manjikian, S., Ind. Eng. Chem. Prod. Res. Develop. 
(1967) 6, 23. 

10 Rosenblatt, Ν. W., 4th Int. Symp. of Fresh Water 
from the Sea (Heidelberg), (1973) 4, 349-361. 

11 Riley, R. L., et al, (Roga Division Universal Oil 
Products, San Diego), Preprint to be published in 
"The Permeability of Plastic Films and Coatings 
To Gases, Vapors and Liquids", Plenum Publishing 
Corp., New York. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



33 
Marine Anti-corrosive and Anti-fouling Coatings 

M O N R O E M . W I L L E Y 

Ε . I. D u Pont Nemours & Co., Marshall R&D Laboratory, Philadelphia, Penn. 19146 

One of the oldest and t important  obtai  fro  th
world's ocean is the low
heavy bulk goods. It's been determined that a ton of coal can often 
be carried across an ocean at lower cost than across a state. The 
English term "ton" by which we measure great quantities of nearly 
everything,originally referred to a maritime container used for the 
bulk shipment of wine. The ton, or "tunne" was a wooden container 
of 252 wine gallons. It occupied about 40 cubic feet of hold space, 
which became the "cargo ton", and weighed about 2240 pounds, or 
our current "long ton". This, in turn, is the weight of about 35 cubic 
feet of seawater, or the "displacement ton". 

The field of marine coatings is probably only a little younger than 
the art of navigation, having undoubtedly been born of necessity, when 
the ancient mariners found that the lives of expensive wooden ships were 
relatively short in the foreign environment of the sea. 

The Old Testament tells us that Noah was instructed to coat his 
ark within and without with pitch. One of the purposes of a bituminous 
coating would probably have been to help protect the wood exposed to 
air from rot, and the underwater hull from the infestation and subsequent 
destruction by the teredo or ship worm. The effect of the ship worm can 
often be seen on driftwood in the form of holes or tunnels. While 
the teredo is a shellfish rather than an insect, it might be viewed as a 
sea-going termite, that for centuries has been the major "corrosive" 
agent on wooden ship bottoms in warm waters. A number of preventive 
measures have been employed over a long period of time. Outside 
wooden sheathing, metal sheathing, charring the wood to some depth, 
and a large variety of coating concoctions have all been employed. 
The ancients in the Mediterranian area who were skilled in working with 
various metals met success against the ship worm with the use of lead 
sheathing nailed to that part of the hull below the water line. This left 
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only the problem of the attachment to the surface of the hull of such 
organisms as barnacles, algae, and the like, which, while relatively 
non-destructive, impart considerable "drag", or resistance as the 
vessel moves through the water. This accumulated growth is referred 
to as "fouling". An example of fouling show on 6" χ 12" panel 
that was immersed in Florida waters for several months. The roughness 
of a accumulation significantly reduce the ship speed, and had to 
be removed by scraping every few months. 

The use of lead sheathing was successfully carried on for centuries 
until 1758, when the British Navy apparently ran short of lead and 
decided to evaluate copper sheathing on the 32 gun frigate, HMS Alarm. 
After some 20 months at sea, largely in Carribean waters, the Alarm 
was dry docked, and found not only free of ship worms  but also free of 
fouling. Why copper sheathin
ently a mystery, but a practical solution to the fouling problem was 
finally discovered. The use of copper sheathing continued until the 
advent of steel or iron hull in the mid l&OO's. At this time, it was 
discovered (the hard way) that copper attached to ferrous metals and then 
immersed in seawater, caused the iron to dissolve in the ensuing electro
lysis. H.M.S. Jackal actually foundered as a result of copper sheath
ing on the iron hull. It was found that copper could be used over iron if 
the two were insulated from each other with a material such as an inter
vening wooden sheathing. This rather expensive practice was carried 
out to some extent (1). 

The advent of iron hul Is brought with it the problem of severe 
corrosion of these metals in the marine environment. Standard metal 
protective paint systems such as red lead pigmented linseed oil primers 
followed by suitably pigmented oil based topcoats were used to retard 
corrosion, but were less effective than on land based structural steel. 
Some improvement was later obtained with the use of synthetic resins such 
as oil modified phenolic varnishes, and alkyd resins, along with pigment
ations that were a little more effective in seawater. Even then, such 
systems offered limited protection, required constant maintenance by 
the ships crew, and frequent dry docking for replacement of corroded 
plates and repainting. Those in the audience who may have served in 
the World War II Navy or Merchant Marine will no doubt remember 
"chipping and painting" details with little affection. 

The corrosion problem varies in degree and mechanism in three 
general parts of the ship. These are the "topsides" or the part totally 
above the water line which is exposed in the atmosphere with occasion
al wettings in seawater. The "boottop" or splash zone, is that section 
that remains constantly wet with seawater while simultaneously receiv
ing the high oxygen levels of the atmosphere , and the bottom, or that 
part which is constantly immersed in the sea but exposed to relatively 
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low oxygen levels. 
Steel used in ship construction is received from the mill covered 

with α blue oxide surface layer called "mill scale" that forms during 
the hot rolling process. Until recent years, the protective coatings 
were applied over the mill scale and tightly adhering rust after 
construction. In the marine environment such systems would rapidly 
begin to fail by "under-rusting", or the formation of rust under the 
mill scale and continuing formation in the areas where tight rust existed 
originally. This situation was held under control by constant chipping 
away of the under-rusted areas and repainting on voyage. Bottoms, 
of course, had to be frequently repaired and repainted in dry dock at 
great expense. 

With the development f th  moder  ship f h greate  size
but crews of about the sam
impractical or impossible to continue on-voyage maintenance to the 
extent previously carried out. More efficient coatings systems offering 
longer term protection and lower maintenance therefore became a 
necessity. 

In the modern day construction mill scale is removed down to 
bright steel usually prior to fabrication, by the impingment of abrasive 
grit or steel shot propelled by compressed air, or from centrifugal 
wheels. This process, known as shot or grit blasting, presents a steel 
surface free of oxides or other harmful impurities, and imparts a "profile" 
to the surface that greatly improves the adhesion of the first layer of 
protective coating. This first coating layer is applied immediately 
after blasting plates or pre-fabricated sections to prevent the formation 
of rust, which otherwise would rapidly develop. It is of sufficient 
thickness and quality to allow the steel to be stored outdoors for several 
months while awaiting fabrication. It must be compatible with the 
coating system that later goes on over it, and must not detract from 
the in-service performance of that system. Pre-construction primers 
may be of various types, depending on the intended subsequent coating 
system and area of use; however, the most commom type is probably 
"inorganic zinc". The latter is a zinc-rich coating consisting of zinc 
dust particles bound to each other and to the steel substrate by a poly-
silica glass. These coatings, being anodic to the steel, provide a high 
degree of corrosion resistance and are extremely resistant to abrasion 
from rough handling. They are capable of receiving over them additional 
coats of inorganic zinc, as well as most other types of coatings that are 
not easily subject to saponification. The most commonly used inorganic 
zinc is applied by mixing zinc dust into a vehicle of a partially 
hydrolized alkyl silicate solution, and spraying the resulting mixture 
onto the steel · The coating then cures by reaction with atmospheric 
moisture to split off the alkyl group as alcohol, leaving the silica binder. 
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Other vehicles such as sodium silicate and lithium silicate have also 
been used where an aqueous system is desired. 

The plates and shapes, or pre-fabricated sections coated with a 
suitable pre-construction primer are given their complete coating system 
at a further stage of fabrication, or after completion of construction. 

The area above the water line and the splash zone usually receives 
a further coating of inorganic zinc over the thin coat of pre-construction 
primer. Additional protective and decorative organic coatings are then 
applied over the zinc to provide a long lasting system of good appearance. 
The organic system over the zinc usually consists of a "tie coat" applied 
directly to the zinc to provide adhesion over a long period of time, and 
to build up sufficient thickness to protect against the elements and 
provide a smooth surface to receive the final topcoats  The tie-coat 
must be resistant to saponificatio
zinc, be easily applied in a minimum number of coats, and have the 
toughness and general resistance properties required by the intended 
service. 

Topcoats are applied over the tie coat to provide the desired 
color and appearance, as well as resistance to sunlight, rain, and 
seawater. Special "boottop11 coatings are sometimes used at the 
waterline, or in the case of variable water line vessels, between the 
light and deep load line. These coatings are formulated for maximum 
resistance to seawater, and may sacrifice some resistance to "chalking", 
or erosion caused by normal atmosphere weathering. 

The types of organic coatings used on the topside are variable in 
generic type, and are selected with regard to the type of service, 
production schedules, climatic conditions in the shipyard, and the 
shipowner's desires and needs. Included are vinyls (polyvinyl chloride), 
chlorinated rubber, catalyzed epoxies, epoxy esters, alkyds, and their 
various modifications, and, to an as yet limited extend, urethanes. 
The reasons for selecting a particular coating are too numerous to go 
into at this time. It will therefore suffice to say that all have their 
own particular advantages, and provide good service when properly 
applied and used. 

Moving below the waterline, we encounter another world where 
corrosion problems are somewhat different, and the function of topcoats 
is entirely different from those used in the atmosphere. Zinc rich 
primers other than pre-construction do not seem to be frequently used 
below the waterline, since it appears to be a common opinion that 
organic coatings provide at least equally good protection in these 
surroundings. The anti-corrosive bottom coatings include the same 
generic types as those used on topsides, but also include bituminous 
coatings such as coal tar, and tar reinforced with polymeric materials 
such as epoxy-po lyamide or e poxy-ami ne resins. Metallic aluminum 
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flake finds considerable use as a pigment in bottom coatings to 
further improve corrosion resistance. Aluminum is anodic to steel, 
and the flakes may be made to orient themselves in an overlaping 
fashion to help reduce water permeability. Polyester coatings filled 
with glass flakes and applied at very high film thicknesses have also 
made an appearance as bottom coatings. Organic coatings in general 
that are applied directly to steel are very often pigmented in such a 
way to further add to the corrosion resistance of the resin itself. Zinc 
chromate, zinc oxide, and red lead are examples. Various so called 
inert pigments, or fillers, will also have an effect on corrosion 
resistance as well as on film properties. Talc, mica, clay and calcium 
carbonate are typical extender, or filler, pigments. 

In addition to providing ordinary corrosion protection  anti-corro
sive coatings below the
insulator between the steel hull and copper containing anti-fouling 
coatings. Being cathodic to steel, the latter coatings have the 
potential to accelerate corrosion should they come into direct contact 
with the hull. The use of adequate thicknesses of anti-corrosive 
coatings on bottoms is therefore doubly necessary. 

The protection offered by underwater coatings is often supplement
ed by a system of "cathodic protection", wherein an electrical potential 
of less than one volt is imparted to the water immediately surrounding 
the hull, placing the latter in a cathodic state. This is accomplished 
either by the attachment of sacrificial anodes of a suitable metal, 
such as high purity zinc, or by directly impressing a current generated 
by equipment inside the ship. In the latter case the current is introduc
ed to the water by anodes passing through the hull to the sea. Coatings 
used in conjunction with cathodic protection systems must be resistant 
to the alkalinity generaged at the steel surface in order to avoid being 
lost. Most bottom coatings used today are therefore formulated with 
cathodic protection being a consideration. 

As previously indicated, anti-fouling coatings are applied over the 
anti-corrosive coatings to prevent the attachment of various marine 
organisms that reduce speed, increase fuel consumption, and in some 
cases, contribute to corrosion of the steel plating. The anti-fouling 
coatings currently in use work by the same principle as copper sheath
ing; that is, they slowly leach into the water a material toxic to the 
attaching organisms. Copper sheathing does this simply by slowly 
corroding and dissolving into the seawater. Anti-fouling paints have 
the toxin or toxin producing material dispersed through the film from 
which it is slowly released. Anti-fouling paints may be classified in 
two general categories. In the first type, the binder, or matrix, is 
slightly soluble in seawater. It is formulated in such a way that as 
the toxin at the surface of the film is depleted, the surrounding matrix 
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dissolves at a similar rate, and exposes a fresh toxic surface. In an 
ideal situation, this process continues until the paint film is completely 
gone. This type of coating is known as a "soft" or soluble matrix anti-
fouling coating, and probably finds it greater use on small pleasure 
craft. The other general category is the "hard" or insoluble matrix 
type where the binder is insoluble in seawater, but the toxin is present 
in sufficient concentration to allow it to be slowly dissolved out of the 
film leaving a porous, sponge-Iike "skeleton" (1). There are also 
intermediate levels where the soluble portion oflhe film consists of both 
toxin and a soluble resin. 

The most common resin used as the soluble binder is rosin and 
certain of its derivitives. Other materials such as shellac may be used, 
but rosin works as well  and is low in cost  Other non-soluble resins 
may be blended with rosi
form a "hard" coating. Polyvinyl chloride and chlorinated rubber are 
examples of insoluble resins that may be used. 

The most common toxin is probably cuprous oxide. Cuprous oxide, 
like metallic copper, is slowly dissolved by seawater to provide a 
surface sufficiently toxic to repel most attaching organisms. Other toxins 
may also be employed either alone or in conjunction with cuprous oxide. 
Examples are tributyl tin oxide, tributyl tin fluoride and cupric 
hydroxide. Organic compounds have also found some use as marine 
anti-foulants. Combination of biocides are often employed in order to 
be effective against a wider range of organisms. 

Toxic anti-fouling coatings in their present state have certain 
obvious disadvantages. They have the potential to accumulate in 
confined waters, such as enclosed harbor areas having little or no 
current flow, thereby having a possible ill effect on various marine 
flora and fauna in that location. Secondly, they have by their very 
nature a limited life span, since their effectiveness depends upon the 
actuaI removaI of the critical ingredient. Traditionally, we have 
attempted to obtain maximum effective life of the coating by formul
ating the matrix in such a way that the toxin is released no faster than 
is necessary to prevent fouling. In actual practice, a well formulated 
coating is effective for perhaps 18 months. 

In recent years some interesting efforts have been made to extend 
the life of anti-fouling coatings. One of these is a thin hydrophylic 
acrylic coating that is applied over the conventional anti-fouling 
coating that allows the toxin to leach out sufficiently while the ship 
is at anchor or tied to a dock, but is claimed to prevent the rapid and 
wasteful extraction that normally occurs while the ship is underway. 
Since fouling attaches itself only when the vessel is standing still, or 
nearly so, relative to the surrounding water, such a coating would help 
save the toxin for the time when it's needed (2). 
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With many conventional A . F . coatings, the leaching rate of 
the toxin in the early months of exposure is well above the critical 
level necessary to prevent fouling. This is done in order to keep 
the toxin at or above the critical level needed to be effective during 
the later months. As a result excessive biocide is introduced into the 
water during the early period, which is both wasteful, and may 
generate additional pollution to enclosed waters. The U.S. Naval 
Ship Research and Development Center has announced the development 
of a series of organometallic polymers consisting of a suitable backbone 
polymer, such as vinyl, acrylic, etc. chemically combined with an 
organotin moiety of the following general structure: 

Ί K2 R, Rrt Rg 

Where the R's may be propyl, butyl, phenyl, or a combination thereof. 
This in effect makes the polymer toxic in itself, as opposed to the 
conventional system where the biocide is dispersed through a matrix. 
It is claimed that these polymers can be formulated to release organotin 
toxin through hydrolysis at a uniform rate during exposure at or just 
above the critical level needed to prevent fouling. This, of course, 
would decrease pollution by avoiding the release of excess toxin, and 
lengthen the effective life of the coating (3). 

A development not in the coatings field, but worthy of mention, 
is the use of hulls made of copper-nickel alloys that in themselves resist 
accumulation of fouling. Four shrimp trawlers were recently built with 
copper-nickel hulls for use in the Indian Ocean. The boats are expect
ed to provide economic advantages in this part of the world, where 
fouling is heavy, and dry docking facilities are limited (4). 

The ideal coating would be one that is not toxic at al l , but prevents 
the attachment of organisms because of its "non-stick", or release 
properties. Du Pont's Teflon® flourocarbon resins were one of the 
first candidates to be evaluated in this area. Unfortunately, barnacles 
and the various other marine organisms found the Teflon® surface to be 
a firm anchorage. More recently it has been reported by Bate I le 
Memorial. Institute that silicone rubber resists the attachment of fouling 
purely by virtue of its release properties, without the presence of any 
toxic materials whatever. While anti-fouling release coatings are not 
yet commercial, such results would indicate that a totally non
toxic, long lasting anti-fouling coating is possible (5). 
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34 
Applications of Chemistry in Deep Ocean Mining 

J. A . O L A N D E R 

Deepsea Ventures, Inc., Gloucester Point, Va. 23062 

The Deep Ocean Mining to be discussed here i s 
l i m i t e d to the minin
deep ocean mining a c t i v i t i e
to the Red Sea muds w i l l not be covered. 

While d i f f i c u l t to define, manganese nodules are 
a form of p e l a g i c agglomeration composed p r i m a r i l y 
of base metal oxides. Nodules c o n s i s t of a v a r i e t y 
of minerals, hence not of a d e f i n i t e formula, and 
are therefore most appropriately c l a s s i f i e d as rocks. 
The nodules have been described as appearing l i k e 
potatoes, mammillated cannonballs, marbles, t a b l e t s , 
and other forms, see Figure 1. In s i z e , they range 
from l e s s than a m i l l i m e t e r to specimens that are 
many centimeters i n diameter. Coloration of nodules 
i s u s u a l l y earthy black, but t h i s may vary from black 
to tan. The hardness of nodules i s v a r i a b l e , ranging 
from one to about four on the Moh's s c a l e , with 
three being an average hardness. 

Occurrence 

Manganese nodules occur from the A n t a r c t i c to 
the A r c t i c , i n a l l major oceans and i n deep as we l l 
as shallow waters, as shown i n Figure 2 . They occur 
i n some seas and g u l f s and even i n some fres h water 
lakes. They are not, however, d i s t r i b u t e d as a 
continuous carpet from shore to shore. Ju s t as land 
based rocks and ores vary i n t h e i r occurrence and 
composition, there i s also extensive v a r i a t i o n found 
i n nodules. In addi t i o n to d i f f e r e n c e s found among 
samples taken from s e v e r a l l o c a t i o n s , there are great 
v a r i a t i o n s w i t h i n a l o c a l area i n the concentration, 
s i z e , shape, e t c . There are large regions even i n 
the P a c i f i c , which are devoid of nodules, and even i n 
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Figure 1. Representative nodules showing the variations 
found in size, shape, and texture 

Figure 2. Location of areas in which nodule deposits have been located thus far (Tech
nical Report No. 1, NSF GX-33616 Office for IDOE; NSF; Washington, D.C., 20550) 
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regions where nodules are common, high concentrations 
are of a l o c a l nature. 

Mineralogy 

A Chemical analyses of nodules taken from 54 
d i f f e r e n t P a c i f i c Ocean l o c a t i o n s are shown i n Table I 
(1,2). In add i t i o n to those elements f o r which 
analyses are shown, there are also appreciable quanti
t i e s of cadmium, t i n , arsenic, and bismuth present 
i n P a c i f i c nodules. 

Examination of nodules reveals that they are 
comprised mainly of extremely f i n e grained base metal 
oxides. The grain s i z e of the oxides var^s f rom l e s s 
than a micron to onl
f i v e microns, see

Three manganese minerals have been i d e n t i f i e d 
and are present i n various r a t i o s i n the nodules; 
todorokite, b i r n e s i t e , and d e l t a manganese dioxide. 
Todorokite i s quite v a r i a b l e i n i t s chemical com
p o s i t i o n and can contain s i g n i f i c a n t amounts of other 
elements s u b s t i t u t e d f o r the manganese i n the man
ganese c r y s t a l l a t t i c e . A t y p i c a l formula f o r 
todoroki te i s : 

II IV II 
(Ca,Na,Mn,K) (Mn,Mn,Mg) .3H20 

In the océanographie l i t e r a t u r e t h i s m a t e r i a l has 
been reported to be 10-A° manganite. 

B i r n e s i t e contains l e s s l a t t i c e s u b s t i t u t e d 
elements than todorokite and has the t y p i c a l formula: 

(Na 7Ca 3)Mn 7 ( )0 1 4 0.28H 20 

The references i n the océanographie l i t e r a t u r e to 
7-A° manganite appear to be r e f e r r i n g to b i r n e s i t e . 
These two "manganites" used i n the océanographie 
l i t e r a t u r e should not be confused with the mineral 
manganite MnOOH which has a very d i f f e r e n t c r y s t a l 
s t r u c t u r e and chemical p r o p e r t i e s . 

In a d d i t i o n to these two manganese minerals, 
there i s als o present d e l t a manganese dioxide 
(δ-Μη0 2). These three forms of manganese show the 
degrees of oxi d a t i o n i n c r e a s i n g from todorokite, 
through b i r n e s i t e , to d e l t a manganese dioxide. 

The only i r o n mineral which has been recognized 
i n the nodules i s goethite, FeOOH. The form i n 
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TABLE I 

PACIF I C MANGANESE NODULES ( 1 , 2) 

W e i g h t P e r c e n t a g e s (Dry W e i g h t B a s i s ) 

S t a t i s t i c s on 54 Samples 

E l e m e n t A v e r a g e Maximum Minimum 

Mn 24.2 50.1 8.2 
Fe 14.0 26.6 2.4 
S i 9.4 20.1 1.3 
A l 2.9 6.9 0.8 
Na 2.6 
Ca 1.
Mg 1.7 2.4 1.0 
N i 0.99 2.0 0.16 
Κ 0.8 3.1 0.3 
T i 0.67 1.7 0.11 
Cu 0.53 1.6 0.028 
Co 0.35 2.3 0.014 
Ba 0.18 0.64 0.08 
Pb 0.09 0.36 0.02 
S r 0.081 0.16 0.024 
Z r 0.063 0.12 0.009 
V 0.054 0.11 0.021 
Mo 0.052 0.15 0.01 
Zn 0.047 0.08 0.04 
Β 0.029 0.06 0.007 
Y 0.016 0.045 0.033 
L a 0.016 0.024 0.009 
Yb 0.0031 0.0066 0.0013 
C r 0.001 0.007 0.001 
Ga 0.001 0.003 0.0002 
Sc 0.001 0.003 0.001 
Ag 0.0003 0.0006 — 
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which the other important metal values are present 
i n the nodules has not been i d e n t i f i e d . 

There are considerable amounts of d e t r i t a l 
materials present within the nodules c o n s i s t i n g of 
quartz, c a l c i t e , montmorillonite, i l l i t e , f e l d s p a r s , 
r u t i l e , and b a r i t e . These materials are extremely 
f i n e g r a i n and are u s u a l l y d i s t r i b u t e d throughout 
the nodule. 

Due to the f i n e grains of the manganese oxide 
and i r o n oxide c r y s t a l s , the p o r o s i t y and surface area 
are high. Usually the p o r o s i t y i s b e t t e r than 50% 
with the diameters of the majority of pores i n the 
range of 0.1 to 0.01 microns. With p o r o s i t y of t h i s 
magnitude, appreciable q u a n t i t i e s of seawater and i t s 
contained s a l t s ar
p o r o s i t y with the
face areas of 200 to 300 square meters per gram. 

Formation 

Any theory attempting to explain the occurrence 
of nodules must be compatible with the previous 
observations. A d d i t i o n a l l y , other observations about 
nodules must be considered. For instance, very few 
buried nodules are found. 

A current theory f o r nodule formation and growth 
i s based upon electrochemical arguments(3). According 
to t h i s theory, the nodule grows outward from a 
c e n t r a l nucleus which may be a shark's tooth, or 
other such m a t e r i a l . The p r e c i p i t a t i o n of metal 
oxides onto the nucleus i s a r e s u l t of the strong 
o x i d i z i n g atmosphere found at the sea f l o o r , and the 
p o s s i b i l i t y of forming point charges on the nucleat
ing agent. Hydrous oxides of manganese, i r o n and 
other metals w i l l be a t t r a c t e d to the nucleus s i t e , 
and so be deposited or p r e c i p i t a t e d . More credence 
f o r the electrochemical requirements of the nucleus 
may be obtained from the f a c t that nodule encrustation 
of metalic m a t e r i a l i s very r a p i d . Brass s h e l l 
casings from World War II and pop-top tabs have been 
found with such accumulations. 

The electrochemical explanation f o r nodule growth 
and formation may also explain the observation that 
most nodules are found atop the sea f l o o r sediment. 
At the seabed, there e x i s t s an i n t e r f a c e between the 
highly o x i d i z i n g , oxygen enriched sea water, and the 
l e s s r e a c t i v e sediment l a y e r with a stagnant and 
therefore low, oxygen supply. The formation theory 
presented f o r nodules require a h i g h l y o x i d i z i n g 
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environment, and t h i s i s found and occurs i n the sea 
water at the ocean f l o o r . The sediment, however, 
does not present the required oxygen f o r continued 
nodule growth. A d d i t i o n a l l y , i t i s p l a u s i b l e that 
decaying marine organisms i n the s i l t l a y e r would 
produce a c i d s . This combination would not only r e 
t a r d nodule growth, but a c t u a l l y promote d i s s o l u t i o n 
of formed nodule. The net r e s u l t i s that any nodule 
covered by accumulating s i l t , o r by s i l t r e s u l t i n g 
from g e o l o g i c a l or b i o l o g i c a l disturbances, would 
begin a process of d i s s o l u t i o n and re-formation at 
the s i l t / w a t e r i n t e r f a c e . 

I t i s al s o b e l i e v e d that b i o l o g i c a l a c t i v i t y i s 
important i n nodule formation and growth. At l e a s t 
some po r t i o n o f th
may be due to the
organisms(4). Perhaps of more importance i s the con
c e n t r a t i o n of c e r t a i n metals through b i o l o g i c a l pro-
c e s s e s ( 3 ) . For instance some b i o l o g i c a l organisms 
such as r a d i o l a r i a require trace q u a n t i t i e s of copper 
and n i c k e l i n metabolic processes. Excretions from 
these organisms and the dead organisms themselves are 
added to the bottom s i l t . 

Here the contained metal ions are slowly r e 
leased v i a a process such as that described f o r nodule 
d i s s o l u t i o n . The r e s u l t i s a concentration of copper 
and n i c k e l at the ocean bottom f l o o r i n t e r f a c e . 
D i f f u s i o n of the ions through the ooze and i n t o the 
sea water allows them to be incorporated i n t o the 
nodule. Although below s a t u r a t i o n l e v e l s , such 
phenomenon as adsorption and c o - p r e c i p i t a t i o n are 
be l i e v e d responsible f o r the p r e c i p i t a t i o n of these 
metals. 

Exploration 

In any mining program, one of the f i r s t r e q u i r e 
ments i s to f i n d and define a s u i t a b l e mine s i t e . In 
ocean mining, as with other mining ventures, the 
l o c a t i o n of an ore i s only one step i n the ex p l o r a t i o n 
program. An o v e r a l l evaluation of the mine s i t e must 
be made and includes the following criteria (5): 

The bathymetry and topography of a p o t e n t i a l 
mine s i t e may be determined v i a p r e c i s i o n depth 
recordings. A d d i t i o n a l information on bottom topo
graphy may be obtained from TV viewing of the sea 
f l o o r , as can estimates of the nodule population. 
These f a c t o r s are important i n determining the p o s s i 
b i l i t y of e f f e c t i v e l y and economically mining nodules 
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from a given s i t e . 
Assay of the nodule material requires a c t u a l 

r e t r i e v a l and a n a l y s i s of nodule samples. The 
gathering of samples i s accomplished with towed 
baskets, "grab-sample" techniques, and any other 
approach which allows c o l l e c t i n g a nodule sample 
aboard ship. 

Assay of samples i s c a r r i e d out on board ship 
during the e x p l o r a t i o n c r u i s e . The reasons f o r t h i s 
are p r i m a r i l y economic. The cost of operating an 
océanographie ship i s r e l a t i v e l y high, and i t i s 
d e s i r a b l e to avoid surveying and e x p l o r i n g areas 
of low-grade nodule assay. By analyzing the samples 
on the ship upon r e t r i e v a l , i t i s p o s s i b l e to 
determine i f an are
or i f the metal conten
be a t t r a c t i v e . 

A nalysis of complex ores such as nodules are 
not p a r t i c u l a r l y d i f f i c u l t i n a laboratory ashore, 
but the p r o j e c t gains new dimensions when i t i s to 
be c a r r i e d out aboard a ship operating on the high 
seas. Routine laboratory procedures such as the 
weighing and d i s s o l u t i o n of samples become very 
d i f f i c u l t operations i f they are to be used i n a 
shipboard analyses of nodule samples. Therefore, the 
i d e a l method of a n a l y s i s would require l i t t l e sample 
preparation and very few manipulation that are best 
done with f i r m f o o t i n g . 

The method used on board the R/V PROSPECTOR to 
analyze nodule samples i s x-ray fluorescence a n a l y s i s 
(3). A Nuclear-Chicago 9200 Series Analyzer i s the 
instrument used and shown i n Figure 4. The sealed 
radioisotope x-ray source i s Plutonium 238 and 
detection i s v i a a sodium iodide c r y s t a l and photo-
m u l t i p l i e r tube. A sample of Americium 241 i s 
mounted i n the instrument to act as a reference energy 
l e v e l . 

C a l i b r a t i o n curves f o r the instrument are made 
using ground nodule samples of known composition. 
This technique obviates vagaries due to matrix e f f e c t s 
as the nodule samples to be analyzed are d r i e d and 
ground i n a fashion s i m i l a r to the reference samples. 

Mining 

A f t e r e x p l o r a t i o n a c t i v i t i e s have defined a mine 
s i t e that meets the c r i t e r i a discussed p r e v i o u s l y , 
actual mining of nodules i s the next step i n a 
commercial operation. Insofar as i s known, no 
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Figure 3. Whole nodule and a nodule cross section showing the 
growth rings and interstitial material 

Figure 4. A view of the x-ray fluorescence apparatus used onboard the R/V Prospector 
for nodule analysis 
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commercial nodule mining operation i s underway at 
t h i s time; therefore, the di s c u s s i o n o f mining 
methods w i l l be r e s t r i c t e d to tested prototype 
systems. 

The known mining systems f a l l i n t o two general 
cat a g o r i e s ( 6 ) . The f i r s t of these uses a gathering 
or c o l l e c t i n g device connected to the surface by a 
conduit, and a pumping method to recover the 
nodules. Mining devices of t h i s type a l l employ a 
component which contacts the ocean f l o o r i n an e f f o r t 
to make a f i r s t separation of the nodule from the 
surrounding sediment. The second feature common to 
these systems i s c o n t r o l of digging depth i n t o the 
ocean bottom - us u a l l y within the upper few inches 
of the sediment. Th
employ e i t h e r a hy d r a u l i
port the nodules to the surface through a pipe system. 

The second type of mining system uses a bucket 
or basket to drag on the bottom and a mechanical l i f t 
procedure. This idea has evolved i n t o the continuous 
Bucket-Line Dredging System (CLB). This system uses 
multiple dredge baskets which are connected to a 
continuous rope rotated by a recovery ship. 

Estimates have been made of the environmental 
impact produced by nodule mining(6). Both the 
hyd r a u l i c and CLB methods w i l l d i s t u r b the benthic 
community i n the process of mining, but t h i s i s 
expected to be of l i t t l e permanent damage as portions 
of the sea f l o o r throughout a mine s i t e w i l l remain 
undisturbed. These areas w i l l serve to populate the 
disturbed communities i n the mined portions of the 
s i t e . 

Sediment obtained with nodules i n the CLB 
approach i s expected to be washed out of the buckets 
during t h e i r r e t r i e v a l to the surface. In the 
hyd r a u l i c method of transporting nodules to the sur
face, both bottom sediment and water w i l l be c a r r i e d 
with the nodules. One of the r o l e s of the bottom 
c o l l e c t o r i s to minimize the amount of sediment c a r r i e d 
to the surface, but any sediment returned to the ocean 
at or near the surface may cause complications. The 
cooler, n u t r i e n t r i c h water from the ocean f l o o r i s 
not a n t i c i p a t e d to cause any harmful e f f e c t s and may 
be b e n e f i c i a l to marine p r o d u c t i v i t y . 

Since ocean mining i s a new industry and i t i s 
being developed i n an age of p a r t i c u l a r awareness of 
environmental impact, i t w i l l be p o s s i b l e to make 
plans f o r environmental p r o t e c t i o n from the beginning. 
This w i l l begin with establishment of baseline values 
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o f e x i s t i n g e n v i r o n m e n t and c o n t i n u e t h r o u g h p l a n n i n g 
and i m p l e m e n t a t i o n t o m a i n t a i n t h e s e s t a n d a r d s . 

P r o c e s s i n g 

Because o f t h e complex m i n e r a l and c h e m i c a l 
n a t u r e o f n o d u l e s , t h e y do n o t r e a d i l y l e n d t h e m s e l v e s 
t o c u r r e n t c o m m e r c i a l e x t r a c t i v e m e t a l l u r g i c a l p r o 
c e s s e s . Thus, i t becomes n e c e s s a r y t o d e v e l o p new 
and i m p r o v e d m e t a l l u r g i c a l t e c h n i q u e s f o r t h e r e 
c o v e r y o f t h e m e t a l metals, and these processes must 
be t a i l o r e d f o r t h e u n i q u e c o m p o s i t i o n o f n o d u l e s . 
There has been a r e c e n t r e v i e w o f t h e t e c h n i c a l and 
economic a s p e c t s o f n o d u l e p r o c e s s i n g ( 7 ) * 

The n o d u l e p r o c e s s i n
c u r r e n t s e r i o u s a t t e n t i o
These p r o c e s s e s c an be d i v i d e d i n t o t h o s e w h i c h p r o 
duce o n l y t h e a s s o c i a t e d m e t a l s - n i c k e l , c o p p e r , 
c o b a l t , e t c . , and t h o s e p r o c e s s e s w h i c h y i e l d t h e s e 
m e t a l s i n a d d i t i o n t o manganese. 

One a p p r o a c h f o r p r o d u c i n g t h e a s s o c i a t e d m e t a l s 
f r o m n o d u l e s i s v i a s u l f u r i c a c i d l e a c h i n g . T h i s 
method t a k e s a d v a n t a g e o f t h e h i g h p o r o s i t y o f t h e 
n o d u l e s d i s c u s s e d e a r l i e r and t h e f a c t t h a t manganese 
d i o x i d e i s n o t s o l u b l e i n d i l u t e s u l f u r i c a c i d . 

R e s u l t s f o r a c o l l e c t i o n o f t e s t s a r e shown i n 
T a b l e I I (1,8,9). The p a r a m e t e r s v a r i e d were t h e 
l e a c h i n g t i m e , t e m p e r a t u r e and c o n c e n t r a t i o n o f 
s u l f u r i c a c i d . Of t h e s e , i t may be se e n t h a t a c i d 
c o n c e n t r a t i o n had t h e g r e a t e s t e f f e c t on t h e p e r 
c e n t a g e o f m e t a l s s o l u b i l i z e d . A l l o f t h e m e t a l s 
were l e s s s o l u b l e as t h e a c i d s t r e n g t h d e c r e a s e d . 
Time and t e m p e r a t u r e o f l e a c h i n g have t h e g r e a t e s t 
e f f e c t s upon n i c k e l and l e s s so upon c o b a l t and 
c o p p e r . R e s u l t s n o t shown u s i n g d i f f e r e n t p a r t i c l e 
s i z e s i n d i c a t e t h a t t h e r a t e o f d i s s o l u t i o n o f c o p p e r , 
n i c k e l , and c o b a l t i s i n d e p e n d e n t o f p a r t i c l e s i z e , 
f o r p a r t i c l e r a n g i n g f r o m 30 t o 160 m i c r o n s . F o r 
p a r t i c l e s i z e s g r e a t e r t h a n 160 m i c r o n s , t h e r a t e o f 
d i s s o l u t i o n m a r k e d l y d e c r e a s e d - e s p e c i a l l y f o r 
n i c k e l . 

The r e s u l t s p r e s e n t e d above a r e f o r n o d u l e s i n 
w h i c h t h e manganese i s p r e s e n t as t o d o r o k i t e and t h e 
i r o n c o n t e n t i s r e l a t i v e l y l o w . F o r n o d u l e s c o n 
t a i n i n g p r i m a r i l y h i g h p o r o s i t y d e l t a manganese 
d i o x i d e , t h e r e a r e some d i f f e r e n c e s i n t h e l e a c h i n g 
r e s u l t s . The b e s t c o p p e r r e c o v e r i e s a r e f r o m t h i s 
t y p e o f n o d u l e , and t h e c o p p e r r e c o v e r y i s p r o p o r t 
i o n a l t o t h e amount o f manganese d i s s o l v e d . From 
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TABLE II 

SULFURIC ACID SELECTIVE LEACH(1,8,9) 

2P-52 NODULES 

Chemical A n a l y s i s Wet Basis - 25% Water 

Mn 25.6% 
Fe 5.0% 
Co 0.18% 
Ni 1.5% 
Cu 1.2% 
Po r o s i t y 54.3% 
Manganes
Iron Phas

Percentage Dissolved 

Element Time 

Ni 6 hrs. 
Ni 48 hrs. 
Ni 48 hrs. 
Ni 6 hrs. 

Cu 6 hrs. 
Cu 48 hrs. 
Cu 48 hrs. 
Cu 6 hrs. 

Co 6 hrs. 
Co 48 hrs. 
Co 48 hrs. 

Μη 6 hrs. 
Μη 48 hrs. 

Fe 6 hrs. 
Fe 48 hrs. 

Temp. 

25°C 
25°C 
45°C 
94°C 

25°C 
25°C 
45°C 
94°C 

25°C 
25°C 
45°C 

94°C 
25°C 

94°C 
25°C 

pH 1 pH 2 pH 3 

18 6 1 
55 24 2 
— 60 — 
62 — —— 

56 14 3 
60 17 4 
— 23 — 
41 — — 

58 35 9 
70 39 10 
— 44 — 

1.7 — — 
— 0.08 — 

2.9 — — 
— 1.0 — 
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these and the previous r e s u l t s , i t i s concluded that 
copper i s present i n nodules both as adsorbed and 
manganese s u b s t i t u t e d species. 

The r e s u l t s f o r n i c k e l with the d e l t a manganese 
dioxide nodules also show great s e n s i t i v i t y to pH, 
and here also the best r e s u l t s are obtained with 
pH=l s o l u t i o n s . At pH=3, the best recovery i s from 
the d e l t a manganese dioxide, while at pH=l f the 
best r e s u l t s were from todorokite nodules. These 
r e s u l t s i n d i c a t e that n i c k e l i s p r i m a r i l y s u b s t i -
tuded f o r manganese i n the nodule , and the rate of 
d i s s o l u t i o n i s chemically c o n t r o l l e d . 

Cobalt recovery i s best from nodules of low 
ir o n content. In nodules of t h i s type, the cobalt 
i s b e l i e v e d to be
manganese v i a adsorption
easy to recover. In nodules of higher i r o n content, 
the cobalt i s e v i d e n t l y s u b s t i t u t e d i n the i r o n 
matrix, and therefore somewhat more d i f f i c u l t to 
leach. 

Although these r e s u l t s f o r s u l f u r i c a c i d leach
ing i n d i c a t e that only p a r t i a l recoveries of the 
metals may be obtained, valuable information on the 
form and composition of nodules may be gleaned there
from. Also, the low y i e l d s found i n d i c a t e that 
d i s r u p t i n g of the nodule c r y s t a l l a t t i c e s w i l l be 
necessary i n order to obtain high y i e l d s . Such 
d i s r u p t i o n w i l l allow leaching of those metals sub
s t i t u t e d w i t h i n the manganese and i r o n c r y s t a l s . 

One method of e f f e c t i n g t h i s d i s r u p t i o n i s 
through the use of a reduction process followed by 
leaching with ammoniacal s o l u t i o n ( 7 ) . The reduction 
process converts some of the oxides to the metal and 
others to lower oxides. This d i s r u p t s the c r y s t a l 
s t r u c t u r e of the nodules and allows the leaching to 
be more e f f e c t i v e . Ammoniacal soluti o n s - made from 
ammonia and an ammonium s a l t to suppress hydroxide 
formation - form soluble amine complexes with the 
s o - c a l l e d associated metals, but not with manganese. 
A i r i s added to o x i d i z e m e t a l l i c elements i n t o 
soluble compounds. Recoveries of greater than 90% 
f o r the associated metals may be obtained with t h i s 
process. 

There are two other hydrometallurgical process 
that employ d i s r u p t i n g the c r y s t a l l a t t i c e i n order 
to increase y i e l d s of the associated metals, but 
these processes a l s o s o l u b i l i z e the manganese p o r t i o n 
of the nodule. The f i r s t of these to be discussed 
u t i l i z e s a s u l f u r dioxide roast(10). The mechanism 
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i n operation here i s the oxidation/reduction r e a c t i o n 
between SO^ and Μηθ2· This r e a c t i o n breaks down the 
oxide l a t t i c e s i n the nodule, and forms soluble 
s u l f a t e s a l t s of the metals. 

Another hydrometallurgical approach to nodule 
metal recovery i s that of h y d r o c h l o r i n a t i o n . Here 
the c l a s s i c laboratory method of producing c h l o r i n e 
by allowing hydrogen c h l o r i d e to react with manganese 
dioxide i s used to s o l u b i l i z e the metals. The 
o x i d a t i o n of c h l o r i d e to c h l o r i n e by the Mn02 i s the 
d r i v i n g forcç f o r the r e a c t i o n . Metal oxides not 
s u s c e p t i b l e to redox reactions with HC1 are leached 
i n the a c i d environment. The y i e l d s of metals are 
very high i n t h i s leaching operation - greater than 
96% f o r a l l valued
c h l o r i d e s produced
to y i e l d the d e s i r e d products. 

In summary, high leaching y i e l d s are only 
obtained from nodules when the c r y s t a l l a t t i c e s of 
the contained minerals are disrupted. This d i s 
ruption i s most favorably c a r r i e d out v i a an oxida
t i o n - r e d u c t i o n r e a c t i o n i n v o l v i n g the oxides of 
manganese. Under these conditions, those metals 
which are incorporated i n t o the matrix of the man
ganese dioxide may be exposed to the leaching medium. 

The e f f e c t upon the environment of any nodule 
processing p l a n t w i l l be analogous to other mineral 
processing f a c i l i t i e s . Environmental p r o t e c t i o n 
measures w i l l be planned i n t o the p r o j e c t at the 
s t a r t rather than added l a t e r - as has often been 
the p r a c t i c e i n the past. S o l i d by-product m a t e r i a l 
from the p l a n t w i l l e i t h e r be a manganese-rich 
residue to be s t o c k p i l e d f o r future p o t e n t i a l use; 
or the s i l t - l i k e m a t e r i a l from processes leaching 
manganese. The s i l t product i s g e n e r a l l y innocuous, 
and may be used f o r l a n d f i l l or other such purposes. 

In a d d i t i o n to the a c t u a l emissions produced by 
the p l a n t , there w i l l be other environmental para
meters to consider(11). An operation such as t h i s 
w i l l require deepwater ports f o r o f f - l o a d i n g of 
nodules from the transport s h i p s . The increased 
a c t i v i t y of ships having draughts of 35 to 40 f e e t i n 
the c o a s t a l region w i l l require monitoring to ensure 
e c o l o g i c a l p r o t e c t i o n . 
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Abstract 

Manganese nodules are distributed over a large 
area of the ocean floor and have come to be regarded 
as an important potential source of manganese, copper, 
cobalt, nickel, and other metal values. Successful 
ocean mining will require application of various 
chemical disciplines. Such applications include 
analysis of material in the exploration phase, 
development of recovery methods for nodule processing, 
understanding of the geochemical processes that led 
to formation of nodules in order to aid in exploration 
and processing, and monitoring of the environmental 
impact of such a venture. 
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35 
Nonbiological Degradation and Transformations of 
Organic Pesticides in Aqueous Systems 

S A M U E L D . F A U S T 

Department of Environmental Sciences, Rutgers, The State University, 
New Brunswick, N.J. 08903 

It may be stated categorically that all organic pesticides 
are thermodynamica11y unstable in natural aquatic environments. 
These so-called recalcitrant compounds have their carbon atoms 
in a reduced valence state. Consequently, there is an inherent ten
dency for the carbon to be oxidized to higher valence states in 
an aerobic environment. If conditions are favorable, 

CO2(g) (+IVC) is the eventual product. 
Many terms are employed to describe the instability of 

organic pesticides in nonbiological systems: oxidation, trans
formation, degradation, etc. Definition and interpretation of 
these terms are, in mose cases, arbitrary for most investi
gators and authors. In this paper, oxidation and/or degrada
tion refers to a change in the valence state of the organic C. 
Usually this change occurs whereby the carbon goes to a higher 
valence state which requires, of course, an electron acceptor. 
Transformation refers to any alteration in the configuration 
of an organic molecule. Examples of transformations would be: 
the hydrolysis of organic phosphorus, carbamates, and urea 
compounds, replacement of the = S by = 0 in organic phosphorus 
compounds, modification of the trichloroethane group in DDT, 
replacement of the Cl atom by OH in atrazine, etc. These two 
definitions are somewhat at variance with Kearney and Kaufman 
(1) who prefer the term "degradation" "to cover all transform
ations of organic herbicides without particularly trying to 
ascribe these to enzyme or particulate systems." 

II. Hydrolytic Transformations 

Many organic pesticides undergo hydrolytic transformations 
in aquatic environments. Many of these compounds have been 
synthesized as an organic ester of some sort. This i s es
pecially true for the pesticides that are phosphates, car
bamates, ureas, and phenoxyacetates · 
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A. Organophnaphat*a- The organophosphorus pesticide is 
a tertiary phosphate or thiophosphate ester: 

S(0) 

} Ρ - 0 - R» 
R - 0' (S) 

R is usually a methyl or an ethyl group and R1 is an organic 
moiety* Hydrolytic transformation of these compounds occur 
from rupture of either the P-O(S) bond or the (S)O-R1 bond. 
Very seldom i s the hydrolysis carried to rupture of the R-0 
bond (tertiary hydrolysis). Once again the nature of the R1 

group becomes importan
environmentally hazardous

Whether the P-0(S)-R' bond is ruptured depends upon the 
structure of the pesticide and the hydrolytic conditions. 
Various mechanistic studies in 0*® rich water have shown that, 
in alkaline solutions, the P-O(S) bond is broken and the (s)O-R 
is usually replaced (2). In acidic hydrolysis, however, a 
rupture of the (S)O-R' bond apparently occurs as an i n i t i a l 
step. Secondary esters undergo additional hydrolysis under 
acid conditions to primary esters which usually does not oc
cur under alkaline conditions. Generalized reactions may be 
written for these two conditions of hydrolysis: 

0(S) 0(S) 
II r O H \ II 

(R0) 2 - Ρ τ 0-R1 H20 ' (R0)2 - P-OH + R'OH 
1 (S) (S) 

0(S) 0(S) 
II ! HJO II 

(R0) 2 - Ρ - Ο**1 — 4 <£0)2 - P-OH + R'OH 
H20 ι (S) 

Primary ester—>ΗβΡΟ^ 

Some organophosphorus compounds, however, do not follow this 
general rule of acidic and basic hydrolysis. Cleavage of the 
P-O(S) or the R'O(S) bonds depend, in many cases, upon the 
nature of the R1 group. 

Where hydrolysis proceeds under catalysis by OH", a Sh2 
type of reaction occurs (3). That i s : (a) the reaction is a 
nucleophilic substitution in which the OH" substitutes for 
the R'O group: 
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RO 

RO 

RO 

RO 

HO 

(b) the reaction proceeds by a bimolecular mechanism, and (c) 
no stable intermediate forms as the OH" approaches the mole
cule and attacks the Ρ
by the inductive effect
In a l l probability, R'0"(S) i s released simultaneously as the 
OH" attacks the Ρ atom* 

The kinetics of hydrolysis was determined for parathlon 
and paraoxon (4) and for diazinon and diazoxon (5). These 
two studies departed from other Investigators wherein the 
hydrolytic reactions were effected in purely aqueous systems 
and at temperatures simulating natural water conditions* Also 
progress of the reactions was determined directly for disap
pearance of the parent molecule as well as appearance of the 
products* First-order kinetic behavior was observed for the 
hydrolytic transformation of these four organophorous com
pounds* Half-life values are given in Table I at five pH 
values* Parathlon and paraoxon are relatively stable In acidic 
and neutral conditions* The half-life values observed for 
parathlon and paraoxon at pH values 3*1 to 7*4 are sufficient 
to permit environmental damage in a natural water body* On 
the other hand, diazoxon i s relatively short-lived especially 
under highly acidic and alkaline conditions* Diazinon was 
stable under neutral conditions, but relatively unstable under 
acidic and alkaline conditions. 

Temperature is an environmental factor that affects the 
rate at which hydrolysis reactions occur. Table II gives the 
half-life values of parathlon, paraoxon, diazinon, and 
diazoxon at 10° and 40° from which the energy of activation 
values were calculated (4,5)* Reactions which yield the higher 
Ea values will exhibit the greatest effect of temperature upon 
their rates of hydrolysis* For example, parathlon has an 
activation energy of 16.4 Kcal/mole at a pH value of 3.1 where
as diazinon has a value of 13.1# Parathlon shows the greater 
difference in the t% values at the two temperatures* Two 
rather important environmental implications evolve from these 
temperature studies: (a) those compounds with the higher Ea 
values are more persistent at the lower temperatures of 0-20°C«· 
and (b) hydrolysis i s generally slower under acidic conditions* 
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Table I. HALF-LIFE VALUES IN DAYS OF DIAZINON, DIAZOXON, 
PARATHION, AND PARAOXON AT 20°C, I-.02M* 

pH Diazinon 0 Diazoxon0 Parathiond Paraoxon* 

3.1 .49 .02 174. 197. 
5.0 30.8 1.28 153. 173. 
7.4 185. 29. 108. 144. 
9.0 136. 18.4 22. 2.9 
10.4 6. .42 1.4 .25 

a. From references (4,5) 
b. Co= 6.61 χ HT5*! 
c. Co= 13.9 χ 10-5M 
d. Co= 3.95 χ 10-5M 
e. Co= 4.81 χ 10"5m 

Table II. EFFECT OF TEMPERATURE 0» KINETICS OF HYDROLYSIS* 

Compound Ea pH t%-daye 
Kcal/mole 

pH 
10°C. 40°C. 

Parathlon 16.4 3.1 555. 33.7 
Paraoxon 16.4 3.1 576. 36. 
Diazinon 13.1 3.1 64. 7.3 
Diazoxon 12.5 3.1 2. .25 

Parathlon 14.5 9.0 53. 5.3 
Paraoxon 12.0 9.0 7.5 .76 
Diazinon 14.3 10.4 13 . 2. 
Diazoxon 13.1 10.4 .9 .13 
a. From references (4,5) 

Additional information about the hydrolysis of organophosphates 
may be obtained in the reference of Faust and Gomaa (6)· 

B. 0rganocarbamate8» Esters of carbamic acid (the 
carbamate pesticides) also hydrolyze, but mostly under alkaline 
conditions: 

OR' 
II I (OH) H 

R- 0- C- N- R" + H20 > R0H +R" - Ν - R" + C0 2( g) 

where the products are a hydroxy compound (phenol), an amine, 
and C0 2(g). Aly and El-Dib (7) reported the hydrolytic sta
b i l i t y of four carbamates: sevin, baygon , pyrolan, and d i 
me tilan over the pH value range of 2 to 10. First-order 
kinetics of hydrolysis was observed from which the half-life 
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values were calculated (Table III). Pyrolan and dimetilan did not 
hydrolyze within this pH range and at 20°C. Baygon resisted hy
drolysis at pH values 3 through 7 but did decay under alka
line conditions. Sevin was the least stable of the four carba
mates with hydrolysis occurring at pH values 7.0 and above with 
the rate increasing as the (OH") was increased. Casida et a l . 
(8) found four p-nitrophenyl N-alkyl carbamates to be quite un
stable at a pH value of 7.8. These four compounds are not 
widely, i f at a l l , used as commercial products. 

Table III. HYDROLYTIC HALF-LIFE VALUES FOR SOME CARBAMATE 
PESTICIDES 

Compound pH Value Ea 
7 8

Sevin a 10.5 days 1.3 days 2.5 hrs. 15 min. 16. 
Baygona - 16.0 days 1.6 days 4.2 hrs. 15.8 

1 B - 8.9 min. -
2* - 6.9 min. -
3 d - 7.1 min. -
4 b - 5.9 min. -

a. After Aly and El-Dlb (7) where T=20°C. 
b. After Casida et a l . (8) where T=22°C. and pH 

value β 7.8. 

Colorimetrlc and radiometric analyses were used to study 
the persistence of carbaryl (sevin) in estuarlne water and mud 
in laboratory aquaria held at 8°C. and 20°C.(9). In systems 
where there was a sharp decrease in the concentration of car
baryl (8°C.), adsorption by the mud was the major reason for 
the decline. Approximately 90% of the carbaryl added to a 
control system without mud was present as unchanged insecticide 
or as 1-naphtholafter 38 days. Additional stability experi
ments performed in the dark in sea water (no mud) showed that, 
at low temperatures (3.5°C.)f no hydrolysis of 10.0 mg/1 
carbaryl could be detected after 4 days and after 8 days, only 
9% of the compound was hydrolyzed (oH=7.8). The amount of 
carbaryl hydrolyzed in 4 days at 17°C. was 44%, at 20°C. 55%, 
and at 28°C., 93%. These experiments were presumably per
formed in autoclaved sea water. In other systems, "complete 
conversion to non-detectable compounds occurred in 4 days"at 
19.5° and 28°C. This is surprising. The authors do not at
tempt to explain these results and the reader must assume that 
biological activity is responsible for the rapid disappearance. 

The fate of 1-naphthoilJ-^C was examined in a simulated 
estuarlne environment by Lamberton and Claeys (10). 1-Naphthol 
is formed from the hydrolysis of carbaryl (sevin). Figure 1 
shows the disappearance of 1-naphthol in light and dark systems 
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and in sterile and unsterile systems. In dark and sterile condi
tions, this compound i s relatively stable with approximately 75% 
remaining after 16 days. Light and the presence of micro
organisms catalyze the disappearance of 1-naphbhol in sea water. 
This observation is frequently the situation where synthetic 
organic compounds are concerned. Apparently, biological sys
tems can supply the activation energy that is necessary to de
grade these compounds. 

Wauchope and Hague (11) reported upon the kinetics of 
hydrolysis of carbaryl (sevin) that was somewhat in disagree
ment with Aly and El-Dib (7). For example, at pH value of 10.0 
and 25°C., Wauchope and Hague reported a t^ value of 20 min
utes whereas Aly and El-Dib reported a value of 15 minutes at 
the same pH value and at 20°C. The temperature difference does 
not account for the disagreement which  b  du  t  analytical 
techniques. 

The hydrolysis of zectra  (4-dimethylamino-3.5
xylylmethyl carbamate) in alkaline water was reported by 
Hosier (12). The half-life value at a pH value of 9.5 was 
approximately two days whereas at pH 7.4, the half-life i s 
approximately 2 weeks at 12-13°C. No order of reaction rates 
was suggested. Also, Hosier reported a purple colored water 
solution of zectran under alkaline condtlons (pH9-9.5) when 
exposed to light. This was ascribed to the rapid formation 
of "xylenol" from hydrolysis which is converted to i t s 
"xylenoxide" ionic form that i s , in turn, "very sensitive 
to photooxidation." No proof was offered to substantiate 
this mechanism. However, Mathews and Faust (13) have made 
a similar observation. 

0. Miscellaneous Compounds. An examination of the hy
drolysis of three explosives in sea water was reported by 
Hoffsommer and Rosen (14). These explosives were: TNT 
(2,4,6-trinitrotoluene), RDX (1,3,5-trlazocyclohexane), 
and tetryl (N-methy1-N-nitro-2,4,6-triazocyclohexane)· Re
sults at 25°Care summarized below: 

Compound Time-days Hydrolysis-% 

It appears that disposal of these compounds (tetryl excepted) 
at sea is not feasible. 

In an attempt to simulate natural conditions, Bailey, 
et a l . (15) studied the hydrolysis of the propylene glycol 
butyl ether ester of 2-(2,4,5)TP (silvex) in three pond waters. 
There was an apparent rapid decay of this ester as seen by the 
tj^ values : 

TUT 
RDX 
Tetryl 

108 
112 
101 

0 
11·6 
88. 
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PGBE of 2-(2,4,5) TPs values in three natural 1 y-occurring 
pond waters: 

Pond A 5 hrs. (pH*6.25) 
Pond B 7 hrs. (pH»6.09) 
Pond C 8 hrs. (pH«6.07) 

D» Comment. Hydrolysis i s , indeed, an important variable af
fecting the fate of the appropriate organic pesticide in 
aquatic environments. The rate at which hydrolysis occurs i s , 
of course, unique to the individual compound and is dependent, 
also, upon such environmental factors as (H3O) and tempera
ture (6). Hydrolytic stability should be viewed with con
cern afeout the length of the time period required for com
plete hydrolysis and about the products that may or may not 
be more toxic than th

III. Chemical Systems 

A. Thermodynamic Stability. A natural water in equili
brium with the atmosphere should be saturated with dissolved oxy
gen (neglecting for the moment aerobic biological transforma
tions of organic matter). In this situation, this water has 
a well-defined redox potential of approximately + 800 mv 
(PO2 s 0 . 2 1 atm, pH - 7 . 0 , 25°G). A simple equilibrium calcu
lation shows that, at this E n value, a l l organic carbon should 
be present as C(+IV) or as G 0 2 , HCO3, or C 0 3

2 ~ , Sand Ν should 
occur in the form of S 0 ^ 2 - and NO3, respectively. That or
ganic compounds are unstable in aquatic environments may be 
shown from a simple thermodynamic model: 

CH 20 + H 20 = C 0 2 ( g ) + 4H+ + 4e 
°2(g) + 4H+ + 4e - 2 H 2 0 

CH20 + 0 2 ( g ) * C 0 2 ( g ) + H 2 0 

The free energy change of this reaction is - 117.99 Kcal 
mole"1 which gives a Eg value of 1.28 volts. Under the Euro
pean sign convention, a negative ΔG° reaction value and a 
positive Eg values denotes that the left to right reaction is 
feasible. A similar model may be calculated for the organic 
herbicide 2,4-D in an oxygenated environment^ CgH,03 C l 2 + 
1 5 0 2 ( g ) β 1 6 c o 2 ( f i ) + 4H++4C1 + 4 H 2 0 . The free energy change 
for this reaction (25°0) is -1600.78 Kcal mole"1 which indi
cates that i t i s feasible for the carbon in 2,4-D to be oxi
dized to C02(g) with 0 2(g)ae an electron acceptor. This model 
does not, however, indicate the reaction knetics or immea
surably, the reaction w i l l even occur. Only laboratory ex
perimentation w i l l answer these two points. More and de
tailed information on the thermodynamic stability of organic 
pesticides in aquatic systems is given by Gomaa and Faust (16). 
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Β. A r t i f i c i a l Systems. There are numerous electron ac
ceptors available for oxidation of organic pesticides in ar
t i f i c i a l l y created environments. However, where the natural 
environment is concerned, the oxidative reactions are extremely 
slow and are incomplete, in the sense, that toxic reaction 
products may be formed. It is extremely deslreable to effect 
"complete" degradation to CQ2, Ĥ O, etc. 

Historically, KMnÔ , C102, CI 2, and 0̂  have been em
ployed for the oxidation of organic compounds at water treat
ment plants. Consequently, these oxidants have been investi
gated for their capacity to degrade organic pesticides (16, 17, 
18, 19» 20). Several basic concepts have evolved from these 
five studies for the oxidation of organic compounds. 

1. Stoichiometry
ment plants, for example
quate stoichiometries, i.e., chemical dosages are employed. 
Gomma and Faust (16) proposed the exact stoichiometric rela
tionship for several organic pesticides and inorganic oxidants. 
For example, parathlon and KMnÔ  gave: 

C10Hl4O5NSM0ifaO^+l4H+=20îftiO2H0CO2+SO^+PO^14H2O • MO3 

3C3L0H14O5NSP+50MnO4=50^iO2+15C2o|"?-f ^3+3SO|-+3K) |-+20H20^2 0H 

These two reaction models suggest rather complex molar ratios of 
oxidant to compound. The f i r s t reaction represents acidic con
ditions in which the ftinO^/parathion molar ratio is 20:1. In 
the second reaction, the molar ratio under alkaline conditions 
is 16.67:1. In order to write these two reactions and others 
(16), several assumptions were made for the products: 

a. H1O4" goes to Mn02/ \ and not to Mn 2 + 

b. organic C goes to uL in acid conditions (C+IV) 
c. organic C goes to C2u,2~ in alkaline conditions 

(C+III) _ 
d. nitro group goes to N0g~, Ρ group goes to 

P 04 3"» and S group goes to SO^2". 
That there i s some credibility to the proposed reactions is seen 
in Table IV where the moles of KfâiÔ  consumed per mole of com
pound is in good agreement with the calculated values. 

2. Reaction Kinetics. Well-designed kinetic experi
ments yield data from chemical oxidation systems that w i l l : 

a. confirm thermodynamic reactions models with re
spect to feasibility and stoichiometry 

b. determine the order of the disappearance reaction 
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c. determine the rate and reaction times re
quired to process design 

Table IV. POTASSIUM PERMANGANATE CONSUMED BY THE OXIDATION OF 
PARATHION, PARAOXON, AND p-NITROPHENOL (16)* 

Contact Mole MnÔ /Mole Comp. 
Time 

Compound £2 (Hours) Ratio Experimental Calc. 

Parathion 3.1 120 0.386 19.48 20.00 
Paraoxon 3.1 120 0.364 16.69 17.33 
p-Nitrophenol 3.1 96 0.404 9.10 9.33 
Parathion 9.0 48 0.392 17.08 16.66 
Paraoxon 9.0 
p-Nitrophenol 9.0 

(a) Temperature * 20° + 0.2°C. 

Determination of the order of the reactions may be accomplished 
by fitting the data into several rate equations. These re
actions are, of course, extremely complex and an exact order 
is not expected over the entire course of events. Intermediate 
oxidation products will compete with the parent molecule for 
the oxidant. Nontheless, Gomma and Faust (21) found that an 
integrated form of a second-order expression provided reasonably 
constant rate constants for the KMnO* oxidation of two d i -
pyridylium quarternary herbicides - Diquat and Paraquat. This 
expression was: 

2 · 3 0 3
 l o g <̂ HSEg C Q X s K o b t 

a C°ox " b °°HERB C°oxCHERB 
where t is reaction time in minutes, C ° I _ B is the i n i t i a l herb
icide molar concentration, C

H E R B Is thenerbicide concentration 
at time ttG°ox is the i n i t i a l oxidant concentration, C is 
the oxidant concentration at time t, a is the number of herbi
cide moles given in the model reaction, and b is the number 
of oxidant moles given in the model reaction. That a second-
order rate expression may be employed to describe the chemical 
oxidation of Diquat and Paraquat i s seen in Table V. The 
second-order rate constants were confirmed by effecting the 
reactions at three separate orders of magnitude in i n i t i a l 
concentrations of the reactants. This stoichiometric propor
tions were the same in each system, however. 
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Table V. VERIFICATION OF ORDER OF THE PERMANGANATE REACTIONS0 

Mean K0^ (1· mole*1 min"1) 
10-fold 100-fold 

System _ D H Initial dilution dilution 

Diquat- 5.12 0.138 0.140 0.132 
KMnOjj. 

9.13 10.65 10.43 10.52 
Paraquat- 5.13 0.106 0.10? 0.101 
KMnÔ  

6.42 6.31 9.13 6.56 6.42 6.31 

a. Ionic strength = 0.02M Temperature = 20°C Average of 
three experimental
ference ( 2 1 ) · 

Kinetieally the oxidative reactions are ••slow*.. Table VI 
shows the percentage of * complete* oxidation within a specific 
reaction time. For example, at a pH value of 7.4, only 31$ of 
the i n i t i a l concentration of parathion was oxidized within a 
reaction time of 44 hours. Note the very "slow" reaction of 
2,4~D toward ΚΜηΟ^· 

Table VI. "SLOW" OXIDATION REACTIONS OF PESTICIDES AND KMn0»( 

Parathion 0 Paraoxon0 

pH Time Oxidation pH OxidatJ 
Value Hours * Value Hours i> 

3.1 44 83 3.1 92 48 
5.0 44 53 5.0 92 25 7.4 44 31 7.4 116 14.5 
9.0 6 91 9.0 3 95 

Diquat 0 Paraquat 0 

5.1 20 21 5.1 24 26 
9.1 2 88 9.1 6 98 

2.4-Dd -
each, $ oxidation 

a. Temp. = 200·,I 
(Parathion] 0 = 

c. DtMnOjj] o s 10 
3.65 χ 10-5M; 

at pH values of 3 ·It 7·4, and 10.1 for 24 hrs. 
was zero. 

• .02M; b. ββ*ηΟ^ ο = 8 χ 10~V 
= 3.95 χ 10-5m, OaraoxoôJ « 4.81 χ 10~5μ; 
*3Μ, Q)iqualO ο = *·16 χ 10-5, (taraqua^J * 
d. WbiQiJi 0 = 158.mg/lf [2,4-ί| 0 • 25· wg/l 
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Not a l l chemical oxidations of organic pesticides are "slow*1, 
however. In the decomposition of Diquat and Paraquat by C102 

at pH values of 8.14, 9.04, and 10.15, the rates were extremely 
rapid and could not be measured with experimental techniques. 
That these reactions were complete in less than one minute i s 
seen in Table VII. 

Table VII. DIQUAT - PARAQUAT - C102 REACTIONS 

PS 

Reaction 
Time 
min. 

Residual 3 

Cone. 
Residual 

[cio£J 
mg/1 

DIQUAT 

10.15 
9.04 
8.14 
7.12 
7.12 
6.17 

1 
1 
1 
1 

24 hrs. 
24 hrs. 

0.0 
0.0 
15.0 
15.0 
15.0 

2.60 
2.59 
6.74 
6.66 
6.65 

PARAQUAT 

10.15 
9.04 
8.14 
7.12 
6.17 

1 
1 
1 

24 hrs. 
24 hrs. 

a. 
b. 

Initial [Pesticid^=15.0 mg/1 
Init i a l [C10^6.75 mg/1 

0.0 
0.0 
0.0 
15.0 
15.0 

2.84 
2.81 
2.85 
6.72 
6.73 

c. Temp. = 20°C., I = .02M 

In the design of water treatment processes, sufficient 
time should be afforded so that the oxidative reaction goes 
to completion. In this case, completion means the conver
sion of the organic C to c o 2 ( g ) e Tl*e r e a c t i o n o r contact 
times required for 50%, 90% and 99% disappearance of an i n 
i t i a l concentration of Diquat were calculated for a KMnÔ  
system. A pseudo first-order rate constant was generated by 
multiplication of the second-order rate constant by the i n i t i a l 
oxidant concentration. An assumption was made whereby this 
i n i t i a l oxidant concentration is in excess of the Diquat con
centration and l i t t l e was consumed in the course of the 
reaction. These contact times are given in Table VIII. 

3 . Effect of (H3+0). Apparently, one of the re
action variables affecting the kinetics of chemical oxida
tion of pesticides is the hydronium ion activity* There i s 
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Table VIII. 

5.1 
6.0 
6.9 
8 .0 
9.1 

10.0 

CONTACT TIMES 

min.-1 

1.23x10-^ 
8.69x10-5 
1.86x1ο-1* 
1.18x10-3 
1.48x10-2 
5.46x1Ο-2 

REQUIRED FOR 

9 3 . 9 
1 3 2 . 5 
61.9 

9 . 8 
. 8 
. 2 

KMnÔ -DIQUAT 

t 9 0 
Hours 

3 1 2 . 0 
441.7 
206.4 

3 2 . 5 
2 . 6 

.7 

REACTION ( 1 6 ) . 

*99 

624.1 
883.4 
412.7 
65.1 
5.2 
1.4 

a. Pseduo first-order rate constants obtained by multiplying 
K£ (second-order rate constant) by KMnÔ  cone. (10-3M). 

sufficient evidence in
this point. For one reason or another, these oxidative reactions 
are faster when alkaline pH values prevail. For example, the 
rate of reaction of diquat-KMnO^ at pH 9.13 i s about 77 times 
faster than at pH 5*12 wheras the paraquat-XMhO/j, reaction is 
about 62 times faster at pH 9.13 than at 5.12 ( 2 0 . Similar 
observations were made with C102 and C I 2 as the oxidants (21). 
In some systems, the effect of increasing (Η$0) leads to no re
action between the oxidant and pesticide. For example, CIO2 had 
no oxidative effect on diquat and paraquat at pH values of 5-06, 
6.17, and 7.12 (20°C.) (21). It should be obvious that a pH 
adjustment into the alkaline range is required to effect the 
fastest reaction and the least contact time. 

4. Effect of Temperature. That the rate constants 
of these chemical oxidative reactions vary greatly with tempera
ture is seen in Table DC ( 2 p . It is the general observation 
that reaction rates increase at higher temperatures. These 
studies were designed to yield the energies of activation from 
the Arrhenius equation. These E a values are given in Table IX 
also. 

5. Formation of Intermediate Products. Ideally, 
any chemical oxidation of an organic contaminant should carry 
the degradation of carbon to c o 2 ( g ) e I n t h e course of the re
action, intermediate products may oe formed which, i f not 
completely oxidized, may be more toxic or physiologically more 
harmful than the parent compound. This is especially Important 
whenever an oxidative process i s employed at a potable water 
treatment plant. It i s extremely undesireable to have incom
plete oxidation and to have organic toxicants in the potable 
water. 

Throughout the course of a reaction of KMnÔ  
with parathion and paraoxon (16), i t was observed that devia
tion occurred from the second-order rate equation. This sug
gested formation of intermediate organic products whose rates 
of oxidation were, in turn, slower than the parent molecule. 
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Table Π . POTASSIUM PERMANGANATE AND CHLORINE OXIDATIONS -
EFFECT OF TEMPERATURE3, 

Kob ( 1 · mole"* rain 

Temp. °C. 

10 
20 
30 
40 

Diquat-KMnOi* 

pH 5.12 pH 9.13 

0 . 0 5 9 
0.141 
0 . 3 0 8 
0.561 

4.814 
10.431 

Paraquat-KMnOjj.-

pH 5.12 pH 9.13 

0.038 
0.105 

3.135 
6.393 

Diquat -&2 Paraquat-Cl2 

10 
20 
30 
40 

pH 6.17 pH 9.04 

0 . 0 0 7 1.847 
0 . 0 2 0 3 . 4 1 5 
0 . 0 3 7 5 . 2 5 5 
0 . 0 5 2 7.751 

E a 0 D Kcalraole 

14.2 10.8 
14.4 9 . 0 

pH 8.14 pH 9.04 

-1 

0.001 
0 . 0 0 6 
0 . 0 1 5 
0 . 0 3 9 

15.1 
17.5 

0.008 
0.017 
0.040 
0.090 

11.5 
13.9 

a. From reference ( 2 1 ) . 

b. Average of three experimental runs. Ionic strength of 
solution = 0 . 0 2 M . 

Consequently, the KMnO/j. - parathion, - paraoxon, - p-nitrophenol, 
and - 2 , 4 dinitrophenol were studied and were reported in great 
detail elsewhere ( 4 , 16). Under acidic and neutral conditions 
in the KMnOij, - parathion system, paraoxon was detected. Under 
alkaline conditions, p-nitrophenol and traces of paraoxon 
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were detected. These observations led, of course, to kinetic 
studies of the KMnÔ  oxidation of paraoxon and p-nitrophenol. 
Under acidic and neutral pH values, the paraoxon system did not 
yield any oxidation products that would have been detected by 
the analytical techniques of GLC, TLC, and ultraviolet scan. 
Under alkaline conditions, however, p-nitrophenol was found. 
In the p-nitrophenol-KMnO^system, 2,4-dinitrophenol appeared as 
an intermediate product within the pH value range of 3.1 
through 9.0. Also two unknown spots appeared on the TLC plate 
at a pH value of 9.0. These unknowns were identified subse
quently by IR and mass spectroscopy as 2-hydroxy-5<-nitro benzoic 
acid and 2,2» dihydrpxy-5f5 dinitrophenjrl. Figure 2 shows 
the proposed pathway in the KMnÔ  oxidation of parathion (16). 

Metabolites and oxidative products of heptachlor were re
ported by Cochrane an
mate and chromic oxide
epoxide that had the same insecticldal activity as the epoxide 
formed from heptachlor in biological systems. A l l together, 
eleven metabolites and derivatives were identified. These 
systems are, of course atypical in relation to natural en
vironments and to water treatment processes. These observa
tions, however, demonstrate the drastic conditions required 
to oxidize the chlorinated hydrocarbon pesticide. Heptachlor 
epoxide has been isolated from biological systems. Whether or not 
the other 10 metabolites and derivatives are produced, i s an un
answered question. 

IV. Photochemical Systems 
Among the environmental factors that Influence the per

sistence of organic pesticides in aquatic environments would 
be decomposition of these compounds under the influence of 
solar radiation. Many organic pesticides undergo drastic 
changes upon exposure to ultraviolet light and a r t i f i c i a l or 
natural sunlight (23-29). Sunlight does not necessarily 
cause degradation of pesticides into their constituent parts 
or into simpler compounds. In many cases, sunlight transforms 
pesticides into materials of similar or even greater structur
al complexity. The toxicology and persistence of these ma
terials are, for the most part, unknown (30). In spite of the 
difficulties involved in extending laboratory observations 
to natural environments, much useful information can be ob
tained from studying the photochemistry of pesticides. 

Dieldrin was photoisomer 1 ζed in sunlight and under labor
atory conditions (31, 32) to photodieldrin. Similarly, aldrin 
was converted to photoaldrin in sunlight. Reaction mixtures 
obtained from a one-month exposure of an aldrin film con
tained 2.67. unaltered aldrin and 9.6% photoaldrin. The re
mainder consisted of 4.5% dieldrin, 24.1% photodieldrin, and 
59.7% of the major product, an unidentified material with an 
average molecular weight of 482. The major product of aldrin 
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photoyleis was approximately five times more toxic to fl i e s 
than DDT. Y et, this material would not pass through gas 
chromatographic columns normally employed. If this substance 
i s an actual environmental product, i t may go undetected. 

Bell (34) detected 2t4-dichlorophenol when a solution of 2,4-D 
was exposedTîo UV light. No phenol was produced when a buffered 
solution at pH 7.0 was irradiated. It was proposed that ultra
violet decomposition of 2,4-D resulted in the formation of 
phenolic compounds. Also, rupture of the aromatic ring may 
result in the production of aliphatic products. 

Aly and Faust (35) studied the effect of ultraviolet 
irradiation on three 2,4-D compounds (the Na salt, the isopro-
pyl and butyl esters) in the laboratory. Apparently the i n 
i t i a l pH value of the irradiated solution influences the de
gree of decomposition o
relatively slow at acidi
pH value was increased. Irradiation resulted in cleavage of the 
2,4-D compounds at the ethereal linkage. 2,4-Dichlorophenol 
and some unknown free acids were produced as shown by lowered 
pH values of the irradiated solutions. Under acidic condi
tions (pH 4.0), 2,4-dichlorophenol accumulated in the systems 
due to its slow decomposition. On the other hand, no phenol 
was detected in the irradiated 2,4-D solutions at pH 9.0 be
cause i t is decomposed as fast as i t i s produced at this pH 
value. 

Crosby and Tutass (27) identified the intermediate pro
ducts resulting from ultraviolet Irradiation of 2,4-D. In 
addition to fission of the etheral linkage this compound 
underwent step-wise substitution of hydroxy1 for chlorine 
until 1,2,4-trihydroxybenzene was formed. The latter was 
rapidly air-oxidized to the major product, a polymer whose 
infrared spectrum was similar to a sample of humic acid pre
pared from 2-hydroxybenzoquinone. 

The herbicide, 3-(p-bromophenyl)-l-raethoxy-l-methyl urea 
(metobromuron), was converted to a 20% yield of a phenolic 
compound (compound 1) after exposure of a 225 mg/1 aqueous 
solution to sunlight for 17 days (35). Also, oxidation 
to compounds 2 and 3 occurred: 

0 - 0 : Ο ; ο 
Metobromuron (lj (2) (3) 
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Â material whose mass spectrum indicated that i t was a con
densation product of the parent compound (metobromuron) and 
product (1) was isolated also. The photolysis of linuron in 
aqueous solution proceeded in a manner similar to metobromuron 
as shown in the following reaction (36): 

ο ο 
V CH , UK,%SH-

H N C N O C H , » J 

Ô 

OH 

Linuron (4

The effect of ultraviolet irradiation upon the stability 
of three carbamate Insecticides: 1-naphthyl-N-methylcarbamate 
(sevin), 0-isopropoxyphenyl-N-methy lcarbamate (baygon), and 
1-Phenyl-3-methyl-5-pyrazolyl-dime thylcarbama te (pyrolan) in 
aqueous solutions was reported by Aly and El-Dib (7). The pH 
value of the aqueous medium was an important factor in deter
mining rates of photolysis of sevin and baygon. The rates 
were slow at low pH values and tended to increase with an 
increase of pH value. The decomposition of pyrolan and di-
metilan, however, was not affected by the pH value of the i r 
radiated medium. The primary effect of the ultraviolet light 
irradiation was cleavage of the ester bond resulting in the 
phenol or heterocyclic enol of the four carbamate esters. 
The effect of pH value on the photolysis of sevin and baygon 
is analogous to the observation from 2,4-D (35) where the 
photodecomposltion was much faster in alkaline than in neutral 
or acidic media. It was assumed that cleavage of the ester 
bond i s not the only effect of the ultraviolet light but 
probably other modifications in the molecule tend to occur. 
Crosby, et a l . (26) reported the photodecomposltion of some 
carbamate esters. These investigators reported that photo-
decomposition of sevin yielded, in addition to 1-naphthol, 
several cholinesterase Inhibitory substances which indicate 
that these compounds retained the carbamate ester group in
tact. Also irradiation resulted in changes at other posi
tions in the sevin molecule. 

It should be indicated that almost a l l studies of the 
photolyses of pesticides have been conducted by exposing these 
compounds to direct irradiation. Under actual environmental 
conditions, however, pesticides may be in intimate contact 
with materials which act as photosensitizers and may absorb 
light energy which, in turn, i s transferred to the pesticide. 
This alters the products of direct irradiation or causing 
pesticides which do not absorb light to photolyze. For 
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example, 3,4-dichloroanlline, a metabolite of linuron (37) t 

diuron (38), and propanil (39, 40) is fairly stable to sunlight 
in aqueous solution. However, in the presence of riboflavin - 5 -
phosphate, a significant amount of photolysis occurs in a few 
hours* Several photoproducts of the sensitized reactions have 
been isolated, two of which have been identified as azo com
pounds. These materials are of interest since they belong to 
a family of compounds which includes several members with car
cinogenic properties (41). 

Sunlight energy catalyzed the decomposition of organic 
compounds in natural waters. An excellent example is provided 
by Hedlund and Youngson (42) who examined the sunlight-caused 
photodecomposltion of piclor am (4-amino-3,5,6-trichloro-
picolinic acid) under natural conditions. Table X gives a 
summary of the experimenta
composition reactions
served. The experimental conditions were: 

Case 1: A hazy sunshine study conducted at Seal 
Beach, Calif. Thirty days of exposure, 26 
of which were actual sunshine. 

Case 2: Photodegradation was conducted in 3.65 
meter deep containers at Walnut Creek, 
Calif. Solutions were circulated. 

Case 3: Photodecomposition was conducted in dis
t i l l e d and canal water and in 2.54 cm. 
deep trays at Walnut Creek, Calif. 

Case 4: Initial picloram concentrations were 
varied. Biological and radiochemical as
says indicated that the photolysis pro
ducts were not phytotoxic or in non-
detectable concentrations. 

Case 5: An effect of depth study. Columns were 
exposed four hours per day when the sun was 
most directly overhead. 

It appears that picloram does disappear from water via photo-
decomposition under natural conditions and in a relatively 
short period of time. 

Photodecomposition products may be extremely significant 
environmental problems. It appears that ultraviolet irradia
tion of organic pesticides is Mincomplete M. That i s , the 
parent molecule i s not degraded completely to CO^g). Inter
mediate or even final decomposition products appear in many 
systems that, in turn, may have toxic properties or may impart 
some adverse organoleptic quality to the water, etc. For ex
ample, Crosby and Tutass (27) reported several products from 
the photodecomposition of 2,4-D (XIII in Figure 3). As seen, 
the major reaction i s cleavage of the ether bond to produce 
2,4-dichlorophenol which is dehalogenated to 4-chlorocatechol 
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C2C>42 + N03" + HjO C0 2 + Ν 03" + H 20 

Figure 2. Proposed pathways for the KMnOA oxidation of 
parathion. After Ref. 16. 

Figure 3. Photolysis of 2,4-dichlorophenoxyacetic acid. After Ref. 27. 
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and then to 1,2,4-benzenetriol· In turn, this compound i s oxi
dized rapidly in air to a mixture of polyquinoid humic acids 
(XIII in Figure 3) by a light independent process. Crosby and 
Tutass subsequently stated: "the effects observed from i r 
radiation in sunlight were qualitatively very similar to re
sults from laboratory experiments·*' This research i s an ex
cellent example of potentially hazardous products being pro
duced from partial photodecomposltion. Similar results were 
reported by Binkley and Oakes (43). Also, similar photode
composition products were observed from the irradiation of 
2,4,5-T (2,4,5-trichlorophenoxyacetic acid)(45). The major 
products were:2,4,5 trichloropheno1 and 2, hydroxy-4,5-di-
chlorophenoxyacetlc acid; 4,6-dichlororesorcinol, 4-chloro-
resorcinol, 2,5-dlchlorophenol, and "a dark polymeric pro
duct." 

Two primary product
composition of fenitrothion (0,0-dimethyl-O- (3-methyl-4-
nitrophenol) phosphorothioate ) in vapor phase and in an 
ethanolic solution (44). One of these was identified as p-
nitrocresol (4-nitro-3-methyl-phenol). The second product 
was not identified. Photolysis was conducted at 313 nm. 
These results suggested that fenitrothion is photolyzed by 
by radiation present in sunlight at the surface of the 
earth. 

It seems reasonable, therefore, to suggest that photo
decomposltion may account for some loss of the pesticide re
sidues in clear surface waters exposed to long periods of 
sunlight. However, photolysis may be a minor factor in the 
decomposition of the pesticide residues in highly turbid 
waters where the penetration of light will be greatly re
duced. 

V. Toxicity of Degradation and Transformation Products 

Very l i t t l e information has been reported about the toxi
city values for degradation and transformation products of 
the organic pesticides cited in this paper. That i s , toxicity 
values were not found in the "Toxic Substances U.st" com
piled by Christensen, et a l . (46). In the case of diazinon, 
the major hydrolysis product, 2-isopropyl-4-methy1-6- hydroxy-
pyrimidlne, i s considerably less toxic than the parent mole
cule as seen in Table XI. p-Nitrophenol is the major hydrolysis 
product from parathion and i s considerably less toxic. Para
oxon may be more toxic than parathion whereas 2,4-dini tropheno1 
is within the same range of toxicity. The hydrolysis pro
ducts from the carbamates, sevin and dimetilan appear to be 
less toxic. The information conveyed in Table XI cannot be 
generalized into the contention that most products are less 
toxic than the parent molecule. The simple fact is that 
toxicity values are not known or reported for most degradation 
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Table XI. TOXICITY VALUES OF SOME DEGRADATION AND TRANSFORMATION 
PRODUCTS (SOURCES "TOXIC SUBSTANCES," ANNUAL LIST, 
H. C. CHRISTENSEN, EDITOR) 

Parathlon 
Paraoxon 
p-Nltrophenol 
2,4-Dinitrophenol 

2,4 Dichlorophenoxyacetic acid 
2,4-Dichlorophenol 

Diazinon 
Diazoxon 
2-isopropyl-4-methyl-
6-hydroxypyrimidine 

Sevin (Carbaryl) 
1-Naphthol 
Methyl amine 

AO LD50 Rats LC50 Injected 
Flies 

mg/1 

1.1 - 6.0 
3.0 - 3.5 
350 
31.2, 13.a 

I 300 - 1000 

76-435 2.04 χ 10-% 
? 6.2 χ 10-5M 
2700 (mice) 

400 - 505 
2400 
2500 

Dimetilan 25-64 
Dimethylamine 698 
2-Dimethyl carbamyl - ? 

3-methyl-5-pyrazolol 

Baygon 95-175 
Isopropoxyphenol ? 

a. Oral - bird. 
b. lowest dosage, 39 weeks, intermittent, carcinogenic, 

skin-musc le. 

and transformation products. Diazoxon may be the classic case. 
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Biodynamic compound
s p e c i f i c e f f e c t on othe  organism
They may be of natural or a r t i f i c i a l o r i g i n and may be modified 
by ph y s i c a l and b i o l o g i c a l processes. I t i s f r u i t f u l to consider 
the implications of t h i s concept, p a r t i c u l a r l y as i t applies to 
the coastal areas of the ocean where communities of organisms are 
highly interdependent. One could say they communicate with one 
another through the elaboration and release of "active" compounds 
that form a complex dynamic network. In s p i t e of the f a c t that 
these " a c t i v e " compounds occur at very d i l u t e concentrations, 
they nevertheless may at times a f f e c t the p h y s i o l o g i c a l well being 
of s p e c i f i c organisms, as i s the case with sex attra c t a n t s (2) 
and ichthyotoxins (3). 

To f u l l y understand the r o l e of bio a c t i v e compounds i n the 
sea, we must consider how they are d i s t r i b u t e d throughout the 
marine environment, the types of organisms which produce them, 
and f i n a l l y , the s p e c i f i c modes of a c t i o n , i f any, that these 
compounds have on target organisms. To achieve a l l t h i s , the 
study of biodynamic compounds must be approached from a v a r i e t y 
of s c i e n t i f i c d i s c i p l i n e s . We are dealing not merely with a 
problem of chemical i s o l a t i o n and i d e n t i f i c a t i o n , but with an 
analysis of the r e l a t i o n s h i p s between organisms, t h e i r external 
environment, and one another. P h y s i o l o g i c a l , e c o l o g i c a l , and 
chemical a t t r i b u t e s which define these r e l a t i o n s h i p s must be 
considered and experimentally evaluated. 

Or i g i n and Sources of Biodynamic Compounds 

I t i s c l e a r that there i s no s i n g l e o r i g i n of b i o a c t i v e 
compounds. Numerous organisms from widely d i f f e r e n t classes are 
known to contain or release b i o l o g i c a l l y active chemicals. Table 
I shows a s e l e c t i o n of such compounds. Even i f such compounds 
were produced by a sing l e class of animals (e.g. phytoplankton), 
i t i s not cl e a r to what extent these natural products are modified 

596 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



36. PADiLLA A N D M A R T I N Toxins and Bioactive Compounds 597 

Table I 

Some Unique Organic Compounds 
Derived from Marine Organisms 

Compound Organism Ref. 

Halogenated Red Alga (Laurecia elata) (10) 
Sesquiterpeneid 
Betaine Soft Coral (Pseudoterogorgia (16) 

americana 
Aromatic terpenoid Alga (Taonia atomaria) (11) 
Indoleninones Mollusc (Dicathrais orbita) (14) 
Brominated phenols Red Alga (Corallina officalis) (4) 
Prostaglandins (15-epi
PGA2) 

Carageenan (polysaccha- Red Seaweed (Chondrus crispus) (15) 
ride) 
Saponin Starfish (Asterias sp) (13) 
Diethylamine-dithiolanes Annelid (Lambriconereis (12) 

heteropoda) 
Anabaseine Nemertine Worms (Paranemertes) (17) 

as they pass through the various trophic levels of the whole 
biotic community. In addition they are mixed with other organic 
compounds resulting from the continual enrichment and modifica
tion of the environment that occurs through the operation of a 
variety of cycles (e.g. carbon, nitrogen, etc.). These cycles 
also interact directly with the food chain forming a complex net
work of energy exchange. In its simplest form, the food chain 
denotes the passage of nutrients from the "producers" (e.g. 
phytoplankton) to the "consumers" which include the zooplankton 
and progressively larger organisms at various trophic levels. 
The carnivores of the sea, among which we may include ourselves, 
constitute the last link of the chain. 

In a recent article, Benson and Lee (5) stated that the food 
chain is not only a mechanism for the distribution of organic 
matter but serves as a dynamic energy depot. They estimated that 
at least one-half of the organic material produced in the 
ocean by the primary producers is converted and temporarily stored 
into waxes by copepods, a type of small, abundant crustaceans. 
The waxes are not only used as energy sources, they serve as well to 
regulate these organisms' activity and behavior. For example, a 
high degree of unsaturation in the wax allows copepods to inhabit 
polar regions by acting as a sort of biological "anti-freeze". 
Similarly, changes in an organism's specific gravity, reflecting 
an altered wax content, permit copepods to migrate vertically 
for considerable distances. Such vertical migration patterns 
follow the complex developmental sequences from egg to adult (5). 
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One usually does not consider food as a specific biodynamic 
product, but in this instance waxes serve more than a dietary 
role. Their distribution and modification as they pass through 
the food chain is an example of the dynamic nature of the roles 
they play as bioactive compounds. 

Recently Banner (6) discussed at some length the food chain 
theory of Randall as i t applies to the origin of ciguatoxin. 
This toxin will appear sporadically and as yet unpredictably as 
a contaminant of reef fish in the Pacific. The basic premise of 
Randall's theory is that fish owe their intoxication to their 
mode of l i f e . That is to say, the herbivorous fish feed upon 
certain toxigenic algae on coral reefs. It is thought these 
algae are the primary producers of the toxin. Even though the 
toxin does not seem to affect these small herbivorous fish, i t 
is toxic to the larger carnivore  which feed  them  Tw
possibilities are implici
may become toxin as i y
the lower trophic levels or (2) the toxic principle is not 
changed but is merely concentrated in the flesh of the final host 
fish. It is in this concentrated form lethal to man. 

The concentration and storage of ultimately toxic organic 
compounds by organisms in seemingly "inert" forms is one of the 
more important aspects of the transfer of bioactive compounds 
through the food chain. This phenomenon is not limited to bio-
toxins produced by members of the food chain, i t is also 
applicable to compounds which have been added to the environment 
by man (e.g. pesticides, organo-metallic compounds, plasticizers, 
petroleum by-products, etc. [7]). Halstead (8) was one of the 
fir s t to note the importance of this factor. He was particularly 
concerned with the impact this would have on the plans to derive 
a high protein "fish flour" from otherwide inedible "trash" fish. 
A high level of contamination in the ocean would of course 
destroy the usefulness of this natural resource. 

Marine organisms do not store only harmful products. They 
have in fact been used as source material for a wide variety of 
useful industrial and medicinal compounds ( 1). For example, the 
prostaglandins are found in soft corals in quantities up to 1.3% 
of the dry weight (1,9). Included in this class are very potent 
pharmacological agents with a wide spectrum of physiological 
activity (1). Figure 1 shows the physiologically active ones. 

We have also listed in Table I a selection of some unique 
compounds obtained from marine organisms. The listing is not 
comprehensive but is indicative of the diversity of these natural 
products. Included are halogenated phenols (4), aromatic 
terpenes (10,11), thiol amines (12), saponins (13), indoleninones 
(14), polysaccharides (15), betaine (16), and the toxin anabaseine 
(17). As you can see from Table I, these compounds are derived 
from diverse organisms. A more extensive l i s t would no doubt 
increase the diversity of the plants and animals that yield such 
compounds. 
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As discussed in this symposium, biodynamic compounds also 
originate from our highly sophisticated technological activities. 
Although pollution may not be entirely unavoidable, the impact 
which our industrial culture has on the environment is now well 
recognized. The deposition of chemical by-products of technology 
into the coastal environment is significant not only because of 
their long term harmful effects on biological communities, as was 
the case with certain pesticides (7\ 18), but because of their 
existence as chemical contaminants. This is of particular con
cern to those studying natural products from marine sources. 
There is no guarantee that complex organic molecules from natural 
sources can be isolated in the absence of contaminating exogenous 
materials. This is particularly true for widely used industrial 
compounds such as phthalates which are now reported to be widely 
distributed in the terrestia

We became aware o
a red-tide sample off the coast of Florida (21). We were trying 
to isolate and identify the toxins produced by the red-tide 
dinoflagellate Gymnodinium breve. The isolation procedure 
involved the extraction of a large volume of sea water with 
organic solvents. The crude extract, after suitable concentra
tion procedures, was resolved into three toxic fractions by 
column and thin layer chromatography. The infrared spectra of 
the toxic fractions (Ia> Ic, Id) are shown in Fig. 2. The 
similarity between the spectra of the toxic fractions and that 
of phthalate-like compounds is readily apparent. To emphasize 
this point, we have shown the spectrum of a tygon-tubing extract 
in Fig. 2, as well as the non-toxic fraction (IHe) which is 
usually discarded during the extraction procedure. Note that the 
tygon extract and fraction I I I C have a strong absorption peak at 
7.8-7.9 μ (arrows) that is not present in the toxic fractions, 
Ia» Ic> Id- The remainder of the spectra are very similar. The 
presence of the phthalate compounds in a l l fractions was verified 
by mass spectroscopy. Fragments with the diagnostic values of 
279, 167, and 149 generated by phthalates, particularly dim
ethyl hexyl phthalate (20), were readily obtained. Further mass 
spectroscopic analyses, performed by Dr. D. Brent of the 
Burroughs-We11come Laboratories, revealed the presence of addi
tional fragments with m/e values > 700. It is presumed that 
these were generated by the G. breve toxin (unpublished results). 
We cite this example to illustrate the fact that these man-made 
additions will add to the technical problems encountered in the 
study of natural products suspected of having a specific physio
logical effect. 

Diversity and Distribution of Biodynamic Compounds 

All phyla have representative organisms as sources of bio
dynamic compounds. Because of the pyramidal distribution of 
organisms in the sea, the phytoplankton» zooplankton, and smaller 
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Proceedings of the First International Conference on Toxic Dinoflagellate Blooms 

Figure 2. Infrared spectra of G . breve toxins and tygon tubing extract. 
Upper abscissa, frequency (cm'1); lower abscissa, wave length (μ = mi
crons); ordinate, absorbance. IA = toxic fraction IA; h — toxic fraction 
lc; JD = toxic fraction ID; IIIC = nontoxic fraction IIIC; T(ex) — tygon 

tubing extract (21). 
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invertebrates not only occur in larger numbers, but have a higher 
incidence of speciation and thus may yield a greater variety of 
bioactive compounds. In other words, they have evolved into 
specific ecological niches which form a balanced community of 
organisms. 

A second feature which affects the distribution of biodynamic 
compounds is the seasonal succession of algal blooms, which follow 
cyclical hydrographie changes in the coastal environment (e.g. 
changes in salinity during the summer, enrichment of coastal 
waters from land run-off following seasonal rains, etc.). It has 
been suggested that seasonal factors play a role in the outbreak 
of red tides or the incidence of similar phytop1ankton-1inked 
toxicities (22). For example, a study of the monthly incidence of 
ciguatoxin poisonings during 1966-1968 showed that there was a 
peak of the incidence o
1968, particularly June-Jul
during the winter months and began to rise during the spring. As 
discussed earlier, the increased toxicity was due to a parallel 
increase in the growth of algae. In a study on the incidence of 
hemolytic agents concentrated by oysters, which were field-
collected from 17 stations along the coast of North Carolina, we 
found a 2 to a 5-fold increase in the hemolytic titer during the 
months of September and October, coincident with increase in 
phytoplankton blooms in this region (23). The hemolysin was 
completely absent during the winter months. The incidence of 
hemolysin appearance was taken to be an indication that algae 
containing hemolytic components were being concentrated by the 
oysters. A similar assay was used to monitor an incipient red-
tide outbreak in Florida (24). 

The seasonal occurrence of red tides in the coastal environ
ment has been well documented (22,25). For example, Hartwell 
(25) recently described the hydrographie factors which may set 
the stage for the red-tide outbreaks of the dinoflagellate 
Gonyaulax tamarensis. Until recently, these organisms were rarely 
seen in the western gulf of Maine. However, during September 
1972, a bloom was seen in the coastal waters off New Hampshire. 
As many as 4600 yg of toxin/100 g meat of the soft-shelled clam 
had been accumulated at that time. A second smaller bloom 
occurred in early June of 1974 and a major one recurred in August 
1974. Evidence was presented to show that shifts of a variety of 
hydrographie factors such as salinity, temperature, water currents, 
level of nutrients, and dissolved oxygen favored the outbreak of 
red tides during the summer months of those years. 

Steidinger (26) also examined the factors which may influence 
the incidence of red tides, but from a more ecological point of 
view. According to her studies, there are at least 3 elements 
common to red-tide outbreaks : (a) the rate of increase in popu
lation size, (b) the presence of favorable hydrographie factors 
and (c) the maintenance of dinoflagellate populations in discrete 
"patches" by other hydrologie or météorologie forces. The 
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interplay between these factors sets the stage for a red-tide 
outbreak. How such an interplay is brought about is not known 
at present, but these investigations do show that i t is a combi
nation of biological and physical forces that will bring about 
an expansion or bloom in specific phytoplankton populations. 
Were i t not for the liberation of potent toxins into the marine 
environment, the presence of these algal blooms would have gone 
undetected. 

Detection and Identification of Biodynamic Compounds 

It is unreasonable to expect that every biodynamic compound 
will exert dramatic and widespread actions such as the mass fish 
mortalities which accompany the outbreak of red tides. It would 
also be an unsatisfactor
logical disasters befor
principle involved. One's activities would be reduced to a 
"follow-up11 strategy: await a red tide, gather sufficient 
material, and then discover its mode of action. Whatever the 
socio-economic implications of this course of action, not only 
are red tides sporadic and difficult to predict, toxins are 
produced at extremely low concentrations (i.e. at a few micro-
grams/liter). It is only because they are specific and potent 
that they do not escape our attention. Table II shows the 
relative toxicity of a variety of marine toxins (1). Even when 
one considers lethality as the index of activity, compounds 
such as tetrodotoxin, saxitoxin, and Gymnodinium breve toxin are 

Table II 

Relative Toxicities of Selected Marine Biotoxins a 

Toxin Source Lethal dose 
(yg/kg) 

Palytoxin Zoanthid (Palythoa sp) 
Saxitoxin Dinoflagellate (G. catenella) 
Tetrodotoxin Puffer fish (S. rubripes) 
Sea snake Sea snake (L. semifasciata) 
venom 

Ciguatoxin Moray eel (G. javanicus) 
Prymnesin Golden alga (P_. parvum) 
Holothurin A Sea cucumber (A. agassizi) 
Ostracitoxin Boxfish (0. lengitinosus) 

0.15 
3.4 
8.0 

130 

500 
1,400 
10,000 
200,000 

aSee (1) for references; bLD 5 0 or minimum lethal dose in mice 
From "Marine Pharmacognosy" with permission of Academic press. 
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effective at very low concentrations. It has been reported that 
these toxins inhibit specific physiological activities (i.e. 
neuronal transmission, active transport, hemolysis, etc.) at 
very low concentrations (y 10-8-10-14 g/L). Yet lethality is 
almost the universal bioassay used (1,3,27), and in many cases 
i t is the only one. Most often, i t is used with laboratory 
animals rather than organisms derived from the estuarine environ
ment (7). 

Since marine animals communicate with each other through the 
medium which surrounds them, a biologically active compound must 
exert its i n i t i a l stimulatory or noxious effect at the cell mem
brane . This barrier need not be at the g i l l s or at the outer 
integument but may reside at a specific locus within the animal, 
i.e. the nervous system, kidney, hepatopancreas, etc. The 
biological activities of marin  bioactiv  compound  should thu
be examined in terms o
This would include assays based on electrophysiological measure
ments, transport mechanisms, as well as the binding to specific 
membrane sites which govern the activity of membrane-bound 
enzymes. In addition, an affinity for membrane components may 
result in the disruption of membrane structure. An example of 
this interaction is seen in the hemolytic activity of toxins 
from the euryhaline alga Prymnesium parvum (28). 

A variety of experimental approaches for determining the 
activity of compounds on excitable membranes (e.g. the giant 
axon of the squid, neuromuscular junctions, etc.) are presently 
available (3). For example, methods using the voltage-clamp 
technique and recording microelectrodes have defined the specific 
effects of marine toxins on the ionic conductances of excitable 
cells (see [3] and [29] for review). The frog skin preparation 
in which one relates changes in the short circuit current to 
the active transport of ions has also been used to measure the 
activity of toxins from Gymnodinium breve (30). Another useful 
approach employs the frog nerve-muscle preparation to study the 
effect of biotoxins on the release and activity of neuro
transmitters. It has proved valuable in the analysis of toxins 
derived from dinoflagellates and blue-green algae (3). 

It is clear from the above that the study of biodynamic 
compounds is in essence based on the structure-function relation
ship which they have with biological membranes. This statement 
implies that the activity of these compounds is dependent on the 
existence of membrane sites bearing a unique and specific 
affinity to effector compounds. This approach is analogous to 
one based on the receptor concept developed for studies on drug 
and hormone act ion. According to this concept, a drug is active 
because of its interaction with a specific cellular component to 
which i t binds. Subsequent events or a series of events are then 
triggered by this interaction (32). For example, a specific 
enzyme may be activated or inhibited, a transmitter substance 
may be released or a second chemical effector produced. Toxins 
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which are highly reactive must have such a specific interaction 
by virtue of their chemical structure. Their relative potency 
is in effect a measure of their affinity to a specific membrane 
component. This situation is thought to explain the activity of 
tetrodotoxin. It has been shown to have a unique affinity for 
the sodium channels in the giant axon of the squid or lobster. 
The inward movement of sodium is prevented and although the move
ment of potassium is unaffected, the conduction of electrical 
pulse along the nerve axon is blocked (see [.1,3] for refs.). 

A comparison between saxitoxin and tetrodotoxin shows that 
differences in physico-chemical properties may account for 
variations in their physiological activity as discussed by Doig 
et^ al (1). For example, both toxins possess an N-alkyl-
substituted guanidinium ion, (H2N)2C=NH+, as part of their 
structure. Such ions ar
possible substitutes fo
the remainder of the molecule offers a steric hindrance which 
impedes the passage of the guanidinium ion, and thus blocks the 
movement of sodium ions through "channels" in the cell membrane. 
Henderson and coworkers (31) recently examined the binding 
properties of both toxins at the sodium channels of nerve mem
brane preparations in the presence and absence of a series of 
monovalent, divalent, and trivalent cations. They provide 
evidence to show that the sodium channel possesses a negatively 
charged site with an apparent pKa between 5 and 6. It is at this 
site that both tetrodotoxin and saxitoxin will bind and block the 
channel with the guanidinium ion portion of the molecule. Di
valent and trivalent cations reversibly compete with the toxins 
for this site as do some of the monovalent ions. This elegant 
approach is of necessity possible only with toxins of known 
chemical structure. The extent to which our understanding of 
membrane function will be advanced by a parallel understanding of 
the physico-chemical attributes of marine biotoxins is consid
erable. 

Concluding Remarks 

Marine organisms are linked to each other through a dynamic 
network of chemical interactions. Bioactive compounds are the 
elements of this network and as such serve to establish and main
tain the physiological and ecological balance of the communities 
in the coastal environment. It is thought that the specificity 
and potency of their action is an expression of their affinity 
to specific membrane sites. It is only through a mult idisciplinary 
approach that we will gain an understanding of the marine environ
ment. We will have at our disposal compounds to be used as 
probes of membrane function in both research and medicine. 
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Abstract 

Although our knowledge of the exact chemical structures of 
bioactive compounds derived from marine sources is limited, it is 
of value to consider to what extent they originate as by-products 
of metabolism, constitutents of the organisms that produce them, 
or as chemically altered compounds introduced by man into the 
environment. Bioactive compounds were considered in terms of the 
biological activity they
The physiological effects
sex attractants were discussed to emphasize the role of bioactive 
compounds which is not necessarily detrimental to other organisms 
in the ocean. The structure-function relationship of bioactive 
compounds was examined at some length and their value as probes 
of biological activity in research and medicine was evaluated. 
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New England Coastal Waters—An Infinite Estuary 

CHARLES S. YENTSCH 

Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, Me. 04575 

I f oceanic region
conventional motive
waters would get high marks. They host most of the 
productive f i s h e r i e s and play a prime r o l e i n near-
shore r e c r e a t i o n a l a c t i v i t i e s . Oddly, the study of 
the processes which cause c o a s t a l waters to be produc
t i v e and a e s t h e t i c a l l y p l e a s i n g , has not received the 
u n i f i e d a t t e n t i o n of the océanographie community. The 
e a r l y 1930 studies of H. B. Bigelow represented a 
gi a n t step towards such a goal; however, what followed 
was a period where the study of c o a s t a l ocean pro
cesses was d i s p l a c e d by i n t e r e s t s i n the deep oceans. 
Shortl y a f t e r World War I I , i n t e r e s t s changed; some 
oceanographers began to focus i n t e r e s t on the i n t e r 
a c t i o n of freshwater and seawater v i a the estuary. 
This i n t e r e s t gained momentum l a r g e l y through the 
research i n t e r e s t s Β. H. Ketchum. Armed with tech
niques l a r g e l y derived from estuarine study, Ketchum 
(1) examined the i n t e r a c t i o n of freshwater and sea
water i n c o a s t a l waters. In essence, he trea t e d these 
as a g i g a n t i c estuary. In the l i g h t of our present 
day concern of the e c o l o g i c a l i m p l i c a t i o n s of p o l l u 
t i o n of near-shore waters, t h i s approach must be con
sidered one of the major advancements i n the study of 
the c o a s t a l ocean environment. 

The approach used by Ketchum considered c o a s t a l 
waters as a mixture of open-ocean water and r i v e r 
inflow. At any distance from e i t h e r source, the d i l u 
t i o n of seawater can be defined by a r a t i o between the 
s a l i n i t y of the open-ocean and the s a l i n i t y of the 
c o a s t a l water. The approach can be used d i r e c t l y to 
estimate the d i l u t i o n of a conservative p o l l u t a n t . 
Less d i r e c t i s the use with a non-conservative p o l l u 
tant. 

I t i s the i n t e n t of t h i s paper to demonstrate a 
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means of p r e d i c t i n g the d i s t r i b u t i o n of non-conserva
t i v e p r o p e r t i e s . F i r s t , I s h a l l describe the compo
nents f o r the development of the p r e d i c t i v e model, and 
follow by t e s t i n g the model on data c o l l e c t e d i n the 
c o a s t a l waters o f f New England. 

My p r i n c i p a l aim i s to estimate the value of an 
"estuarine treatment" of c o a s t a l waters with reference 
to one b i o l o g i c a l l y s i g n i f i c a n t compound — phosphate. 

Models f o r conservative and non-conservative proper
t i e s 

When freshwater flows i n t o the ocean, a mixture 
develops that represents a r a t i o between the two. The 
amount of freshwate  i  th  mixtur  b  estimated 
by measuring the s a l i n i t
s a l i n i t y of the ocea  (SR) neighboring  estuary
The percentage of freshwater (F) i s equal to, 

S R " S Q (100) (1) 
S R 

or the percentage of seawater (S) i n the mixture as 

^o 
SR 
S ° (100) (2) 

Units are parts per thousand. By making a s e r i e s of 
s a l i n i t y measurements from the freshwater source to 
the open ocean, a r e l a t i o n s h i p can be developed 
(fig u r e 1), which describes the d i s t r i b u t i o n of f r e s h 
and oceanwater i n the system. I f a conservative p o l l u 
tant (a substance not a l t e r e d by biochemical a c t i v i t y ) 
enters with freshwater a t a uniform r a t e , then the down 
stream d i s t r i b u t i o n w i l l follow the curve d e s c r i b i n g 
the fresh-oceanwater d i s t r i b u t i o n . 

I f however, the p o l l u t a n t i s non-conservative 
(a property whose concentration i s a l t e r e d by b i o l o g i 
c a l a c t i v i t y , f o r example phosphate) then the d i s t r i 
bution would not fo l l o w the fresh-oceanwater d i s t r i 
bution since the concentrations would be a l t e r e d by 
b i o l o g i c a l a c t i v i t y en route downstream. The observed 
concentration of the non-conservative property at any 
l o c a t i o n en route would be: 

(3) 
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where Nf would be the concentration at some point down 
stream from the f r e s h water source, Nf r would be the 
concentration of the non-conservative In the f r e s h 
water source and N u would be the amount removed by b i o 
l o g i c a l uptake. F~~is obtained from equation 1. The 
dimensions of Ν are mass per u n i t volume. 

Thus equation 3 i s only v a l i d i f there i s no 
c o n t r i b u t i o n by ocean water. The c l o s e s t example 
would be a h e a v i l y p o l l u t e d r i v e r flowing i n t o phos-
phate-^poor ocean. However the usual case would be f o r 
freshwater to c a r r y phosphate to c o a s t a l oceanic r e 
gions which already have s i z a b l e q u a n t i t i e s of phos
phate present. To counter t h i s s i t u a t i o n equation (3) 
i s r e w r i t t e n f o r the oceanic c o n t r i b u t i o n (N s^ r) as; 

N s = T5Ô ( N s ' r > " N u ( 4 ) 

where S% i s obtained from equation (2). 
Thus i n a r e a l i s t i c s i t u a t i o n any concentration 

of a non-conservative property (N Q) w i l l be determined 
by f r e s h and oceanic c o n t r i b u t i o n s and b i o l o g i c a l 
uptake, hence : 

N 0 = ( N s + N f ) - N u (5) 

and combining with equation (3) and (4) : 

N ° = f ï ï ô < N f ' r ) + î ï ï ô ( N S * r ) " N u ( 6 ) 

The major d i f f i c u l t y with both, conservative and non-
conservative models, i s the choice of reference l e v e l s , 
that i s , the source concentration. The problem i s more 
severe with the non-conservative model because of the 
large v a r i a b i l i t y i n b i o l o g i c a l p r o p e r t i e s . Also, i t 
i s d i f f i c u l t to estimate b i o l o g i c a l uptake N u- In the 
treatment that follows, I have referenced tïïê phosphate 
concentrations to the reference s a l i n i t i e s of the f r e s h 
water and ocean source. N u values are obtained by a 
d i f f e r e n c e between phosphate values computed from the 
mixing of the two sources and the observed values. 

A f t e r a short d e s c r i p t i o n of the s a l i n i t y d i s 
t r i b u t i o n i n the c o a s t a l waters of New England in A p r i l 
I s h a l l put the model to t e s t . 

R e l a t i o n s h i p between the d i s t r i b u t i o n of s a l i n i t y and 
phosphate 
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The research of Β. H. Ketchum suggested that the 
c o a s t a l mixing processes were s i m i l a r to those i n estu
a r i e s and the energy f o r n o n - t i d a l transport was de
r i v e d from the inflow of freshwater. The question I 
ask i s , can the c o a s t a l water d i s t r i b u t i o n of a non-
conservative property be explained i n the same terms? 
The equations presented above are the b a s i s f o r a pre
d i c t i v e model of non-conservative d i s t r i b u t i o n which 
considers the input from two sources. To t e s t the 
model, I have used data c o l l e c t e d i n the c o a s t a l 
waters o f f New England i n 1957 (Fig.2) by the Woods 
Hole Océanographie I n s t i t u t i o n (3). To obtain the 
seasonal extreme, I have used data f o r the wettest 
month ( A p r i l to May, 1957). At t h i s time of year, the 
water column, thoroughl
achieved a degree o
c a l mixing i s l i m i t e d . I have assumed that v e r t i c a l 
mixing during t h i s period i s unimportant i n deciding 
the l e v e l of concentrations of phosphate i n the sur
face waters. 

S a l i n i t y 

The amount of freshwater i n the area seldom 
exceeded 15% and the source of t h i s water i s the major 
r i v e r s of the region: océanographie conditions do not 
permit the entry of freshwater i n t o t h i s area from 
e i t h e r the North or the South, and r a i n f a l l i s equal
i z e d by evaporation ( 1 , 3 ) . 

Freshwater entry i n t o the c o a s t a l region i s em
phasized by a narrow lens of water of about 31 o/oo 
(Fig.2), extending from the coast out to 15 miles o f f 
shore. As freshwater mixes with oceanic, the shape of 
the i s o h a l i n e l i n e s suggests a two layer estuarine flow 
where the low s a l i n i t y water at the surface i s moving 
seaward and the high s a l i n i t y water i n d r a f t s near the 
bottom. 

The percentage of freshwater throughout t h i s 
s e c t i o n (Fig.3) ranges from almost t h i r t e e n near-shore 
to one percent a t the oceanic end. The s t r a t i f i c a t i o n 
(layering) of the freshwater appears to be pronounced 
near-shore and off-shore and l e s s pronounced near the 
middle of the s h e l f . 

Non-conservative model f o r phosphate 

The reference sources f o r f r e s h c o a s t a l surface 
water i s 30.8 o/oo and i t contains 0.81 ug a t . / l 
PO4-P. Curve I (Fig.4) would describe the d i s t r i b u t i o n 
of phosphate i f i t were being d i l u t e d by a surface 
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DISTANCE — • 

Figure 1. Schematic of the distribution of fresh and oceanic 
waters 

Figure 2. Distribution of salinity in April—May 1957 across the continental shelf 
south of Montauk Point Long Island to sea. Reference distance: Β -» C 15 nautical 

miles. 
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A B C D E F 6 

F % 

Figure 3. Distribution of freshwater in April-May 1957 across the continental 
shelf south of Montauk Point Long Island to sea. Reference distance: Β -» C 15 

nautical miles. 

Figure 4. Distribution of fresh water and phosphate at stations A -> G, 
April-May 1957 
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oceanic source having no phosphate and where b i o l o g i 
c a l uptake is absent, i . e. 

Curve II ( F i g , 4) shows the trend of inorganic phos
phate measured i n surface water a t the s t a t i o n s . From 
the shore to seaward, the i n i t i a l s i m i l a r i t y i n the 
curves suggests that phosphate i s behaving as a con
s e r v a t i v e property: the change i n concentration 
follows the mixing r a t i o . However, toward the middle 
of the c o a s t a l region
II) departs from curv
ward s e c t i o n of the s h e l f , more phosphate i s apparent 
than can be transported from the c o a s t a l freshwater 
source alone. This can be demonstrated to be an 
oceanic source as f o l l o w s . Figure 5, i n d i c a t e s how 
the two sources i n t e r a c t . From equation (4), the 
amount of phosphate contributed by the oceanic source 
d e c l i n e s , moving from s t a t i o n G to A fo l l o w i n g the 
percentage of the ocean source i n the mixture. Simi
l a r l y , from equation (3), the phosphate l e v e l i n the 
c o a s t a l freshwater source decreases moving seaward 
fo l l o w i n g the decrease of the f r e s h c o a s t a l source i n 
the mixture. Figure 5 i l l u s t r a t e s that the oceanic 
c o n t r i b u t i o n dominates the concentration at the sea
ward s t a t i o n s ( s t a t i o n Ε to G) while the c o a s t a l f r e s h 
source dominates near-shore (stations A to C). At 
s t a t i o n D, the c o n t r i b u t i o n s are approximately equal. 
By summing the source c o n t r i b u t i o n s across the s e c t i o n 
(Fig.6 curve V) provides an estimate of the d i s t r i b u 
t i o n of phosphate r e s u l t i n g from the mixture of the 
two sources but without the e f f e c t of b i o l o g i c a l up
take. From equation 5, the d i f f e r e n c e between the 
concentrations p r e d i c t e d by mixing of two sources and 
that measured by the amount taken up by biological processes 
(Fig. 6) i s estimated. 

Implications 

The trend i n the concentration of phosphate i n 
the surface waters across the s h e l f p r e d i c t e d by the 
model, c l o s e l y follows the trend i n the observed con
c e n t r a t i o n (Fig.6). This argues that s p a t i a l changes, 
i . e . d i f f e r e n c e s between the observed concentrations 
are l a r g e l y c o n t r o l l e d by the mixing of near-shore and 
oceanic sources and not to d i f f e r e n c e s i n b i o l o g i c a l 

(7) 

where Ν f , r = 0.81 ug a t . / l PO4-P 
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S T A T 1 0 Ν s 

Figure 5. Distribution of phosphate from near shore and oceanic sources at 
stations A G, April-May 1957 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



616 M A R I N E C H E M I S T R Y 

uptake. This i s s u r p r i s i n g , however i t i s supported by 
the rather constant values of estimated phosphate taken 
up by biology (N u). The consistancy can be explained 
by the f l u x of n u t r i e n t s from the two sources and t h i s 
i s probably one of the reasons f o r the high p r o d u c t i 
v i t y of these waters. The v a l i d i t y of the values of 
N u are d i f f i c u l t to confirm. They are however, about 
rne same concentration of p a r t i c u l a t e and d i s s o l v e d 
organic phosphate measured i n these waters (2). 

At t h i s time of year, when freshwater run-off i s 
at i t s highest, the c o n t r i b u t i o n of phosphate provided 
by near-shore water i s greater than that from the 
s a l i n e ocean source. I t seems u n l i k e l y that the l a t e r 
can ever become much greater while the water column i s 
thermally s t r a t i f i e
s i m i l a r c o n s t r a i n t
phosphate i n the near-shore c o a s t a l waters. One ex
pects phosphate to increase due to the added sewage 
load i n the r i v e r s . In t h i s case the dominate r o l e of 
the near-shore waters as major c o n t r i b u t o r would be 
f i r m l y decided. 

We can ask, what i s the t o l e r a b l e phosphate load 
f o r these c o a s t a l waters — What i s a reasonable upper 
l i m i t ? C e r t a i n l y one cannot be s a t i s f i e d with a l i m i t 
based on a degree of eutrophication which undersatu-
rates the l e v e l of oxygen, things w i l l have gone too 
f a r by that time.... What does seem acceptable would 
be some upper l e v e l of water transparency; c h l o r o p h y l l 
coupled with species d i v e r s i t y . Deciding l i m i t s using 
these parameters i s not easy. To be accurate, the 
seasonal changes must be understood i n d e t a i l . 

I would argue that i f the c o a s t a l model which 
t r e a t s mixing from two sources i s v a l i d , then the same 
model can be used to estimate the phosphate load i n 
c o a s t a l waters assuming th a t increases i n the f r e s h 
water p o l l u t a n t s i s forthcoming. Although d i v e r s i t y 
estimates are d i f f i c u l t , the step from phosphate to a 
parameter such as transparency or c h l o r o p h y l l i s w i t h i n 
the present a r t of b i o l o g i c a l oceanography. The e r r o r s 
are large — but s t i l l as a f i r s t order estimate, they 
could provide the ba s i s f o r the necessary r e g u l a t i o n to 
prevent the c o a s t a l oceans from becoming an i n f i n i t e l y 
p o l l u t e d estuary. 

Abstract 

The crux of this paper is to assess the effects 
of the mixing of near-shore water of low salinity with 
oceanic waters of high salinity on the distribution of 
a non-conservative property, namely phosphate. The 
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predictive model uses salinity as a tracer of fresh
water. The proportion of the two sources (inshore and 
offshore) are expressed as a mixing ratio. It is 
assumed that phosphate in the two sources mixes 
following the proportions in each source. The trend 
of phosphate inshore to offshore predicted, agrees 
with the concentration measured in the surface, and 
the model estimates the amount of phosphate taken up 
by biological processes. 
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Nutrient Budgets in the Hudson River Estuary 

H . J. SIMPSON, D . E . H A M M O N D , B. L . D E C K , and S. C . W I L L I A M S 

Lamont-Doherty Geological Observatory and Department of Geology, 
Columbia University, Palisades, N.Y. 10964 

The Hudson River form
the northeastern United
this paper, Includes the entire reach between the mouth of Lower 
New York Bay and the dam at Green Island a few miles north of 
Albany (see Figure 1). Sewage from approximately fifteen million 
people in the New York City area is discharged to the lower Hudson 
Estuary. Large investments of public funds for sewage treatment 
in this region have been made over the past half century. By the 
end of the decade, several b i l l i o n dollars will have been spent 
during the 1970s for completion of the few remaining plants in a 
network of secondary treatment fac i l i t i e s for the City of New York. 

The geometry of the lower Hudson Estuary in the zone of major 
sewage loading is complex, while that upstream of New York City is 
remarkably simple when compared with a large system such as 
Chesapeake Bay. The most commonly used location reference system 
for the Hudson Estuary is statute miles, with the origin located in 
midchannel opposite the southern tip of Manhattan Island. On this 
scale, the mouth of the estuary is about mile point (mp) - 15, the 
seaward entrance of the Narrows leading to Upper New York Bay about 
mp - 8, and the head of tide about mp + 154 (Figure 1). Semi
diurnal tides of one to two meters occur throughout this reach of 
approximately 170 miles, but the saline intrusion is always 
confined below mp 80 even in severe drought years such as those 
which occurred in the middle 1960s. During high runoff periods 
typical of early spring or of the firs t few weeks following major 
storms, fresh water extends as far south as mp 15 (1). 

Nutrient chemistry and the dissolved oxygen distribution 
throughout much of the saline-intruded reach are dominated by the 
discharge of enormous volumes of sewage. Levels of sewage 
treatment range from none for most Manhattan Island outfalls, to 
crude primary treatment for the major New Jersey outfall, and 
secondary treatment for most of the rest of New York City. 
Locations and types of treatment for the major sewage outfalls 
entering the lower estuary are shown in Figure 2. 
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Figure 1. Reference map for locations 
within the Hudson Estuary. Distances 
are given in statute mites with the 
origin located at the southern tip of 

Manhattan. ~74W 74·00· 

Figure 2. Major sewage discharges to the 
Hudson River Estuary near New York City. 
The area of the circles is proportional to the 
volume of daily discharge, and the type of 
sewage treatment is indicated in the legend. 
The largest discharges are approximately 250 
million gal/day, and the smallest discharges 
shown are approximately 10 million gal/day. 
The total discharge is somewhat greater than 

2 billion gal/day. 

miles Ο 10 
Lxx -̂l 1 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



620 M A R I N E C H E M I S T R Y 

The purpose of this paper is to present a budget description 
of the loading and flushing characteristics of the Hudson Estuary. 
This description greatly simplifies the complicated geometry and 
transport characteristics of the harbor region, and allows f i r s t -
order behavior of phosphate and silicate to be discussed. 

Mixing of sewage with receiving waters is very rapid in the 
Hudson Estuary and the effects of individual outfalls usually 
cannot be observed for significant distances from the discharge 
site. Tidal excursions, particularly through the straits 
connecting Upper New York Bay with both Long Island Sound (Upper 
and Lower East River) and Newark Bay ( K i l l Van Kull) are quite 
efficient in integrating the effects of the individual outfalls 
(see Figure 3 for location names). The tidal excursion in the 
Hudson north of mp 0 is approximately eight miles. 

Most of the discharg
Upper New York Bay occur
dominated by the two-layered estuarlne circulation primarily 
focused along the Upper and Lower New York Bay axis. Bottom 
salinities at least 10-20% greater than surface salinities are 
maintained throughout the saline-intruded Hudson south of mp 40, 
even during low fresh water flows. Some pollutants are discharged 
into western Long Island Sound, largely through the effects of 
tidal excursions of East River water. 

Additional sewage loading occurs seaward of the Narrows, from 
several large outfalls entering Jamaica Bay and adjacent areas of 
the Lower Bay, and from Raritan Bay which receives much of the 
New Jersey industrial wastes discharged to the Arthur K i l l and 
Raritan River. 

North of Upper New York Bay, the Hudson has very simple 
geometry, and can be described reasonably well using one-
dimensional presentations. The cross-sectional area of the estuary 
is nearly constant from mp 0 to mp 80, except for an increase of 
about 25% between mp 20 and mp 40. Mile point 80 marks the 
furthest salinity intrusion during drought periods. 

Because of this constant cross-sectional area, 4-mile segments 
of the estuary from mp 80 to mp 0 have comparable volumes. 
Extending the one-dimensional description of volume as a function 
of mile point, the harbor between mp 0 and - 8 can be described 
as two sequential volume elements, with lengths of 4 miles, and 
volumes of 2 to 2-1/2 times those of the segments north of mp 0. 
This description represents the Hudson Estuary as a one-dimensional 
chain of 4-mile boxes, extending from mp 80 to mp - 8, the location 
where the cross-sectional area increases substantially in Lower 
New York Bay. 

For the purpose of budget calculations, the only sewage 
outfalls included as inputs to this schematic one-dimensional 
estuary terminating at the Narrows are those upstream of mp - 8. 
Approximately two-thirds of the total sewage discharge shown in 
Figure 2 enters the estuary directly between mp 20 and - 8. 
Outfalls into Lower New York Bay can influence the estuary 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



38. S I M P S O N E T A L . Nutrient Budgets 621 

upstream of their input, and this effect is included here by 
specifying the seaward boundary condition to include their 
contribution. Outfalls to the Upper East River are assumed to 
leave the system through Long Island Sound. The rate of direct 
sewage discharge is approximately 60 m^/sec (see Figure 4), which 
is about 10% of the annual average fresh water discharge of the 
Hudson River (̂  550 mVsec). During low flow, the sewage 
discharge is more than 30% of the total fresh water entering 
the lower estuary. 

Phosphate Distribution 

The spatial distribution of molybdate-reactive phosphate in 
the Hudson Estuary is simple and indicates the effective mixing of 
sewage pollutants withi
gradients of phosphate withi
except near the seaward end where low-phosnhate water enters in 
the net upstream transport near the bottom. Upstream of the major 
loading, vertical gradients of phosphate closely follow those in 
salinity, with lower layer concentrations of both phosphate and 
salinity 10-40% higher than upper layer concentrations. Figure 5 
shows the variation of phosphate along the axis of the Hudson 
for two types of flow regime, one of high discharge (spring) and 
one of low discharge (late summer). In each period, the highest 
values are observed in the harbor (between mp + 4 and - 8), with 
approximately linear decreases occurring both upstream and down
stream of the harbor. Maximum phosphate values observed are 5 - 6 
uM during low flow and about 2 pM during high flow. 

Plotting phosphate as a function of salinity (Figure 6) 
removes much of the scatter observed in the plot of phosphate 
vs. distance. The trend of the phosphate data with salinity in 
Figure 6 is presented in terms of two line segments intersecting 
at the maximum phosphate concentration. Using the data points 
from only a single survey, the trends can sometimes be better 
represented i f a third horizontal line segment (constant POj ) in 
the major loading zone is included, connecting the two primary 
lines sloping away from the region of maximum concentrations. 
Because the primary purpose of this paper is to present the fi r s t 
order behavior of phosphate in the Hudson, details of loading 
geometry and mixing within the harbor region have been purposefully 
excluded to simplify the discussion. 

Considering that a dominant fraction of the total loading 
above the Narrows is supplied to the Upper Bay between mp 0 and - 4 
(Figure 4), and that the observed phosphate-salinity relationship 
upstream of the major inputs is essentially linear during low-flow 
summer months (Figure 6), to a fir s t approximation, phosphate is a 
conservative property in the saline reach of the Hudson uostream of 
the zone of major loading. Thus, the phosphate distribution is 
dominated by the balance between sewage inputs and water transport 
within and out of the system. This situation is substantially 
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Figure 3. Location names within the 
Harbor and Lower Bay region of the Hud
son Estuary. More than 3A of the mean 
annual fresh water discharge is supplied 
by the Hudson River. Half of the remain
der is supplied by the Passaic and Raritan 

Rivers and half by sewage discharge. 

0 20 40-10 
. . . . . . . . . H ^ L ^ , , 

0 Ο 20 
I . . . . I i . n l I 

Figure 4. Volumes of sewage discharged 
to the Hudson Estuary in cu. m/sec. The 
total volume included in a one-dimensional 
model with the seaward end at the Narrows 
equals 62 ms/sec while discharges to Ja
maica Bay (12 m3/sec), Arthur Kill, and 
Raritan Bay (10 m3/sec) enter downstream 
of the Narrows. Discharges to the Upper 
East River (14 ms/sec) are assumed to leave 

the system v ia Long Island Sound. 
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Figure 5. Molyhdate-reactive phosphate as a function of location in the Hudson Estu
ary. Maximum values during both high flow (March and April) and low flow (August) 
are within Upper New York Bay (mp Oto —8) and the first few miles of the Hudson 
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Figure 6. Molyhdate-reactive phosphate as a function of salinity in the Hud
son Estuaru. These are data from Figure 5 plus samples from mid-depths. 
Average salinities within Upper New York Bay during high flow (1200 m3/sec) 
are lower (lS-20%0) than during low flow (< 300 m*/sec) when they range 

between 20T/cc and 26%0. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



624 MARINE CHEMISTRY 

different from that found for most polluted estuaries and lakes 
where the dominant factors controlling phosphate distribution are 
sewage inputs and biological activity. Ketchum (2) has previously 
described total phosphorus as a conservative property in the 
Hudson on the basis of one set of low flow samples from 1964. 
Our observation, based on a number of surveys, is that the 
molybdate-reactive phosphate distribution within the Hudson shows 
an even simpler and more uniform relationship to salinity than 
does total phosphorus, due to the variability in particulate 
phosphate probably resulting from resuspension of bottom sediments. 

Typical values of particulate phosphorus in the Upper Bay 
were 30% of the molybdate-reactive phosphate concentrations, with 
much greater variability about the mean. In a few near-bottom 
samples, particulate phosphorus made up about 50% of the total 
phosphorus content. Dissolve
small fraction of eithe
discussed above. Considering the evidence that phosphate behaves 
conservatively during midsummer low-flow conditions (upstream of 
the major loading) i t is reasonable as a fir s t approximation to 
treat phosphate as conservative within the harbor during a l l flow 
conditions. 

Our estimate of the total rate of addition of phosphate to 
the Hudson above the Narrows (excluding the Upper East River) is 
6-7 moles/sec. Removal of phosphate from the system can be 
described in terms of a two-layer advective transport from the 
seawardmost 4-mile segment of the model Hudson discussed earlier. 
During both high and low flows, the mean salinity of this segment 
is approximately 90% of the mean salinity of the bottom water 
entering the Narrows, which usually varies from 22°/ o e to 30 β/ β ο 

depending on the freshwater discharge. Assuming no net transport 
of salt through the Narrows, and phosphate concentrations of 
1.65 yM in the landward-flowing bottom layer during high flow 
periods and 3.0 μΜ during low flow periods, the net seaward fluxes 
of phosphate are 6.4 moles/sec and 6.7 moles/sec. The volume of 
this seawardmost 4-mile model segment is 0.22 km̂ , and the mean 
residence times of phosphate within the segment are 0.8 and 2.0 
days during high and low flows respectively. . 

A simple one-box description of the harbor can be constructed 
to illustrate the magnitude of the terms in the phosphate budget 
(see Figure 7) during both high and low flow periods. The volume 
of the box is chosen to include the region of maximum phosphate 
concentration. The flux out of the box is assumed equal to the 
advective loss rate calculated above. The dominant input (4.7 
moles/sec) is sewage discharge, which was computed from a careful 
inventory of effluent volume and phosphate concentration data for 
a l l major sewage inputs (3). Some of the inventory inputs are 
not well constrained, especially the huge primary-treated outfall 
from New Jersey which enters Upper New York Bay, but we believe 
that we have established the sewage loading of phosphate above 
the Narrows to + 25%. 
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Three smaller input fluxes have been included: [1] freshwater 
transport downstream from the region of the Hudson of sewage 
loading from the New York City area, [2] an estimate of the 
phosphate flux from the sediment interstitial waters (0.4 and 0.8 
mole/sec), [3] an estimate of the input from particulate organic 
phosphorus oxidation in the water column (0.4 and 0.8 mole/sec). 
Neither the sediment flux, nor the particulate oxidation input are 
well constrained. The former is based on one direct field 
measurement of sediment phosphate flux and the latter is based on 
an estimated oxygen budget. Both should be accurate within a 
factor of two or three which is sufficient to establish them as 
minor relative to direct sewage input. The difference in sediment 
and particulate oxidation flux estimates for high and low flow 
conditions is primarily due to the temperature dependence of 
molecular diffusion coefficient

Some estimate of th
uptake by phytoplankton can be made from primary productivity data 
discussed below, using carbon to phosphorus ratios typical of 
marine plankton. During low flow the estimated uptake rate is 
comparable to the total sewage phosphate loading rate of ^ 5 moles/ 
sec. In high flow, uptake rates within the harbor region are less 
than 5% of those estimated for summer low flow conditions. 
Considering the efficient recycling of phosphate by planktonic 
systems, and the generation of phosphate from the sewage 
particulates discharged to the Hudson, i t is not surprising that 
planktonic uptake of phosphate has essentially no measurable 
impact on plots of phosphate vs. salinity. 

On the basis of a one-box harbor model, the steady-state-
weighted average residence time of phosphate discharged by sewage 
to the Hudson Estuary is about 2 days in high flow and 7 days in 
low flow. Using a similar approach, the times required for the 
removal through the Narrows of upstream-transported sewage phosphate 
are given in Figure 8. Thus, phosphate from the upstream saline-
intruded region during low flow can take on the order of several 
months to be removed. In contrast, during high flow the maximum 
removal time is on the order of a week. In both flow regimes, 
sewage phosphate near the upstream end of the saline intrusion 
represents a very small fraction of the total sewage discharge, 
most of which is removed over much shorter time scales (Figure 7). 

Silicate Distribution 

There is extensive literature on the behavior of silicate 
within estuaries. Two recent treatments, Boyle et a l . (4) and 
Peterson et a l . (5), have summarized arguments about the relative 
importance of conservative and nonconservative mixing between 
the high-silicate fresh water endmember and low-silicate saline 
endmember. In general, most of the controversy has focused on 
[1] i f there i s , or is not sufficient evidence to indicate a sink 
for silicate within most estuaries; and [2] i f such a sink exists, 
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S = 4.7 

F* 0.9 

P*(0.4) 
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6.7 
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Q- 1200 m3/sec 
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V = 0 7 5 km3 

Figure 7. One-box  for molybdate-reactive 
phosphate in the lower Hudson Estuary. Input from 
sewage (S) averages 4.7 mol/sec, and discharge 
through the Narrows averages 6-7 mol/sec. Lesser 
contributions are provided by fresh water advective 
input of phosphate (F), diffusive flux from the harbor 
sediments (sed), and oxidation of particulate organic 

phosphorus (P). 

I— 1 I _ | I ι ' • "" i 

^8 40 32 24 16 • β 0 -8 
- — mile point 

Figure 8. One-dimensional advective removal times for sewage-derived 
phosphate within the Hudson Estuary. The points indicate the average time 
for phosphate within 8-mile segments of the saline-intruded reach to pass 
beyond the Narrows. The size of the boxes used for the one-box harbor 

model are indicated at the seaward end of each curve. 
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is i t dominated by inorganic silicate reactions resulting from 
the interaction of river-borne clay minerals with high ionic 
strength saline water, or is the sink primarily due to biological 
uptake by diatom communities? 

The distribution of molybdate-reactive silicate within the 
Hudson Estuary is very unusual. During a survey in October 1974, 
silicate was observed to increase with salinity through most of 
the salt intrusion indicating an internal source rather than a 
sink (Figure 9). This type of distribution was specifically 
mentioned by Peterson ejt al. (5) as the one type of silicate 
mixing trend for which they had not seen evidence. Figure 10 
illustrates the more commonly observed types of silicate profiles 
in estuaries, indicating either conservative mixing or the 
existence of an internal sink. 

Silicate vs. salinit
with phosphate vs. salinit
similarity in distribution indicates spatially similar sources. 
Two possible sources of this anomaly are the Passaic-Hackensack 
River flow and sewage. Two samples of the former showed 
substantially greater values of silicate than the Hudson, as did 
a sample of one raw sewage outfall on Manhattan's west side. 
The trend of the phosphate vs. salinity plot for the October 
survey (Figure 11) is somewhat different than for the low flow 
August surveys (Figure 6). This may be in part the result of 
lack of sufficient sampling density in the region of maximum 
phosphate concentration, but i t probably is also the result of 
distinctly nonequilibrium flow conditions. Fresh water flow 
gauged at Green Island during the month prior to the survey 
averaged about twice the August flows and showed four distinct 
pulses of Increased flow, indicating that a fresh water surge 
was probably passing through the system during our survey. 

Aside from the special circumstances of a large internal 
silicate source, the Hudson Estuary has another unusual feature 
in its silicate dynamics. The Hudson has an extremely long fresh 
water tidal reach extending in low flow from about mp + 154 south 
to mp + 60, and in very high flow to mp + 15. Thus, fresh water 
has a very long travel time once entering tidal water before i t 
reaches the saline intrusion. As a result, the fresh water tidal 
Hudson is more like a lake than a river during low-flow conditions 
(see reference 6 for a similar description), and water may often 
require substantially more than a month to reach the saline portion 
of the estuary. During this passage, the diatom community, and 
whatever other silicate consumers are important in the fresh water 
reach, have ample time to withdraw significant quantities of 
dissolved silicate long before salt water is reached. 

Figure 12 shows the results of three silicate surveys in the 
Hudson, each successive survey made during higher fresh water 
flow from October through January. During each sampling period, 
there is a major drop in dissolved silicate concentrations along 
the axis of the tidal Hudson, but the drop is not related to the 
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10 15" 2 0 2 5 3 0 

S — % 
Figure 9. Silicate as a function of salinity in the Hudson Estuary. The data were col
lected during early October 1974, a period of moderately low fresh water flow (~ 400 
m3/sec). No systematic depletion of surface samples relative to deep samples was ob
served, and a significant source of dissolved silicate is indicated within the salinity 

gradient. 

Schematic Estuarine Silicate 
vs Salinity (Steady State) 

Si 

Si , Φ· 

Si 

I0%o 20%o 
— - Salinity 

30% 

Figure 10. Possible silicate distributions within 
estuaries. The most commonly observed patterns 
are shown in the top two sketches while that 
shown in the bottom sketch is not typical of most 

estuarine systems. 
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presence or absence of s a l t water. The l o c a t i o n of the zone where 
s i g n i f i c a n t s i l i c a t e depletion i s observed i s probably c o n t r o l l e d 
by a combination of l o n g i t u d i n a l water transport time and the rate 
of s i l i c a t e uptake. During warm low-flow, h i g h - l i g h t periods, 
much of the s i l i c a t e uptake occurs f a r upstream of the s a l i n i t y 
i n t r u s i o n . During c o l d , high-flow, low-light periods, s i g n i f i c a n t 
depletion may not occur at a l l r e s u l t i n g i n a conservative mixing 
l i n e between the l o w - s i l i c a t e offshore water and h i g h - s i l i c a t e 
fresh water. 

The e f f e c t of sewage-derived s i l i c a t e i s small compared to 
the magnitude of diatom uptake i n the fresh water region during 
low flow, as indicated by the small "source" anomaly i n the 
October 1974 data when pl o t t e d on a more condensed concentration 
scale (Figure 12) than used i n Figures 9 and 11. 

Conclusions 

The behavior of molybdate-reactive phosphate and s i l i c a t e 
w i t h i n the Hudson Estuary are quite unusual r e l a t i v e to other 
large estuarine systems. Phosphate d i s t r i b u t i o n s are dominated 
by the enormous sewage supply rate and by transport w i t h i n and 
removal from the system by estuarine c i r c u l a t i o n . The absolute 
concentrations of molybdate-reactive phosphate i n the Hudson 
( 2 - 6 uM) are intermediate between the low values of Chesapeake 
Bay (< 0.2 μΜ (2)) and the high values of the Potomac River down
stream of Washington, D.C. (up to > 20 μΜ ( 8 ) ) . The absolute 
loading rate of phosphate to the Hudson Estuary i s s u b s t a n t i a l l y 
higher than f o r e i t h e r the Potomac River or Chesapeake Bay, but 
the removal rate by p h y s i c a l transport i s more rapid than f o r 
those two estuarine systems. 

The current d i r e c t i o n of phosphate management i n North America 
includes reduction or removal of phosphate from detergents on a 
short-term b a s i s , and the introduction of t e r t i a r y sewage treatment 
for phosphate removal over the longer term. These p o l i c i e s are 
based on the generally-accepted premise that the state of eutrophy 
of most fresh water lakes can be c l e a r l y r e l a t e d to the loading 
rate of phosphorus (9)· Observations of a l g a l standing crop and 
primary p r o d u c t i v i t y rates i n the Potomac Estuary in d i c a t e that 
s i m i l a r considerations are probably important f o r nu t r i e n t 
management fo r some estuaries (8). However, simple extension 
of these p o l i c i e s f o r management of lakes to a l l estuaries may not 
be j u s t i f i e d . 

A comparison between Lake E r i e and the Hudson i l l u s t r a t e s t h i s 
point. Both systems receive sewage e f f l u e n t from about 10? people. 
The phosphorus loading rates are comparable, although Lake E r i e 
has a somewhat greater rate per capit a due to a g r i c u l t u r a l 
a c t i v i t i e s and the existence of a detergent ban i n New York State. 
The budgets f o r phosphorus are summarized i n Table I . One of the 
major water q u a l i t y problems i n Lake E r i e i s the existence of 
nuisance l e v e l s of a l g a l standing crops. The high e f f i c i e n c y of 
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Comparison of Phosphate Behavior in the 
Lower Hudson Estuary and Lake Erie 

Hudson Lake Erie 

Volume 0.6 km3(l) 500 km3 

Area 60 km2 25,000 km2 

Mean Depth 
Residence Time 2 days 1000 days 
Basin Population 107(2) 107 
Σ Ρ Loading Rate - 26 mole/sec (3) 
Ρθ|- Loading Rate 6 mole/sec 13 mole/sec(4) 
Predicted P0^~ (5) 2 pmole/A 2.5 umole/Jl 
Measured P0$~ 2 umole/£(l) .03-0.6 iimole/£(6) 
Measured Σ Ρ 2.7 pg- atom/il 0.6-1.2 ug-atom/A 

(7) 
Measured Ρθ£~ χ 100% 
Predicted P0^~ χ 100% 100% 1-25%(6) 

(1) High flow conditions (see Figure 7) 
(2) Only populations discharging above the Narrows and not to the 

upper East River is included (̂  65% of total in basin). 
(3) See reference 10. 
(4) Assuming Ρθ|~ « 50% of Σ Ρ loading rate. 
(5) Assuming conservative behavior for P0$"~. 
(6) Summer epilimnion near the lower value, winter epilimnion near 

the upper value. See reference 11. 
(7) See reference 11. 
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phosphorus uptake by algae indicates that reduction of the rate of 
sewage phosphorus loading is a reasonable way to attack this 
problem. In the Hudson, algal populations are not usually 
considered to be a nuisance, and the efficiency of phosphorus 
removal by algae is quite low (Table I)» despite the rather high 
primary productivity rates ( 1 - 2 grams C/M2-day) which are 
observed during low-flow, late-summer periods (T. Malone, personal 
communication). 

The cause of the low removal efficiency of phosphate is 
poorly understood, but the rate of primary productivity is clearly 
not phosphate limited in the Hudson Estuary at the present time. 
High concentrations of sewage-derived nitrogen in the estuary 
indicate that this nutrient also does not currently limit 
productivity. Malone (personal communication) has suggested that 
the standing algal crop
light penetration throug
algal cells by rapid flushing of the estuary. Control of 
productivity by these factors does not imply that sewage nutrients 
have not enhanced productivity nor that the Hudson in its pristine 
state was not nutrient limited by either Ν or P. Analysis of the 
current situation does, however, indicate that introduction of 
phosphate removal to sewage treatment processes in the lower 
Hudson should probably not be given fi r s t priority at the present 
time. 

There are water quality problems in the. Hudson which could be 
expected to respond immediately to improved sewage treatment. 
Dissolved oxygen levels are less than 40% of saturation in Upper 
New York Bay during summer months, and organic detritus contributes 
to a major siltation problem within the harbor and to the turbid 
appearance of the water. The most obvious current unresolved 
sewage treatment problem in the lower Hudson (aside from the raw 
sewage discharge from Manhattan which will cease during dry 
weather conditions when present construction projects are 
completed near the end of the decade) is discharge from the 
Passaic Valley of New Jersey. This large sewage volume has only 
very crude primary treatment, and constitutes the largest single-
source impact on the oxygen budget of the lower Hudson Estuary. 

There is the possibility that completion of secondary treat
ment plants w i l l reduce suspended particulate levels sufficiently 
to enhance algal productivity to nuisance levels. If such a 
situation develops, construction of nutrient removal faci l i t i e s 
should then be given serious cons iderat ion. Considering the 
major investments of public funds required, the most reasonable 
policy would seem to be to complete a l l major secondary treatment 
plants and then re-examine the c r i t i c a l factors controlling water 
quality in the lower Hudson Estuary. In any case, phosphate 
concentration in the present Hudson Estuary is nearly conservative, 
in distinct contrast to Lake Erie or the Potomac. 

A second major conclusion of this paper concerns the 
observations of silicate behavior. The removal of silicate within 
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the t idal Hudson is apparently dominated by biological uptake. 
Because of the long residence time of water upstream of the salt 
intrusion, organisms can significantly reduce the ambient sil icate 
levels during low-flow periods. Thus, nonconservative behavior 
of si l icate in the Hudson is most clearly related to the length 
of water transport time and the biological removal rate, and 
appears to have no significant relationship to ambient salinity. 
Another unusual feature of si l icate distribution in the Hudson is 
the importance of a source term within the waters of New York 
Harbor, which may be due to high sewage sil icate levels. 

Analytical Methods 

Molybdate-reactive phosphate was determined by the method of 
Murphy and Riley (12), wit
et a l . (13). Samples wer
fi l ters and were usually stored at 2 C prior to analysis. 

Particulate phosphate was measured by firing glass fiber 
f i l ters at 700°C for 1/2 hour, followed by leaching with HC1 at 
104eC, neutralizing with NaOH, and analysis for molybdate-
reactive phosphate. 

Molybdate-reactive si l icate was determined by the method of 
Strickland and Parsons (14). 

Abstract 

The dominant source of dissolved inorganic phosphate to the 
lower Hudson Estuary is sewage from the New York City area. 
Essentially linear phosphate-salinity relationships are observed 
over tens of miles both upstream and downstream of the major 
sewage loading, indicating conservative phosphate behavior on 
the time scale of removal from the system, which is a few days 
during high fresh water flow and a week or more during low flow. 
Additional phosphate sources and sinks, including release of 
phosphate from particulates and net phytoplankton uptake, are 
minor compared with direct sewage discharge. Li t t l e immediate 
improvement in water quality would be expected from the introduction 
to currently operating secondary plants of tertiary sewage treatment 
for phosphate removal. 

Silicate distributions in the Hudson are also quite unusual, 
showing substantial si l icate removal during low flow in the t idal 
fresh water Hudson. This suggests that biological uptake rather 
than a change in ionic strength is primarily responsible for 
negative deviations from conservative behavior in some estuaries. 
Sil icate-rich sewage may produce a positive deviation from a 
conservative mixing line on a plot of si l icate vs. salinity 
during some periods in the lower Hudson Estuary. 
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The Seasonal Variation in Sources, Concentrations, and 
Impacts of Ammonium in the New York Bight Apex 

HAROLD B. O'CONNORS and IVER W. D U E D A L L 

Marine Sciences Research Center, State University of New York, Stony Brook, N.Y. 11794 

The f l u x and c o n c e n t r a t i o n of p l a n t n u t r i e n t s are 
i m p o r t a n t f a c t o r s i n c o n t r o l l i n g the p r o d u c t i v i t y of 
marine waters (_1, 2̂ , 3). E v i d e n c e from bo th l a b o r a 
t o r y and f i e I d meas urements have i n d i c a t e d t h a t , w h i l e 
NH^ +, u r e a , N(>3~, and NO2" n i t r o g e n may a l l be u t i l 
i z e d by phy t o p l a n k t o n f o r uptake and growth, NĤ "*" has 
g e n e r a l l y been found to be the p r e f e r r e d form and may 
i n h i b i t phy t o p l a n k t o n up take of NO3" when près en t i n 
c o n c e n t r a t i o n s above t r a c e amounts (1, 2). Because 
of the p o t e n t i a l impact of added NH4"*" on phy t o p l a n k t o n 
p r o d u c t i o n , s t a n d i n g crop s p a t i a l d i s t r i b u t i o n , and 
s p e c i e s abundance, i t i s désirable t h a t i n f o r m a t i o n 
be ob t a i n e d on i t s r a t e s ο f i n p u t and c o n c e n t r a t i o n s 
i n coas t a l w a t e r s . 

In t h i s paper we f o c u s on the i n p u t of NH4"*" i n t o 
the New York B i g h t apex ( F i g . 1 ) . Two s o u r c e s o f NH4"*" 
i n p u t have been i d e n t i f i e d : (1) sewage e f f l u e n t which 
i s cont i n u o u s l y d i s charged i n l a r g e volûmes i n t o the 
r e c e i v i n g waters which s u r r o u n d the New York metro
p o l i t a n r e g i o n and (2) sewage s l u d g e which i s t r a n s -
p o r t e d to sea i n barges and dumped a t a l o c a t i o n ab out 
25 km from the e n t r a n c e to New York H a r b o r . These 
was tes i n t r o d u c e NH^ + to the apex a t a combined r a t e 
t h a t g r e a t l y exceeds the NH^ + i n p u t from the Hudson 
R i v e r . 

C o n t r i b u t i o n 12 3 of the M a r i n e S c i e n c e s 
R e s e a r c h C e n t e r (MSRC) of the S t a t e 
U n i v e r s i ty o f New York a t S tony Brook. 
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NH4+ Input due to Advective Processes 
Sewage E f f l u e n t . A large number of sewage t r e a t 

ment plants (Fig. 2) are s i t u a t e d throughout the 
e n t i r e New York metropolitan region. Combined, they 
discharge about 50 m̂  sec" 3- of primary and secondary 
treated sewage e f f l u e n t (.A). In a d d i t i o n , about 13 m̂  
see"* of raw sewage, for which no treatment f a c i l i t i e s 
are a v a i l a b l e , i s d i r e c t l y discharged into r e c e i v i n g 
waters (T. Glenn, personal communication). Table I 
summarizes the mean concentrations and rates of inputs 
of sewage derived n u t r i e n t s , i n c l u d i n g organic nitrogen 

These concentrations and input rates may show 
short term v a r i a b i l i t y because the combined sa n i t a r y 
sewer and storm-drai
throughout the metropolita
s i z a b l e amounts of untreated sewage to bypass t r e a t
ment plants during periods of heavy r a i n f a l l . Under 
these conditions, the raw sewage i s discharged d i r e c t 
l y into the l o c a l r e c e i v i n g waters C5). It i s l i k e l y , 
however, that these rain-caused episodes do not i n t r o 
duce much v a r i a t i o n in the mean concentration of NH4+ 

or the volume of flow from the sewage system for 
periods longer than several months (see Nutrient 
Relations, page 4). 

A large but unknown f r a c t i o n of sewage derived 
nutrients may reach the New York Bight apex ( F i g . 1) 
in a matter of days. The e f f e c t s of the Hudson River 
discharge, t i d a l o s c i l l a t i o n s , v a r i a b l e coastal c i r c u 
l a t i o n patterns, b i o l o g i c a l processes, and the p o s s i 
b i l i t y of v a r i a t i o n s i n rates of input, combine to con
t r o l the r e l a t i v e composition and rate of f l u x of 
nutrients into the Bight apex. To obtain the neces
sary data needed to estimate the advective f l u x of 
NH4+ and other nutrients into the apex, we (6) i n v e s t i 
gated the seasonal and t i d a l v a r i a t i o n of n u t r i e n t s and 
other océanographie v a r i a b l e s at several s t a t i o n s on a 
transect (see F i g . 3) between Sandy Hook, New Jersey, 
and Rockaway P o i n t y New York. The cruises were con
ducted on November 5, 1973 January 22, March 11, A p r i l 
20, and June 5, 1974. The fluxes of NH 4

+, N0 2", N0 3~, 
PO4 ", and Si(0H)4 were computed for the June cr u i s e 
using previously obtained current data (J) . Reported 
here are only those r e s u l t s that are pertinent to NH4"**, 
i t s input and fate i n the apex. 

Temperature-Salinity R e l a t i o n s h i p s . The strongly 
l i n e a r temperature-salinity (T-S)k* r e l a t i o n s h i p s (see 
F i g . 4a and b) demonstrate that the water i n the 
transect ( F i g . 3) i s a mixture of p r i m a r i l y two water 
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Figure 2. The New York Bight and its 
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Τ ab1e I . A n n u a l mean c o n c e n t r a t i o n s (C) and a n n u a l 
mean i n p u t r a t e s ( F ) o f sewage e f f l u e n t c o n t a i n e d 
n u t r i e n t s d i s c h a r g e d t h r o u g h a h y p o t h e t i c a l o u t f a l l 
i n t o New Y o r k H a r b o r i ' . Computed f o r the p e r i o d J u l y 
1973 t o J u l y 1974. 

Sewage 
C 

C o n c e n t r a t i o n k / i n I n p u t 
F 
Ra t e k / 

Component Sewage E f f l u e n t (μΜ) (mole sec"^-) 

O r g a n i c - N 646 63 
N H 4

+ (+ NH 3) 726 71 
N0 2~ 
N0 3~ 27 2. 6 
P 0 4 3 - 62 6. 1 

1*7 Mos t of t h e sewage e f f l u e n t d i s c h a r g e d f r o m t h e New 
J e r s e y s h o r e o f t h e h a r b o r has undergone o n l y p r i 
mary t r e a t m e n t f o r w h i c h o n l y d a t a on mean f l o w s 
a r e a v a i l a b l e (.4). T h e r e f o r e , t h e v a l u e s f o r c^s 
(see f o o t n o t e b) f o r New J e r s e y e f f l u e n t s were 
c a l c u l a t e d by assuming t h e i r c o n c e n t r a t i o n s were 
s i m i l a r t o t h e P o r t Richmond p r i m a r y t r e a t m e n t p l a n t 
on S t a t e n I s l a n d . C a l c u l a t i o n s e x c l u d e e f f l u e n t s 
f r o m o u t f a l l s i n Long I s l a n d Sound and on the s o u t h 
s h o r e of Long I s l a n d . 

k^The c o n c e n t r a t i o n s C a r e w e i g h t e d means c a l c u l a t e d 
f r o m t r e a t m e n t p l a n t a n n u a l mean d i s c h a r g e s (4) and 
the mean of monthly c o n c e n t r a t i o n s c o v e r i n g t h e 
p e r i o d J u l y 1973 to J u l y 19 74. C was c a l c u l a t e d 
u s i n g t h e e q u a t i o n : 

C = • 
Z f ± 

where c^ ~ a n n u a l mean c o n c e n t r a t i o n and f ^ « a n n u a l 
mean d i s c h a r g e f o r t h e i t n t r e a t m e n t p l a n t . The i n 
put r a t e F was c a l c u l a t e d u s i n g t h e e q u a t i o n : 
F = Σ (c^xf jf ) . The o r i g i n a l sewage d a t a used i n our 
c a l c u l a t i o n s were t a k e n f r o m the r e c o r d s o f sewage 
a n a l y s e s c o n d u c t e d by t h e E n v i r o n m e n t a l P r o t e c t i o n 
A d m i n i s t r a t i o n of t h e C i t y of New Y o r k . These 
r e c o r d s were k i n d l y p r o v i d e d t o us by D r . Seymour 
K i r s c h n e r , D i r e c t o r o f the Water P o l l u t i o n C o n t r o l 
L a b o r a t o r i e s o f t he C i t y of New Y o r k . 
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types whose temperatures and s a l i n i t i e s show pronounc
ed seasonal changes. During the November c r u i s e , the 
water mass i n the transect was a mixture of two water 
types: (1) r e l a t i v e l y fresher and colder r i v e r water 
and (2) r e l a t i v e l y more s a l i n e , warmer Bight water. 
Temperature and s a l i n i t y ranges were 12-14°C and 
24-32°/oo, r e s p e c t i v e l y . During the January c r u i s e , a 
s i m i l a r two-component T-S r e l a t i o n was observed except 
that the water was much colder (3-7°C) and had a wider 
range of s a l i n i t i e s (22-32°/oo). In March the water 
temperature was nearly uniform at about 5°C and the 
s a l i n i t y values (21-32°/oo) had increased s l i g h t l y 
from those observed i n January. In A p r i l the fresher 
estuarine water was warmer than the more s a l i n e Bight 
water occurring at
slope of the T-S diagram
exhibited the widest range during the e n t i r e study. 
In June, water temperatures and s a l i n i t y were both 
changed s u b s t a n t i a l l y from t h e i r preceding winter and 
spring values; temperatures ranged between 13 and 18°C 
and s a l i n i t i e s ranged between 23 and 32°/oo. 

The wide range of s a l i n i t i e s observed i n March 
and i n A p r i l demonstrates the strong influence of the 
spring freshwater discharge. S a l i n i t i e s were more 
va r i a b l e near Sandy Hook where the freshwater d i s 
charge had the greatest e f f e c t on water p r o p e r t i e s . 
The most s a l i n e water i n the transect was always 
s i t u a t e d near Rockaway Point, due to a strong non-
t i d a l transport of Bight water into the harbor. 

Nutrient Relations. The approximately l i n e a r 
n u t r i e n t - s a l i n i t y (Nutr-S) r e l a t i o n s h i p s (see F i g s . 
4a and b) also demonstrate that the water i n the 
transect i s a two-component system comprised of 
nutri e n t impoverished Bight water and n u t r i e n t r i c h 
estuarine water. The n u t r i e n t composition i s v a r i a b l e 
depending on the season and on whether the p a r t i c u l a r 
n u t r i e n t species o r i g i n a t e d (1) from sewage e f f l u e n t 
or (2) was derived mainly from the freshwater discharge 
of the Hudson River or a l e s s e r extent, (3) was 
derived from the discharge of the Raritan and Passaic 
Rivers . 

Most of the NO3" measured i n the transect comes 
from Hudson River discharge and not from sewage 
e f f l u e n t . E x t r a p o l a t i o n of the N03~-S r e s u l t s i n 
F i g . 4a to zero s a l i n i t y gives ΝΟβ" concentrations 
that range between 45 and 90 pM. These values are i n 
good agreement with the annual range of 50 to 140 μΜ 
reported (8) for NO3" i n water samples c o l l e c t e d from 
the Hudson and Raritan Rivers upstream from the 
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i n f l u e n c e of the New Y o r k m e t r o p o l i t a n r e g i o n . 
Sewage e f f l u e n t ( T a b l e I ) i s a p r i n c i p a l s o u r c e 

o f N H 4
+ , N02~, and Ρ Ο ^ ' . F o r November, e x t r a p o l a t i o n 

o f the NH4+-S, d i a g r a m (see F i g . 4a) t o 15°/oo s a l 
i n i t y g i v e s a c o n c e n t r a t i o n of NH4"*", t h a t compare to 
some E a s t R i v e r v a l u e s (9) and i s about an o r d e r o f 
m agnitude g r e a t e r t h a n what i s found i n Hudson R i v e r 
w a t e r s u p s t r e a m from the m e t r o p o l i t a n r e g i o n . 

D u r i n g t h e s p r i n g f r e s h e t , w h i c h o c c u r s i n A p r i l , 
NH4"*", NC>2~ and PO4 c o n c e n t r a t i o n s due to sewage 
d i s c h a r g e w o u l d be e x p e c t e d t o undergo a g r e a t e r 
d i l u t i o n , w i t h the i n c r e a s e d volume of r i v e r w a t e r i n 
the e s t u a r y , t h a n i n the e a r l i e r w i n t e r months. T h i s 
assumes a r e l a t i v e l y c o n s t a n t sewage i n p u t o f t h e s e 
n u t r i e n t s . I n f a c t
P r o t e c t i o n A d m i n i s t r a t i o
(S. K i r s c h n e r , p e r s o n a l c o m m u n i c a t i o n ) show t h a t the 
v a r i a b i l i t y o f t h e f l o w of sewage e f f l u e n t and i t s 
n u t r i e n t c o n c e n t r a t i o n i s r e l a t i v e l y s m a l l compared 
t o the amount o f d i l u t i o n . F o r example, the a v e r a g e 
c o e f f i c i e n t s of v a r i a t i o n [V% « ( s x l O O ) / X ] f o r the 
mean e f f l u e n t NH^ + c o n c e n t r a t i o n and f l o w volume f o r 
t w e l v e New Y o r k C i t y t r e a t m e n t p l a n t s f o r the p e r i o d 
November 1973 t o June 1974 were 19.5% and 10.7%, 
r e s p e c t i v e l y . The A p r i l f r e s h w a t e r i n p u t f r o m the 
Hudson R i v e r measures about t h r e e - f o l d o v e r t h a t o f 
November ( 1 0 ) . 

The c o n c e n t r a t i o n s o f NO3" i n the t r a n s e c t i s 
p r i m a r i l y a f u n c t i o n of the c o n c e n t r a t i o n of r i v e r 
w a t e r i t s e l f and, t h e r e f o r e , may i n c r e a s e o r d e c r e a s e , 
d epending upon whether augmented r u n o f f i n c r e a s e s 
i t s c o n c e n t r a t i o n i n t h e r i v e r w a t e r o r n o t . 

The i n c r e a s e d d i l u t i o n of NH4" 1*, N 0 2 " , and P O 4 J " 
t a k e s p l a c e a t about the same t i m e as the s p r i n g 
p h y t o p l a n k t o n bloom, as e v i d e n c e d by t h e r e m a r k a b l e 
i n c r e a s e s i n the c o n c e n t r a t i o n o f c h l o r o p h y l l a_ i n 
t h e t r a n s e c t , e s p e c i a l l y n ear Sandy Hook ( F i g . 4 b ) . 
T h e r e f o r e , t h e s e a s o n a l v a r i a t i o n i n the s l o p e s of 
the NH4+-S, N 0 2 " - S and PÛ4 3"-S dia g r a m s ( F i g . 4a and 
b) w i l l n o t be s o l e l y a f u n c t i o n of changes i n 
f r e s h w a t e r d i s c h a r g e , b u t a l s o i n c l u d e t h e e f f e c t of 
the b i o l o g i c a l u t i l i z a t i o n of t h e s e c h e m i c a l s p e c i e s . 

F o r example, assuming t h a t no o t h e r p r o c e s s e s 
i n f l u e n c e the NH4"*" c o n c e n t r a t i o n , the r e l a t i v e e f f e c t s 
of (1) p h y t o p l a n k t o n u p t a k e d u r i n g the s p r i n g bloom 
and (2) d i l u t i o n by r i v e r w a t e r on the ammonium 
c o n c e n t r a t i o n i n the t r a n s e c t can be e s t i m a t e d . T h i s 
can be a c c o m p l i s h e d by c o m p a r i n g (1) t h e measured 
NH^4" c o n c e n t r a t i o n v a l u e s w i t h (2) t h e e x p e c t e d N H 4 + 

c o n c e n t r a t i o n v a l u e s b a s e d s o l e l y on d i l u t i o n . I n 
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November, freshwater discharge i n the Hudson estuary 
i s generally about three times less than i n A p r i l (10). 
Therefore, i t could be expected that d i l u t i o n would 
reduce the ammonium concentrations i n the transect i n 
A p r i l to about one-third of the November values. In 
Figure 4a, i t can be seen that at s a l i n i t y of 26°/oo, 
for example, i n November the concentration of NH 4

+ 

was about 40 μΜ. In A p r i l , however, the measured 
NH 4

+ concentration at the same s a l i n i t y ranged from 
about 5 yM to concentrations below detection, which i s 
about 8 to 13 μΜ less than the concentration which 
might be expected from d i l u t i o n alone. I t would 
appear, therefore, that in A p r i l , NH 4

+ was being 
r a p i d l y u t i l i z e d by the phytoplankton i n comparison 
to November and thu
tions i n the transec
caused by d i l u t i o n due to the increased freshwater 
dis charge. 

Cross-Sections i n the Transect. Contoured 
sections of variables showing the d i s t r i b u t i o n of 
water properties i n the transect were prepared using 
t i d a l l y averaged concentrations (JS) . Presented here 
(F i g s . 5-7) are sections for s a l i n i t y , NH 4

+, and 
c h l o r o p h y l l a_. 

Two features shown in these sections are the 
presence of (1) high s a l i n i t y - l o w NH 4

+ water near 
Rockaway Point and (2) low s a l i n i t y - N H 4

+ r i c h water 
near Sandy Hook. Associated with the low s a l i n i t y 
water during A p r i l were high concentrations of 
c h l o r o p h y l l a (see F i g . 7a through d). Most of the 
low s a l i n i t y - N H 4

+ r i c h water probably o r i g i n a t e s i n 
Raritan Bay where large standing stocks of phyto-
plankton have been reported (11., 12,)· The presence of 
a large but slow moving counterclockwise gy r^ i n 
Raritan Bay may act to delay some of the n u t r i e n t r i c h 
Upper Bay water ( F i g . 2) that was advected towards the 
apex but through Raritan Bay by r i v e r flow and t i d a l 
a c t ion. This delay may provide a s u f f i c i e n t amount 
of time for the development of high c h l o r o p h y l l a_ 
standing crops i n Raritan Bay. T i d a l current charts 
(13) show that during ebb t i d e Raritan Bay waters 
flow around Sandy Hook into the apex. These low 
s a l i n i t y Raritan Bay waters could, during periods of 
decreased phytoplankton production i n the winter, 
contain elevated concentrations of NH 4

+ and other 
n u t r i e n t s . However, during the spring when phyto-
plankton growth i s at i t s maximum i n Raritan Bay, the 
low s a l i n i t y water flowing from Raritan Bay would 
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STATION G F 

D E P T H M 

S A L I N I T Y P P T 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

1 1 N O V E M B E

O I S T A N C E F R O M S A N O Y H O O K / K M 

c β 

O E P T H M 

S A L I N I T Y P P T 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

2 2 J A N U A R Y 1 9 7 4 

D E P T H M 

D I S T A N C E F R O M S A N D Y H O O K / K M 

STATION Μ 0 E C Β 

y 

S A L I N I T Y P P T 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

1 1 M A R C H 1 9 7 4 

D I S T A N C E F R O M S A N D Y H O O K / K M 
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STATION Η 0 

D E P T H M 

S A L I N I T Y P P T 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

2 0 A P R I

D I S T A N C E F R O M S A N D Y H O O K / K M 

STATION H C F E C Β 

Ο Ε Ρ Τ Η Μ 

ι 

S A L I N I T Y P P T 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

5 J U N E 1 9 7 4 

3 4 5 6 
D I S T A N C E F R O M S A N D Y H O O K / K M 

Figure Sa-e. Tidally-averaged salinity distribution in the transect 
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A M M O N I U M μ Μ 

S A N D Y H O O K - R O C K A W A Y P O I N T T R A N S E C T 

1 1 M A R C H 1 9 7 4 

S «ΝΟΥ 
HOOK 

D I S T A N C E F R O M S A N D Y H O O K / K M 

Figure 6a-d. Tidally-averaged 
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STATION H O Ψ 

DEPTH M 

AMMONIU
SANOY HOOK - ROCKAWAY POINT TRANSECT 
20 A P R I L 1974 

2 D I S T A N C E FROM SRNDY HOOK/KM 

À 

ROCKMMV 
POINT 

STATION Η 0 F 

DEPTH M 

AMMONIUM uM 
SANDY HOOK - ROCKAWAY POINT TRANSECT 
5 JUNE 1974 

2 3 4 5 6 7 

D I S T A N C E FROM SANDY HOOK/KM 

J 

ammonium distribution in the transect 
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STATION 0 F 

DEPTH H 

CHLOROPHYLL A (MGM9) 
SANDY HOOK - ROCKAWAY POINT TRANSECT 
11 NOVEMBER 1973 

DISTANCE FROM SANOY HOOK/KM 
E C Β 

DEPTH M 

CHLOROPHYLL A (MGwft 
SANDY HOOK - ROCKAWAY POINT TRANSECT 
11 MARCH 1974 

DEPTH M 

DISTANCE FROM SANOY HOOK/KM 

/CHLOROPHYLL A {MG*ft 
SANDY HOOK - ROCKAWAY POINT TRANSECT 
20 A P R I L " ! 9 7 4 

DISTANCE FROM SANDY HOOK/KM 
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STATION H G 

D E P T H M 

^ • • 0 -

E C Β 

C H L O R O P H Y L L A (MGW) 

S A N D Y H O O K - R O C K A W A Y P O I N T T R R N S E C T 

5 J U N E 1 9 7

* D I S T A N C E F R O M S A N D Y H O O K / K M 

Figure la-à, Tidally-averaged chlorophyll a distribution in the transect 

STATION · ! · 2 

D E P T H / M 

NON-Τ I D A L V E L O C I T I E S CM P E R S E C 

S A N D Y HOOK - R O C K A W A Y P O I N T T R A N S E C T 

2 - 7 J U N E 1 9 5 2 

3 4 5 6 
D I S T A N C E F R O M S A N D Y H O O K / K M 

Current Structure in Sandy Hook Rockaway Point Transect 

Figure 8. Nontidal current velocities in the transect (7). Negative-sign veloci
ties are into the harbor. 
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contain high concentrations of c h l o r o p h y l l a_ but low 
concentrations of n u t r i e n t s . This i s consistent with 
the features observed i n a l l the nu t r i e n t and chloro
p h y l l cross-sections [see F i g s . 5, 6, and 7 and also 
( 6 ) ] . 

The persistence of higher s a l i n i t y water near 
Rockaway Point i s mainly due to strong n o n - t i d a l 
currents that transport seawater from the apex to the 
harbor. Figure 8 i s a cr o s s - s e c t i o n showing the 
d i s t r i b u t i o n of n o n - t i d a l current v e l o c i t i e s normal 
to the transect during June, 1952 (6_) . Negative-sign 
v e l o c i t i e s i n d i c a t e currents moving towards the harbor. 
C l e a r l y , Rockaway Point i s a region where both surface 
and deep waters are transported i n t o the harbor from 
the apex. E a r l i e r i n v e s t i g a t o r
the New York Bight ape
the existence of a n o n - t i d a l d r i f t near Rockaway Point 
which moves towards the harbor. The v e l o c i t y contours 
i n Figure 8 give the f i r s t published q u a n t i t a t i v e 
evidence for the presence of t h i s feature. The r e 
s u l t s of a recent completed seabed d r i f t e r study i n 
the apex shows near bottom n o n - t i d a l v e l o c i t i e s very 
s i m i l a r to those i n Figure 8 (16). 

At other l o c a t i o n s , along the transect, non-tidal 
surface currents move towards the apex, which i s con
s i s t e n t with the presence of low s a l i n i t y - n u t r i e n t 
r i c h water south of Ambrose channel (see F i g s . 5 and 
6). 

Advective Nutrient Fluxes i n the Transect. To 
obtain estimates of nutri e n t input to the apex, the 
advective fluxes of NH4+, NO2", NO3", PO 4 3 " , and 
Si(OH)4 were c a l c u l a t e d using the June 5, 1974 
nutr i e n t contours [see (6)] and the June 2-8, 1952 
v e l o c i t y p r o f i l e ( F i g . 8). In the c a l c u l a t i o n s , i t 
was assumed that the non - t i d a l v e l o c i t y s t r u c t u r e i n 
the transect was s i m i l a r f o r the two periods, June 
2-8, 1952 and June 5, 1974. Storms that might a l t e r 
n o n - t i d a l c i r c u l a t i o n i n the apex are infrequent i n 
June. The non - t i d a l current structures for May 21-25, 
1958, and August 12-16, 1959 are very s i m i l a r to the 
non-t i d a l current structure for June 2-8, 1952 (R. 
Wilson, personal communication). Advective n u t r i e n t 
fluxes were ca l c u l a t e d from the expression Σ ( ο ± ν ± σ ± ) . 

The C £ and v^ are the t i d a l l y averaged n u t r i e n t 
concentrations and non - t i d a l current v e l o c i t i e s i n t e r 
polated to a g r i d and contoured i n Figures 6 and 8, 
r e s p e c t i v e l y . o^ are the areas of d i f f e r e n t g r i d 
elements. Table I I summarizes our estimates of 
nutr i e n t fluxes through the transect. 
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Table I I . Calculated Nutrient Fluxes i n the Transect. 

FLUX (moles sec"^) 
(a) (b) C(b)-(a)] 

Nutrient Into the Out of the Bight-ward 
Harbor Harbor 

NH 4
+ 14 51 37 

N 0 2 ~ 1.6 4. 6 3 
NO3- 11 37 26 
P O 4 3 " 2.5 3  7 
Si(OH) 4 10 

NĤ "1" Inputs due to Sludge Dumping 

Sewage sludge, which i s dumped i n large volumes at 
sea about 25 km from the entrance to New York Harbor, 
i s also a source of NH^+ i n the apex. For the period 
1965 to 1970, i t has been estimated that the average 
annual volume of sludge to the apex i s about 
3.2xl0 6 m3 (17). The continued construction of large 
sewage treatment plants i n the metropolitan area, 
i n c l u d i n g the south shore of Long Island w i l l ensure 
an increasing input of sludge to the Bight i n the 
future i f alternate d i s p o s a l or r e c y c l i n g schemes are 
not developed and implemented. 

To determine the e f f e c t of sludge dumping on the 
d i s t r i b u t i o n of ΝΗ^ + i n apex waters, we conducted a 
cruise within the sludge dumping grounds during the 
period July 30-31, 1973 (.18). Table I I I shows that 
nine dumps of sludge occurred during the period of 
s tudy. 

A rapid sampling g r i d ( F i g . 9) was used i n and 
near the dump s i t e to assess the s p a t i a l extent of 
NH 4

+ from sludge dumping. The g r i d consisted of s t a 
tions spaced around the perimeter of a 9.4 km radius 
c i r c l e , centered near the designated dump area (see 
Fig . 9). Surface, ~10m, and bottom water samples were 
obtained by using a submersible pump and then analysed 
for NĤ "1" onboard the research v e s s e l . In ad d i t i o n , an 
attempt was made to trace the di s p e r s i o n of recently 
dumped sludge by following, with a d d i t i o n a l water 
sampling, two parachute drogues set at 4 and 8 m (F i g . 
9). D e t a i l s of the methods used are reported 
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Ocean Dumping in the N.Y. Bight 

Figure 9. Stations occupied and times of drogue release and location (18). Dashed circle 
near center of perimeter represents the area (3.3 km2) and location (40° 20' N, 73° 45' W) 
of the interim sludge dump area established by the U.S. Environmental Protection Agency. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 
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Τ ab1e I I I . Volumes of sewage sludge (wet) dumped i n 
the New York Bight apex during the period July 30-31, 
1973. Data obtained from 1973 Ocean Dumping Logs, 
Marine Environmental Branch, U. S. Coast Guard, 
Governors Island, New York. [This tabulation taken 
from (18.).] 

Estimated 
Time of Sludge Vessel Volume—' > Jl' 

Date 
A r r i v a l 
(EDT) 

& Source of 
Sludge 

of Sludge 
m3 

30 July 1055 "Newtown Creek" 2,860 

1126 "Bowery Bay" 
(New York City) 

1,820 

31 July 0550 "Judson K. Stiékle" 
(South Amboy, N.J.) 

1521/ 

1105 "Newtown Creek" 
(New York City) 

2,860 

1111 "Bowery Bay" 
(New York City) 

1,8 70 

1700 "Ocean Dispos a l " 
(Passaic Valley 
Sewage Authority, 
New Jersey) 

155^/ 

1729 "Newtown Creek" 
(New York City) 

2,860 

1740 "Coney Island" 
(New York City) 

1,200 

1900 "Bowery Bay" 
(New York City) 

1,890 

— ^ O r i g i n a l logs report volume of wet sludge i n units 
of cubic f e e t . 

^ The density of wet sludge i s about 1 g cm"3 ( t h i s 
may be low since some components of sludge sink) ; 
at this density 1 m3 equals 1 metric ton. 

— ^ O r i g i n a l data given i n short tons. 
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e l s e w h e r e ( 1 8 ) . 
The h i g h s u r f a c e and m i d -depth NH4"*" c o n c e n t r a t i o n s 

( F i g , 10) a t s t a t i o n 112 c o n f i r m e d an e a r l i e r v i s u a l 
i n d i c a t i o n of a s l u d g e p a t c h a t t h a t s t a t i o n , b u t the 
c o n c e n t r a t i o n s o b t a i n e d from the s a m p l i n g sequence 
a l o n g the t r a j e c t o r i e s o f the drogues a r e c o n f u s e d . 
F o r example, s t a t i o n s 114, 116, and 117, w h i c h were 
sampled s u b s e q u e n t t o s t a t i o n 112, showed s u r f a c e 
NH4+ v a l u e s s i m i l a r to t h o s e measured a t s t a t i o n s 
away f r o m the i m m e d i a t e dump a r e a . I t was n o t u n t i l 
s t a t i o n 119 was sampled t h a t s u r f a c e and 10 m NH4"*" 
c o n c e n t r a t i o n s s i m i l a r t o t h o s e measured a t s t a t i o n 
112 were f o u n d . E x t r e m e l y h i g h ammonium c o n c e n t r a 
t i o n s (^200 t o 500 μΜ) were o b s e r v e d a t s t a t i o n 128 
a t 1930 e a s t e r n d a y l i g h
j u d g e d t h i s o b s e r v a t i o
r e c e n t s l u d g e dump, as e v i d e n c e d by t h e 1800 EDT 
s i g h t i n g of a s l u d g e t r a n s p o r t v e s s e l i n t h e v i c i n i t y 
t h a t was r e t u r n i n g t o New Y o r k H a r b o r (Ιδ.). I t w o u l d 
seem, t h e r e f o r e , t h a t the s l u d g e dump s i t e i s c h a r a c 
t e r i z e d by p e r s i s t i n g s i g n a t u r e s f r o m p r e v i o u s dumping 
a c t i v i t y w h i c h l e a d s t o a v e r y non-homogeneous s p a t i a l 
d i s t r i b u t i o n of NH4+ ( F i g . 1 0 ) . The p r e s e n c e of a 
p y c n o c l i n e ( F i g . 11) w o u l d i n h i b i t v e r t i c a l m i x i n g o f 
the s u r f a c e and b o t t o m w a t e r s . However, t h e d a t a 
o b t a i n e d a t s t a t i o n 128 d i d show t h a t the e f f e c t s of 
dumping c a n , i n some i n s t a n c e s , m a n i f e s t t h e m s e l v e s 
t h r o u g h o u t the w a t e r column w i t h i n a v e r y s h o r t t i m e . 

The c o n c e n t r a t i o n o f NH44* i n sewage s l u d g e i s 
v a r i a b l e . Some u n p u b l i s h e d a n a l y s e s p e r f o r m e d by the 
New Y o r k C i t y E n v i r o n m e n t a l P r o t e c t i o n A d m i n i s t r a t i o n 
(S. K i r s c h n e r , p e r s o n a l c o m m u n i c a t i o n ) i n November 
and December, 1973, show t h a t t h e NH4 + c o n c e n t r a t i o n 
i n New Y o r k C i t y s l u d g e s ranges f r o m 17 t o 160 m i l l i M , 
w i t h a mean v a l u e of 70 m i l l i M . U s i n g t h i s mean con
c e n t r a t i o n and t h e i n p u t s i n T a b l e I I I , we c a l c u l a t e 
the d a i l y i n p u t of NH4 + t o the apex f r o m s l u d g e dumped 
d u r i n g our c r u i s e t o be 0.3-0.7x10^ m o l e s , w h i c h i s 
about o n e - f i f t h to o n e - t e n t h o f t h e i n p u t f r o m t h e 
a d v e c t i v e p r o c e s s e s i n the t r a n s e c t . However, u n l i k e 
the Hudson R i v e r ' s low s a l i n i t y plume, s l u d g e dumping 
a t s e a can p r o d u c e l o c a l l y h i g h c o n c e n t r a t i o n s of 
NH4**" t h a t may be r a p i d l y d i s p e r s e d by m i x i n g . F u r t h e r 
r e s e a r c h i s needed t o d e t e r m i n e t h e s p a t i a l d i s t r i b u 
t i o n , p e r s i s t e n c e and l o c a l b i o l o g i c a l e f f e c t s of 
t h e s e elevated NH 4

+ concentrations caused by dumped sludge. 
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DATA PROM STATIONS 

NEAR OR WITHIN THE DUMP SITE 

NH4* ( μ Μ ) 

1 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 

STATION III 
( isoo) 
July 3 0 

STATION 122 
( O M t ) 
July 31 

"STATION 123 (0930) 
July 31 

BACKGROUND 

STATIONS 

NH4* ( μ Μ ) 

2 3 4 5 6 7 8 9 0 

STATION 113 (!·!·) 
J u l y 3 0 

STATION 115 
(2040) 
July 3 0 

STATION 118 
( O U 5 ) 
July 31 

STATION 121 
(OZOl) 
July 31 

STATION 124 
(lOSO) 
July 31 

STATION 126 
(I520) 
July 31 

Ocean Dumping in the N.Y. Bight 

Figure 10. Observed ammonium concentrations near or within 
the dump site and at background stations on the indicated perim
eter (18). The number in brackets represents the time (EDT) of 

arrival on station. 
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Discussion and Conclusion 

The r e s u l t s of our i n v e s t i g a t i o n s suggest that 
(1) i n June the net advective f l u x of NH4* from New 
York Harbor to the New York Bight apex probably exceeds 
the rate of input of NH 4

+ from sludge dumping i n the 
Bight apex and (2) the e f f e c t s of phytoplankton uptake 
and freshwater d i l u t i o n are about the same on NH4+ 
concentrations i n the transect during the spring phyto-
plankton bloom. 

Table IV l i s t s (1) the combined mean d a i l y inputs 
of nutrients from sewage discharge and r i v e r discharge 
and (2) the f l u x of n u t r i e n t s through the transect for 
June 5, 1974. The r e l a t i v e l y large differences between 
the r i v e r plus sewag
transect (Table IV,
Si(0H>4 suggest that these n u t r i e n t species are being 
u t i l i z e d by the phytoplankton at rates about one-half 
the n u t r i e n t input rate. The smaller d i f f e r e n c e s for 
ΝΟβ" and Νθ£~ suggest that these species may behave 
as qausi-conservative constituents i n these eutrophic 
waters. It has been suggested that NO3" i s u t i l i z e d 
by phytoplankton only i n the v i r t u a l absence of NH4+ 

( l , 2). M o s t o f the NH 4
+, P O 4 3 - , and Si(0H>4 

u t i l i z a t i o n probably takes place i n Raritan Bay where 
large standing stocks of phytoplankton have been re
corded (.11, 12) . 

We emphasize, however, that the r e s u l t s i n Table 
IV are only approximations and, therefore, have very 
l i m i t e d use i n any n u t r i e n t material-balance c a l c u l a 
tion because (1) June, 1952 current v e l o c i t i e s were 
used to c a l c u l a t e June 1974 n u t r i e n t fluxes i n the 
transect, (2) nutrients may be consumed and recycled 
before they reach the transect, processes about which 
we have no d i r e c t knowledge. Also, i t has been calcu
l a t e d that about 70 per cent of the sewage discharged 
from the four l a r g e s t sewage treatment plants on the 
East River (Fig. 1) i s transported to Long Island Sound 
(20). Furthermore, v i r t u a l l y nothing i s known about 
the fate of the large amount of organic nitrogen 
(Table I) which i n some cases may serve as nitrogen -
sources f o r growth of phy toplankton (.21, 2)· 

The Hudson River Plume and Chlorophyll 3 . Input 
to the Apex. The transect study has demonstrated the 
Hudson River plume's s p a t i a l d i s t r i b u t i o n and tem
por a l permanence across the apex. The plume was most 
well-developed in the transect between Sandy Hook and 
Ambrose Channel. Of p a r t i c u l a r i n t e r e s t are the high 
concentrations of c h l o r o p h y l l & i n the plume and t h e i r 
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Table IV. Calculated d a i l y r i v e r and sewage n u t r i e n t 
input and Bight-ward n u t r i e n t f l u x through the tran
sect, June 5, 1974. 

( x l O 6 moles) 
Nutrient (a) (b) 

Sewage*' and Bight-ward 
R i v e r l / Input Flux [ ( b ) - ( a ) ] 

NH 4
+ 6.5 3.2 -3.3 

N0 2" .08 .24 .16 
N0 3~ 
P0 43- 0.6 0.3 -0.3 
S i ( 0 H ) 4 4.9 1.8 -3.1 

Calculated from Table I. Si(OH) 4 inputs i n sewage 
have been neglected for lack of data. 

— ^ C a l c u l a t e d from May, June and July concentrations 
from 1972 Water Year data at Chelsea s t a t i o n (J3) 
on the Hudson River. Values adj usted upward by 
10% to approximately account f o r Raritan River. 
Passaic River input not included. 
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af f ec t i n the apex. Using the June 1952 current 
v e l o c i t i e s ( F i g . 8) and June 1974, c h l o r o p h y l l a con
c e n t r a t i o n s , we c a l c u l a t e that about 1.9 metr ic tons 
per day of c h l o r o p h y l l a i s t ransported to the Bight 
apex through the t r a n s e c t . During s p r i n g l a r g e r d a i l y 
transports would ex i s t due to development of a more 
intense phytoplankton bloom (see F i g . 7b, c and d ) . 
This seasonal input of large abundances of phyto-
plankton would be confined to the Hudson plume. The 
plume, according to previous i n v e s t i g a t o r s , remains 
near to the New Jersey coast (14, 15). These high 
phytoplankton concentrat ions undoubtedly represent an 
important and r e l a t i v e l y continuous but seasona l ly 
v a r i a b l e supply of p a r t i c u l a t e food for zooplankton 
herbivores assoc iate
remains to be learne
graphic c h a r a c t e r i s t i c s of the plume. Research should be 
d i r e c t e d toward developing an adequate understanding 
of the b i o l o g i c a l , chemical and p h y s i c a l processes i n 
the plume and to determine what impact the plume has 
on the region encompassed by the New York B i g h t . 
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Abstract 

Two sources of NH4+ input to the New York Bight 
have been identified: (1) Hudson River-Raritan Bay 
discharge into the apex of the Bight through the Rock
away Point, New York-Sandy Hook, New Jersey, transect 
and (2) barge-dumped sewage sludge from the greater 
New York metropolitan region. 

The Bight-ward flux of ammonium through the 
transect has been calculated for one 24-hour period in 
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June and was found to be 5 to 10 times greater than the 
ammonium input from barge-dumped sludge from a typical 
two-day period in July. During the April bloom, the 
rate of phytoplankton uptake and the effect of fresh
water dilution were found to decrease the NH4+ concen
tration a similar amount in the transect. 

The Hudson River plume was observed to be a persis
tent year-round feature near the New Jersey shore and 
was responsible for the advection of large amounts of 
chlorophyll a into the Bight. 
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The use of radioisotopes
investigations of plankton
is now widely practiced. The introduction of the C technique 
to measure phytoplankton photosynthesis (1) revolutionized the 
study of aquatic primary productivity. The use of 32P in plank
ton studies has received less attention (2,3,4), and more 
recently 15N has proven to be a useful tool (5,6). The litera
ture of the last two decades which includes various applications 
of these isotopes in studies of aquatic biology is heavily 
burdened by discussions of problems in experimental design and 
data interpretation (7,8,9,10). in general the application of 
such techniques to aquatic biology has progressed more slowly 
than in other fields of study, and ecologists have been criti
cized (11) for their naive and often erroneous use of isotopes 
in studies of transfer processes within aquatic ecosystems. 
Recently, innovative applications of isotope tracer studies to 
plankton nutrition have included tritiated substrates in the 
study of heterotrophy (12) and 29Si (13) and 68Ge (14)in the 
study of the silicious nutrition of diatoms. 

Direct and i n d i r e c t evidence supports the contention that 
nitrogen i s often the element most l i k e l y to l i m i t plant pro
d u c t i v i t y i n the sea (15,16,17). In a d d i t i o n , studies of the 
nitrogenous n u t r i t i o n of plankton are a t t r a c t i v e i n that n i t r o 
gen provides perhaps the simplest perspective from which to view 
a material balance i n a planktonic ecosystem. Whereas c e l l u l a r 
nitrogen i s p r i m a r i l y bound i n s t r u c t u r a l material,both carbon 
and phosphorus are l a r g e l y involved i n c e l l u l a r metabolic a c t i v i 
t i e s i n addition to t h e i r s t r u c t u r a l r o l e s . 

Blue-green algae capable of f i x i n g gaseous nitrogen are 
considerably more common i n fresh-water than i n the sea and 
p a r t i a l l y because of t h i s , the a v a i l a b i l i t y of nitrogen i s con
siderably l e s s l i k e l y to regulate plant p r o d u c t i v i t y i n fr e s h 
water. Phosphorous i s frequently looked to as the most impor
tant nutrient i n both the regulation of p r o d u c t i v i t y and l i m i t a 
t i o n of biomass i n fresh-water and the open waters of estuaries 
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(18) . 
In most natural waters dissolved combined nitrogen is pre

sent in more than a single form. Concentrations of nitrate, 
nitrite, and ammonium in the sea vary temporally and spatially 
(19) and recently, urea has been reported from a l l areas which 
have been investigated (20,21,22^,23). Amino acids are usually 
detected (24,25), and although the concentrations are always low, 
they may at times contribute to phytoplankton nitrogenous nutri
tion (26,27). 

Although we know what forms of combined inorganic nitrogen 
do and do not commonly exist in the sea, we are largely ignorant 
of the identity, origin, and fate of a sizeable pool of dis
solved organic nitrogen. This material is temporally and spa
t i a l l y ubiquitous (27,28,29) and the implication is that the 
bulk of i t is highly refractor
gal nitrogenous nutritio

The availability of labeled forms of the plant nutrients 
thought to be of greatest importance, enables one to assess the 
relative significance of several forms of nitrogen in the nutri
tion of natural plankton assemblages. A few océanographie labo
ratories in this country now have the capacity to rapidly process 
plankton samples for 1 % enrichment, and the recent availability 
of optical emission spectrometers may greatly extend the use of 
1 5N in plankton studies. Shipboard studies with large volume 
cultures established by enriching natural seawater with nutri
ents have demonstrated that estimates of phytoplankton assimila
tion derived from short interval measurements of 

15H 
uptake 

agree closely with measurements of both the decrease in dissolved 
nitrogenous nutrient and increase in particulate nitrogen (30). 
Field studies of nitrogen fixation have also employed " Ν (5), 
but the acetylene reduction assay for nitrogenase activity (31) 
is far more convenient and i t has become widely accepted as the 
method of choice. 

Because of the low natural concentrations of some of the 
phosphorous and nitrogenous forms of interest, experiments must 
be initiated quickly. In most cases phytoplankton activity is 
measured after removal of the zooplankton; such removal certainly 
reduces the natural supply of the rapidly recycled forms of 
both phosphorus and nitrogen to the captured phytoplankton. 
With zooplankton inclusion, phytoplankton are consumed during 
the experiment, animal metabolites are released, and the inter
pretation of data is immensely complicated. Since ambient sub
strate levels should be determined before the initiation of an 
experiment, there has been much interest in improving the capa
city to quantitate phosphorous and nitrogenous nutrients with 
specific, accurate, precise, and convenient methodology. Most 
of the techniques of choice are described in both manual and 
automated forms by Strickland and Parsons (1972) (32). We have 
streamlined these manual methods to permit us to rapidly process 
5ml samples with both precision and sensitivity which exceeds 
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those of the automated methods. A small number of samples can be 
routinely analyzed by a single analyst for n i t r a t e , n i t r i t e , am
monium, urea, and soluble reactive phosphate within one half hour 
after sample c o l l e c t i o n . 

In the study of plankton n u t r i t i o n one has to select an 
incubation technique which best suits the particular problem 
under investigation. An i n s i t u incubation involves the c o l l e c 
tion of a water sample, enclosure i n a suitable bottle, addition 
of isotope tracer material, and resuspension of the bottle to 
the depth from which the sample was collected. The objective 
i s to execute the incubation at near natural l i g h t and tempera
ture. Careful and rapid handling are required to minimize physio
l o g i c a l shock which may result from exposure of deep water samples 
to both f u l l incident solar i r r a d i a t i o n and great changes i n 
temperature. Any potentia
t i a l s are usually ignored
fected with a single unit which captures, inoculates with mater
i a l of choice (e.g. isotope stocks), and serves as an incubation 
chamber (33). After the completion of the incubation the chamber 
i s brought to the surface and the sample i s processed. Advantages 
of such a system are obvious, but the disadvantages are primarily 
that for nutrient assimilation studies one must make isotope t r a 
cer additions without s p e c i f i c knowledge of the ambient nutrient 
levels. Also, zooplankton which consume phytoplankton and re
lease plant assimilable forms of nitrogen and phosphorus cannot 
be excluded from the incubation chamber. 

Because major sea-going vessels usually cannot remain on 
stations for extended periods, and there may not be an opportunity 
to return to a buoy, b i o l o g i c a l oceanographers frequently use 
simulated i n s i t u incubations. A deckboard incubator i s f i t t e d 
with o p t i c a l f i l t e r s to simulate l i g h t at depth of sampling, and 
flowing seawater controls temperature. Some of the problems 
associated with measuring l i g h t and selecting appropriate f i l t e r s 
have been investigated and discussed (34). 

The Chesapeake Bay i s a highly productive coastal p l a i n 
estuary with a well defined two-layer c i r c u l a t i o n (35). It i s 
approximately 300 km i n length and i t i s primarily an estuary of 
the Susquehana River. The nutrient loading resulting from both 
the Susquehana River drainage from western Pennsylvania and 
central New York and the metropolitan discharges of the D i s t r i c t 
of Columbia and Baltimore, Maryland, are pote n t i a l l y large. It 
i s indeed interesting to note i n the data presented by Carpenter, 
Pritchard, and Whaley (1969) (36), that the effect of nutrient 
loading from the adjacent metropolitan areas i s v i r t u a l l y unde
tectable as dissolved inorganic nutrient i n the Bay proper below 
both Baltimore and the junction of the Potomac River with the Bay. 
It has been demonstrated that the heavy winter-spring runoff from 
the Susquehana River i s the primary source of n i t r a t e i n the Bay, 
but no point sources for either ammonium or phosphate can be iden
t i f i e d . 
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Data from some coastal regions, such as for Buzzards Bay, 
Massachusetts, suggest that transport of nitrogen remineralized 
in the sediment interstitial water to the overlying water may 
contribute significantly to the phytoplankton nitrogen require
ment (37). In another study, vertical transport from the sand 
bottom off La Jolla, California, was shown to provide an insig
nificant portion of the nitrogen utilized by the phytoplankton 
in the overlying water (38). Carpenter, Pritchard, and Whaley 
(1969) (36) concluded from calculated vertical exchange rates 
for spring and summer that the transport of dissolved nitrogen 
and phosphorus from the sediments into the euphotic zone was 
insufficient to account for more than a few per cent of the ap
proximated rates of phytoplankton nutrient utilization.More 
recently, Bray, Bricker, and Troup (1973) (39) calculated that 
upward diffusive flux acros
the Chesapeake Bay woul
the total orthophosphate in the water column. This is consider
ably less than the rate at which phytoplankton remove phosphorus 
from the euphotic zone of the Bay (40). 

It can be seen, therefore, that the observations relating to 
nutrient availability and plankton biomass in the Chesapeake Bay 
are apparently paradoxical: High phytoplankton standing stocks 
and high phytoplankton productivity persist in the presence of 
low ambient levels of dissolved inorganic nitrogen and phosphorus 
throughout much of the year. The short-term temporal stability 
in these patterns suggests an equilibrium in the biological and 
chemical processes, and Carpenter, Pritchard, and Whaley (1969) 
(36) hypothesized that the productivity of the open waters of 
the Chesapeake Bay is regulated largely by a dynamic nutrient-
phytoplankton-zooplankton-nutrient cycle. 

Our i n i t i a l efforts to stimulate primary productivity by 
enriching natural water samples from various locations within 
the Chesapeake Bay were unsuccessful. The results clearly 
demonstrated the unsuitability of the nutrient enrichment-
incubation technique in the investigation of a highly dynamic 
planktonic ecosystem, and supported the hypothesis that only 
through short-term isotope tracer experiments could one come to 
an understanding of the plankton nutrition in this estuary. 

The phytoplankton may grow at rates sufficient to double 
their biomass in one or two days and yet such increases in bio
mass are rarely observed in the Bay. In fact, with the exception 
of localized blooms, the phytoplankton standing stock varies 
only by approximately a factor of 5 in the entire main body of 
the Bay throughout an annual cycle. Consider further a summer 
condition of nearly constant low levels of plant nutrients in 
waters containing a population of small herbivorous zooplankters 
capable of ingesting 2 to 3 times their body mass daily, and 
one can begin to appreciate both the dynamic nature of estuarine 
planktonic communities and the great effort required to investi
gate their nutrition. 
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What follows i s a d e s c r i p t i o n of our recent e f f o r t to study 
the plankton n u t r i t i o n i n the Chesapeake Bay with isotope tracer 
techniques. This program remains i n progress, and most of our 
r e s u l t s to date are e i t h e r i n press or i n a state of preparation. 
Our i n t e n t i o n here i s to demonstrate through a preview of some 
of our data the u t i l i t y of isotope tracers i n developing a dynamic 
image of plankton n u t r i t i o n which permits i n s i g h t i n t o the mech
anisms by which planktonic p r o d u c t i v i t y i s regulated. 

We conducted a s e r i e s of 7 cruises of 2 weeks duration and 
at 6 week i n t e r v a l s to sample and study 8 geographically f i x e d 
s t a t i o n s i n the open waters of the Chesapeake Bay and one s t a t i o n 
on the adjacent continental shelf (Figure 1). Nutrient measure
ments were made and experiments were i n i t i a t e d to quantitate 
pbytoplankton incorporation rates f o r carbon, nitrogen, and phos
phorus. Numerous othe
measurements were made
for a d d i t i o n a l experiments. Each s t a t i o n required a f u l l day 
of e f f o r t . With the exception of the previously mentioned modi
f i c a t i o n s , a l l shipboard a n a l y t i c a l methods followed the proce
dures outlined by S t r i c k l a n d and Parsons (1972) (32). 

A l l n u t r i e n t , biomass, and n u t r i e n t uptake rate measurements 
which w i l l be reported are averages of two samples from d i f f e r e n t 
depths i n the euphotic zone, and they are considered to be repre
sentative of the upper laye r of the estuary. The near constancy 
of chorophyll a_ concentrations (hereafter referred to as chloro
p h y l l ) with depth i n the p r o f i l e s throughout the upper layer 
supports the notion that t h i s l a y e r , and l i k e w i s e the euphotic 
zone, i s w e l l mixed. In order to minimize the e f f e c t of any 
small scale inhomogeneities, a l l i n d i v i d u a l measurements were 
made with material c o l l e c t e d i n a composite sample (the contents 
of 6 Van Dorn b o t t l e s which were cast to the same depth were 
mixed and a l i q u o t s were withdrawn). 

C labeled carbonate, 32p labeled phosphoric a c i d , and l^N 
labeled n i t r a t e , n i t r i t e , ammonium, and urea were added to separ
ate b o t t l e s and each was incubated on the deck of the ship under 
simulated i n s i t u conditions. At the termination of the experi
ments |jje p a r t i c u l a t e material was analyzed f o r i s o t o p i c enrich
ment. C and Ρ were determined by l i q u i d s c i n t i l l a t i o n spectro
metry and Ν by mass spectrometry. The dissolved organic phos
phorus and dissolved polyphosphate were also examined fo r enrich
ment, and s i m i l a r measurements f o r dissolved organic carbon and 
nitrogen are part of our continuing program. Because of the 
frequent condition of low n u t r i e n t s , high biomass, and hence 
rapid turnover of a v a i l a b l e n u t r i e n t , incubations were of only 
a few hr duration at midday and extrapolations to d a i l y rates 
were made using occasional 24 hr sequences of short incubations. 

The d i s t r i b u t i o n of plant biomass, as c h l o r o p h y l l , i s rather 
s u r p r i s i n g l y uniform i n the main body of the Chesapeake Bay 
(Figure 2). In A p r i l and June higher biomass was observed i n 
the v i c i n i t y of the Potomac River discharge, and i n June and 
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Figure 1. Location of the Chesapeake Bay and station positions 
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August higher biomass was observed below Baltimore. But in gen
eral, there is l i t t l e temporal or spatial heterogenity: > 50% of 
the chlorophyll values were between 10 and 20 /ig*liter - 1 , and 90% 
were between 5 and 25 ug«liter*"1. The cause of the increased bio
mass below Baltimore may be the result of greater nutrient avail
ability, but there is not evidence for this in either the nitro
gen or phosphorus data throughout most of the year. There is 
sufficient nitrogen in this region to support a greater plant 
biomass than is observed and, as demonstrated by Taft, Taylor, 
and McCarthy (1975) (40), there is no apparent relationship 
between plant biomass and soluble reactive phosphorus. The 
same conclusions with respect to nitrogen and phosphorus apply 
to the area immediately below the Potomac River in August when 
compared to the stations further north. 

There are numerou
association of higher plan
the discharges of Baltimore and District of Columbia, and some 
of the more obvious include: greater availability of minor 
nutrients; unidentified stimulating material associated with the 
discharge of the metropolitan wastes; less herbivorous grazing 
potential which may or may not be related to the discharges; and 
reduced thickness of the near surface mixed layer. We have no 
data to permit evaluation of hypotheses concerning minor nutri
ents and other stimulating materials. It would be exceedingly 
diff i c u l t to detect the small reduction in herbivorous grazing 
potential which could within a few days result in plant biomass 
increases comparable to those observed. The pycnocline was quite 
shallow below Baltimore in August, and we are further evaluating 
the relationship of both phytoplankton biomass and phytoplankton 
productivity on a volume basis to thickness of both the upper 
mixed layer and the euphotic zone. McCarthy, Taylor and Loftus 
(1974) (41) demonstrated that throughout the Chesapeake Bay and 
over an annual cycle,approximately 90% of both the biomass and 
the productivity of the phytoplankton community is found in 
the unicellular forms which pass 35 pm mesh. 

There are well documented occurences of algal blooms of 
moderate proportions in the Chesapeake Bay. During our study 
a major visible bloom was never identified on our regular sta
tions. Loftus, Subba Rao, and Seliger (1972) (42) followed the 
development and dissipation of a bloom which appeared in the 
open Bay near the Severn River following an intensive rain 
storm. Their data demonstrate that for the portion of the 
bloom in the Bay proper there was never adequate nitrogenous 
nutrient available to permit more than a fractional doubling 
of plant biomass (1-13%). Therefore,with nutrient limited growth, 
the bloom was either doomed to dissipate through physical forces 
or sufficient nutrient had to be delivered through rapid re
cycling processes within the bloom. Oxytoxum sp. was the dominant 
phytoplankter and the dominant herbivore, a rotifer (Euchlanis 
sp.), reached densities of 10^ individuals- l i t e r - 1 . They 
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demonstrated that this density of Euchlanis sp. could almost 
totally^consume maximum observed bloom phytoplankton densities 
(4 χ 10 /ig chlorophyll'liter" 1) in 12 hr. A rotifer of similar 
size (Brachionus sp.) ingests 3 times i t s mass per day (43), and 
i t can be concluded that the high metabolic rate per unit biomass 
for such small zooplankters would result in considerable return 
of ingested nitrogen and phosphorus to the water in dissolved 
forms. 

Time permits the consideration of only a single cruise in 
any detail, and we have chosen to discuss PROCON 10 of June 1973. 
It represents an extreme in chlorophyll variations along the 
major axis of the Bay, and i t demonstrates the preferential algal 
utilization of the more reduced and rapidly recycled forms of 
nitrogen in the presence of high concentrations of NÔ . 

Time course measurement
incubation of a few hour
occurred i n i t i a l l y at a rapid rate which could not, from compari
sons with photosynthesis as measured by fixation, be equated 
with net uptake associated with growth (40). The subsequent 
phase of reduced uptake can however, with a few exceptions be 
shown to approximate phytoplankton synthesis of new cellular 
material. Table I and Figure 3 demonstrate this phenomenon. 

TABLE I. ATOMIC RATIO OF CARBON TO PHOSPHORUS UPTAKE (40) 
Initial Subsequent 

Station Phase Phase 

834G 0.16 44 
818P 0.001 28 
744 0.001 60 
724R 0.002 88 
7070 0.015 410 
0707V 0.45 6 

From the laboratory culture data of Parsons, Stephens, and 
Strickland (1961) (44), one can calculate atomic ratios for 
carbon to phosphorus composition of marine phytoplankton which 
were grown in a phosphorus sufficient medium. For 8 phytoplank-
ters the values ranged from 28 to 102 and had a median of 81. 
A phosphorus deficient natural phytoplankton population existing 
in a medium which contains a low constant level of orthophosphate 
(and no alternate source of phosphorus) would be expected to 
have less intracellular phosphorus than phytoplankton in a phosph
orus sufficient medium (45). The well documented phytoplankton 
"luxury uptake" of orthophosphate (46) complicates efforts to 
make meaningful extrapolation from short-term rate measurements. 
That is to say, that even after taking into consideration the 
above mentioned dual phase uptake, rate measurements for the 
second phase may s t i l l suggest greater net uptake per unit time 
than can be reasonably anticipated from independent estimates of 
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phytoplankton growth. If the algae are phosphorus stressed as 
a result of lengthy exposure to medium with lower than usual 
levels of orthophosphate, and sufficient phosphorus suddenly be
comes available, an extremely rapid uptake would be expected in 
the second phase. Such a stress would result in a low carbon to 
phosphorus uptake value such as that observed at station 0707V 
(Table 1). Conversely, ample intracellular stores of phosphorus 
could support high rates of algal carbon fixation concurrent with 
very slow phosphorus uptake resulting in a high carbon to phosph
orus uptake ratio such as that observed at station 7070 . Stations 
7070 and 0707Vwere anomalous in other respects as well. 

The high specific activity of 32p preparations permits one 
to make estimates of uptake without measurably increasing the 
orthophosphate in the medium (radioactive isotope additions con
tributed <2x10"^ μg ato
that significant change
to conclude that, except for stations 7070 and 0707V, our ratios 
for the subsequent phase of reduced uptake are reasonable approxi
mations for cellular synthesis in Chesapeake Bay phytoplankton. 

It should be obvious from the data which we have presented 
that one cannot make meaningful interpretations from single time 
determinations of Ρ uptake by phytoplankton in the Chesapeake 
Bay. In practice, aquatic biologists are often far too casual 
trith their assumptions that the processes under investigations 
can be adequately evaluated with a single measurement per exper
iment . 

Taft and Taylor (1975) (47) have described the annual cycle 
of phosphorus in the Chesapeake Bay, and they note that within 
the dissolved component, organic phosphorus is often as abundant 
as orthophosphate. As with dissolved organic nitrogen, much of 
this phosphorus remains unidentified, but phytoplankton can » 
with alkaline phosphatase, utilize phosphomonoesters (48,49). Taft, 
Loftus, and Taylor (50) have determined that throughout the year 
phosphomonoesters are never more than a small fraction of the 
total dissolved organic phosphorus in the Bay. The kinetics_of 
algal alkaline phosphatase activity were investigated with J Ρ 
labeled glucose-6-phosphate, and continuing efforts are concentra
ting on the nutritional value of other components of the natural 
dissolved organic phosphorus pool. 
Nitrate concentrations (Figure 4) ranged from 0.3 to 33 μ% atoip 

Ν·liter with a rather sharp gradient between 904N and 724R. NĤ  
concentrations (Figure 5) ranged from <0.05 to 5.9 jig atom Ν· -
l i t e r " 1 and showed the sharpest gradient between 834G and 744. NO2 
concentrations ranged from<0.05 to 1.0 yg atom N'liter" 1 and in 
general varied with NO3 concentrations. Ujea-N concentrations 
ranged from<0%05 to 1.0 pg atom N'liter ~ and were highest in 
mid and upper Bay. 

Elsewhere we have given considerable attention to the part
iculate nitrogen, particulate phosphorus, particulate carbon, 
chlorophyll and adenosine triphosphate data, and have discussed 
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usefulness of ratios from such data in approximating the viable, 
and specifically the plant,component of the total particulate 
material (manuscript in preparation). At this point, let i t 
suffice to say that the chlorophyll and particulate nitrogen 
data (Figure 6) support the notion that the suspended particu
late material below Baltimore and at the mouth of the Potomac 
River is as rich in chlorophyll as that elsewhere in the Bay. 
This does not rule out the possibility that a major difference 
in nature of the plant community may to some degree be masking 
significant detrital input. The salinity (Figure 6) in the 
upper mixed layer shows the anticipated increase with distance 
from the head of the Bay. 

The stations occupied in this study were selected to repre
sent, a t ~ 30 kilometer invervals, various areas of potential 
interest. High turbidit
of the Bay north of 904
experiments could not be executed. The net seaward movement 
of the upper layer is 0.8 km-day"" in the summer (36) and hence 
our stations on a particular cruise are dealing approximately 
with a parcel of water which was located one station north in 
the Bay on a previous cruise. For the NO3 data (Figure 4) one 
can see that in moving from top to bottom of the plot (down_ 
Bay) and from left to right (to a subsequent cruise) the NO3 
value may be similar but is never much greater. This supports 
the argument that the Susquehana River (or other supply above 
station 904N) is the primary source of NO3 in the Bay proper. 

One can see an interesting pattern to the availability and 
utilization for each of the 4 nitrogenous nutrients (Figure 7). 
Although N03~ was abundant from 804C to 904N (15-33 μ% atom 
N e l i t e r " 1 ) less than 2% of the total nitrogenous ration of the 
phytoplankton was derived from N0̂ ~. At the same stations 
NH4 + was less available (1-6 μ% atom Ν·liter"1), but i t invar
iably accounted for greater than 90% of the nitrogenous ration. 
From 744 to 0707V NH^+ became more scarce (<0.4 pg atom N'liter 

) and although N03~ concentrations also became reduced, NÔ ~ 
remained as a major component of the available nitrogenous 
nutrient pool. It reached maximum importancç at 0707V when a 
NO3 ~ concentration of 0.27 /ig atom Ν-liter was the only 
nitrogenous nutrient detected. The data for both fractional 
availability and fractional utilization of NO3 and NH4+ are 
near mirror images, and throughout this series of cruises our 
data always demonstrated this pattern of preferential uptake 
of NH4"**. The patterns for NO2- and particularly urea-N suggest 
fractional utilization in proportion to fractional availability. 

Calculations for turnover time of NH^+ in the euphotic zone 
range from 3 to 20 hours and average 8 hours for PROCON 10. The 
rapid turnover time and lack of persistent spatial gradients 
argue further for local origin of NH4 . If one accepts the Sus
quehana River as the source of N03~, i t is clear that at the 
upper Bay stations there is sufficient N03~ for a doubling of 
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20 Part. Ν μ$ atom Ν · l i t e r " 1 

Figure 6. Salinity, particulate nitrogen, and chlorophyll a observed in PROCON10 
in June 1973 
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Figure 7. Percentages of both total nitrogenous nutrient 
available and total nitrogen utilized as nitrate ammonium, 
nitrite, and urea; total nitrogenous nutrient and rate of 
phytoplankton nitrogen utilization. Data for PROCON 10 

in June 1973. 
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of plant biomass (/^l-2 days of growth) but the NO3- is obviously 
not utilized at this rate or high levels would not be observed 
below Baltimore. The standing stock of the phytoplankton changes 
relatively l i t t l e with time (although high productivity rates 
are constantly observed) and one is left to conclude that the 
herbivorous potential of the zooplankton is sufficient to permit 
consumption of most of the plant production. Herbivorous zoo
plankton release nitrogenous metabolites which can be utilized 
by the plants. These are primarily NH4 with some urea (52,53) 
and under some conditions amino nitrogen (54). 

Figure 8 shows the portion of the temporal and spatial 
coverage represented by our investigation in which there is in
sufficient nitrogenous nutrient for a single doubling of the 
particulate nitrogen. And yet one can observe few i f any 
significant daily change
zooplankton biomass, an
and mid Bay stations throughout the summer and autumn. 

During PROCON 10 the observed urea concentrations were lower 
than usual, and the portion of the phytoplankton ration as urea 
nitrogen was less than our average for the balance of the study; 
this was probably due to both low urea concentrations and high 
NH^+ concentrations. The observation that NH4 was selected 
in preference to NO3" was consistently demonstrated, and this 
has also been noted in laboratory cultures (55) and in a large 
volume outdoor culture (56). A composite figure of most data 
from the present study is shown in Figure 9. The universality 
of the NH^+ preference phenomenon in the Chesapeake Bay is ob
vious. The conclusion from this particular analysis is that at 
NH4 concentrations > 1-1.5 /ig atom N-liter" 1, 95% of the nitro
genous ration o£ the phytoplankton wil l be met with NH4+ and 
urea. This NH4 value is similar to that found sufficient to 
suppress ΝΟβ" utilization in the culture studies mentioned above. 

If one were to determine the effect of ambient NH4 con
centration on NO3 uptake with a unialgal culture, a hyperbolic 
relationship might be predicted. The scatter in Figure 9 is 
probably the result of combining data from 120 natural phytoplank
ton assemblages sampled in waters with salinities ranging from 
2 to 30 0 / 0 0 and temperatures ranging from 4 to 29°C. 

This plot does not necessarily suggest that NH4+ concentra
tions < 1-1.5 /ig atom Ν·liter""1 will induce NO3" uptake, but 
rather i t demonstrates that in excess of this concentration, 
l i t t l e i f any NO3 is utilized when available, and hence the 
phytoplankton are probably not growth rate limited by_nitrogenous 
nutrient. The kinetics of phytoplankton uptake of NO3" and NH4 
for unialgal cultures are well documented (57), and i f one views 
the uptake of NO3" and NH4+, somewhat paradoxically, as analagous 
to Holling's "vertebrate" feeding response (58), then the value 
of 1.5 ug atom Ν-liter"1 may represent a concentration of total 
nitrogenous nutrient above which there will be no nitrogen limi
tation of primary productivity. 
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At the present time our greatest uncertainty in the nitrogen 
and phosphorus budgets of the main body of the Chesapeake Bay 
rests with the question of local nutrient supply. We have con
cluded that in general neither vertical transport from the sedi
ments nor rainfal l (unpublished data) can be considered as major 
sources. A large body of data provide both direct and indirect 
evidence which suggests that herbiverous zooplankters are capable 
of consuming the phytoplankton productivity. The smaller the 
zooplankton, the greater the fractional return of ingested nitro
gen and phosphorus to the water via excretion. We are in the 
process of evaluating the importance of this pathway to local 
nutrient replenishment in the Bay. 

Bacteria in the water column, whether free-living or assoc
iated with larger particles, may in part be responsible for both 
supply and loss of the
tunately, i t is extremel
accuracy the role of the bacteria, and the significance of bacter
i a l activity in these processes has not been evaluated for any 
large area of the open Bay. Indirect evidence suggests, however, 
that the role of bacteria is minor when compared to those of 
both phytoplankton and zooplankton. 

The general impression which we would l ike you to obtain 
from this presentation is that plankton nutrition must be viewed 
as a dynamic process. One can be totally deceived in an effort 
to understand plankton nutrition solely from measurements of bio
mass and nutrient concentrations, and, therefore, unless one 
partitions the nutrient pool and actually measures rates of u t i l 
ization, l i t t l e useful information can be obtained from field 
programs designed to investigate various links in the nutrient-
phytoplankton-zooplankton-nutrient cycle. 

Acknowledgment 

This work was supported by grant GA-33445 and grant 
DES75-02846 from the National Science Foundation and contract 
AT (11-1) 3279 with the U.S. Atomic Energy Commission. 

LITERATURE CITED 

1. Steemann- Nielsen, Ε., J. Cons. Explor. Mer. (1952) 18, 
117-140. 

2. Hutchinson, G.E., Bowen, V.T., Proc. Nat. Acad. Sci. (1947) 
33, 148-153. 

3. Rigler, F.H., Ecology (1956) 37, 550-562. 
4. Correll, D L., Limnol. Oceanogr. (1965) 10, 364-370. 
5. Neese, J.C., Dugdale, R.C., Dugdale, V.A., Goering, J., 

Limnol. Oceanogr. (1962) 7, 163-169. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



680 M A R I N E C H E M I S T R Y 

6. Dugdale, R.C., Goering, J.J., Limnol. Oceanogr. (1967) 12, 
196-206. 

7. Arthur, C.R., Rigler, F.H., Limnol. Oceanogr. (1967) 12, 
121-124. 

8. Nalewajko, C., Lean, D.R.S., J. Phycol. (1972) 8, 37-43. 
9. Williams, P.J.Le B., Berman, T., Holm-Hansen, O., Nature 

New Biology (1972) 236, 91-92. 
10. Berman, T., J. Phycol. (1973) 9, 327-330. 
11. Conover, R.J.,Francis, V., Mar. Biol. (1973) 18, 272-283. 
12. Azam, F., Holm-Hansen, O., Mar. Biol. (1973) 23, 191-196. 
13. Goering, J.J., Nelson, D.M., Carter, J.A., Deep-Sea Res. 

(1973) 20, 777-789. 
14. Azam, F., Planta. (1974) 121, 205-212. 
15. Thomas, W.H., Limnol. Oceanogr. (1966) 11, 393-400. 
16. Eppley, R.W., Carlucci,

McCarthy, J.J., Venrick,
Oceanogr. (1971) 16, 741-751. 

17. Ryther, J.H., Dunstan, W.M., Science (1971) 171, 1008-1013. 
18. Ketchum, B.H., "Eutrophication: Causes, Consequences, Correc

tives," p. 197-209, Natl. Acad. Sci., Washington, D.C., 
1969. 

19. Vaccaro, R.F., "Chemical Oceanography," Vol. 1, p. 365-408, 
J.P. Riley and G. Skirrow, Ed., Academic Press, New 
York, 1965. 

20. Newell, B.S., J. Mar. Biol. Assoc. U.K. (1967) 47, 271-280. 
21. McCarthy, J.J., Limnol.Oceanogr. (1970) 15, 309-313. 
22. McCarthy, J.J., Kamykowski, D., Fish. Bull. (1972) 70 

1261-1274. 
23. Remsen, C.C., Limnol. Oceanogr. (1971) 16, 732-740. 
24. Chau, Y.K., Riley, J.P., Deep-Sea Res., (1966) 13, 1115-

1124. 
25. Clark, M.E., Jackson, G.A., North, W.J., Limno. Oceanogr. 

(1972) 17, 749-758. 
26. Wheeler, P.Α., North, B.B., Stephens, G.C., Limnol. Oceanogr. 

(1974) 19, 249-259. 
27. Schell, D.M., Limnol. Oceanogr. (1974) 19, 260-270. 
28. Thomas, W.H., Renger, E.H., Dodson, A.N., Deep-Sea Res. 

(1971) 18, 65-71. 
29. Gordon, D.C., Sutcliffe, W.H., Marine Chem. (1973) 1, 231-

244. 
30. McCarthy, J.J., Eppley, R.W., Limnol. Oceanogr. (1972) 17, 

371-382. 
31. Stewart, W.D.P., Fitzgerald, G.P., Burris, R.H., Proc. Natl. 

Acad. Sci. U.S. (1967) 58, 2071-2078. 
32. Strickland, J.D.H., Parsons, T.R.,"A Practical Handbook of 

Sea Water Analysis," 310 p., Fish. Res. Bd. Can., 
Ottawa, 1972. 

33. Gundersen, K., Helgol. Wiss. Meersunters (1973) 24, 465-475. 
34. Kiefer, D., Strickland, J.D.H., Limnol. Oceanogr. (1970) 

15 408-412. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



40. M C C A R T H Y E T A L . Nitrogen and Phosphorus Cycling 681 

35. Pritchard, D.W., "Estuaries," p.34-44, G.H. Lauff, Ed., Amer. 
Assoc. Adv. Sci., Washington, D.C., 1967. 

36. Carpenter, J.H., Pritchard, D.W., Whaley, R.C., "Eutrophi
cation; Causes, Consequences, Correctives," p.210-221, 
Natl. Acad. Sci., Washington, D.C., 1969. 

37. Rowe, G.T., personal communication. 
38. Hartwig, E.O., "Physical, Chemical, and Biological Aspects 

of Nutrient Exchange Between the Marine Benthos and the 
Overlying Water." p.164, Ph.D Dissertation, Univ. Calif. 
San Diego, 1974. 

39. Bray, J.T., Bricker, O.P., Troup, B.N., Science (1973) 180, 
1362-1364. 

40. Taft, J.L., Taylor, W.R., McCarthy, J.J., Mar. Biol. (1975) 
in press. 

41. McCarthy, J.J., Taylor,
24, 7-16. 

42. Loftus,. M.E., Subba Rao, D.V., Seliger, H.H., Ches. Sci. 
(1972) 13, 282-299. 

43. Theilacker, G.H., McMaster, M.F., Mar. Biol. (1971) 10, 
183-188. 

44. Parsons, T.R., Stephens, K. Strickland, J.D.H., J. Fish. Res. 
Bd. Can. (1961) 18, 1001-1016. 

45. Fuhs, G.W., J. Phycol. (1969) 5, 312-321. 
46. Fitzgerald, G.P., Nelson, T.C., J. Phycol. (1966) 2, 32-37. 
47. Taft, J.L., Taylor, W.R., Ches. Sci. (1975) in press. 
48. Berman, T. Limnol. Oceanogr. (1970) 15, 663-674. 
49. Perry, M.J. Mar. Biol. (1972) 15, 113-119. 
50. Taft, J.L., Loftus, M.E., Taylor, W.R., unpublished manu

script. 
51. Schubel, J.R., Ches. Sci. (1968) 9, 131-135. 
52. Corner, E.D.S., Davies, A.G., Adv. Mar. Biol. (1971) 9, 101-

204. 
53. Eppley, R.W., Renger, Ε. H., Venrick, E.L., Mullin, M.M. 

Limnol. Oceanogr. (1973) 18, 534-551. 
54. Webb, K.L., Johannes, R.E. Limnol Oceanogr. (1967), 12, 

376-382. 
55. Eppley, R.W., Coatsworth, J.L., Solórzano, L., Limnol 

Oceanogr. (1969) 14, 194-205. 
56. Strickland, J.D.H., Holm-Hansen, O., Eppley, R.W., Linn, R.J. 

Limnol. Oceanogr. (1969) 14, 23-34. 
57. Eppley, R.W. Rogers, J.N., McCarthy, J.J., Limnol. Oceanogr. 

(1969) 14, 912-920. 
58. Holling, C.S., Mem. ent. Soc. Can. (1965) 45, 5-60. 

In Marine Chemistry in the Coastal Environment; Church, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



41 
Gross Analyses of Organic Matter in Seawater: Why, 
How, and from Where 

J O N A T H A N H . S H A R P 

College of Marine Studies, University of Delaware, Lewes, Del. 19958 

The approach in thi
seems desirable to f i r s
scope of marine organic matter before dealing somewhat blindly 
with the more esoteric or chemically specific aspects. Un
doubtedly one needs considerably more information about marine 
organic matter to better understand a number of areas in chemical 
oceanography. In this symposium, Millero, Kester. and Wood have 
stated in their papers that one needs to learn more about 
organic-inorganic interactions before fully describing ion 
speciation in coastal waters. Both Jewett and Brinkman have 
mentioned the problems of misinterpretation of trace metal 
analyses due to differences between freely ionized and organic-
ally-complexed metals. In discussing estuarine nutrient budgets, 
Yentsch and McCarthy have emphasized the importance of organic 
matter. Clearly, there is no question of the mandate for con
siderable research in the field of marine organic chemistry. 

In recent years, there has been much activity by workers 
attempting to measure certain specific pollutants in seawater 
such as DDT, PCB's, and o i l hydrocarbons. However, as Table I 
shows, very l i t t l e is known about the total organic pool in 
seawater. The total organic pool as referenced here does not 
include volatile organic matter, but as Sackett has demonstrated 
in this symposium, gaseous hydrocarbons are found in fairly low 
concentrât ions and the most abundant of the gases, methane, 
would contribute only about 0.03 \ig C'l (11, 12). Thus, the 
vast majority of the organic pool is not easily characterized 
from our present analyses of specific compounds. On the other 
hand, better than 99% of the total inorganic pool can be 
characterized with eleven fairly invariant constituents (13). 
A l l the organic constituents listed in Table I are quite vari
able and yet they only make up about 10% of the total. So, in 
contrast to inorganic chemistry, studies of organic chemistry in 
seawater must deal with a whole, of which at least 90% is 
qualitatively unknown and the remainer is at best quite 
variable. 
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Table I. Representative values for specific organic compounds 
measured in seawater. Values are taken from listed references 
as approximate averages for surface oceanic or not heavily 
polluted coastal waters and are listed in terms of carbon. 

Concentration 
Compound (as yg C - l " 1 Reference 
Total organic pool 1500 1 
Glucose 50 2 
Free amino acids 30 3 
Total hydrocarbons 30 4 
Free fatty acids 15 5 
Urea 10 6 
Glycolic acid 10 7 
Creatine 2 8 
Vitamins 
Chlorinated hydrocarbon

The study of organic matter in the sea is very difficult, 
for the possible array of constituents is enormous. One need 
only look into the field of petrogenesis (14) to see how complex 
natural organic deposits can be. Recent studies of organic 
products in living marine organisms (15) also illustrates the 
multitudinous compounds and complicated nature of the problem. 
In addition to the contribution by marine organisms as they go 
through detrital avenues, excretion of bioactive compounds (16) 
by healthy organisms presents many interesting constituents "to" 
the sea. 

The scope of this symposium is the coastal environment 
while the majority of pertinent research in marine organic 
chemistry has been pursued in oceanic waters. However, the 
coastal environment is enough similar to the open ocean that a 
study of organic chemistry in the former is like an oceanic 
study with most tools being more easily applied. A basic 
criterion for this statement and the ensuing discussion is that 
a l l organic matter in the sea should originate from plant pro
duction. In the oceanic environment, a l l production takes 
place in about a 100 meter thick surface veneer (the photic zone) 
and then by gravity and the food web i t falls out in ever 
diminishing quantities so that the deep sea contains relatively 
old organic matter in fairly constant and low level proportions. 
Moving inshore from this environment, one finds that the photic 
zone production is greater and that the deep water is shallower 
(containing younger, less constant, and higher levels of organ
ic matter). Additionally, one finds an increasing influence of 
terriginous input of organic matter as one approaches land. I 
refer only to plant production (organic matter of animal origin 
i s , of course, indirectly from plant production) and do not 
include anthropogenic organic matter. I do this for three 
reasons. First, man's introduction of organic matter into the 
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sea on a global basis is s t i l l probably relatively small com
pared to that from plant origin. Second, this introduction is 
an inconstant unnatural perturbation to the natural processes of 
production and subsequent breakdown of marine organic matter. 
And third, to assess this perturbation one must be able to f i r s t 
describe the natural processes. I do not intend to understate 
the capability of Homo sapiens to drastically alter his environ
ment; but, in the area of marine organic chemistry, his poten
t i a l has not yet been fully achieved. 

With the above statements in mind, one can see some of the 
design needed for the analytical methods. If analyses can be 
used of sufficient sensitivity and thoroughness for deep ocean 
work, the same methods should be adequate in coastal waters. In 
the latter case, we expect to find organic matter in larger 
quantities and of younge
to measure in destructiv
concentrations, such as lower total salt content and higher pro
portions of some soluble inorganic constituents, should not 
greatly alter efficacy of the desired methods. In upper 
estuaries approaching fresh water, some methods may have to be 
slightly altered. Also, the increased sediment loading in 
coastal waters as well as higher organic contents often requires 
the use of smaller sample sizes than when working in oceanic 
waters. Therefore, in the following discussion I use an oceanic 
viewpoint both for recommended methodology and for interpreta
tion of the environment. 

Why Gross Organic Analyses 

Assuming an oceanic viewpoint, one can see that the vast 
majority of organic matter in the sea is not within living 
organisms. The average organic content in surface waters is 
about 1.5 mg carbon per l i t e r with deep water values being less 
than 1 mg C1~* (1). The average concentration of living organ
ic matter is somewhat diffi c u l t to assess. In surface waters, 
organic matter large enough to be classified as particulate 
makes up about 1 to 7% of the total organic carbon while in deep 
waters this is usually smaller than 1% (17). Essentially a l l 
living organisms f a l l within this category and estimates of 
living organic matter show i t to be about 10-80% of the parti
culate matter in surface waters and less than 10% in deep waters 
(18). 

Thus, in the oceanic environment, living organisms probably 
account for anywhere from less than 0.1% up to 5% of the total 
organic matter. Moving nearshore, the particulate fraction 
accounts for a greater portion of the total organic pool (17) 
and probably the "living fraction" is also larger. Nonetheless, 
the majority of organic matter in the marine environment is 
non-living . 
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A point in discussing gross organic analyses is the overall 
global balance of elements. Garrels and co-workers (19, 20) 
calculate that there is a net flux of organic carbon from land 
to sea for burial in sediments. In a similar fashion, phosphor
ous and nitrogen pass through the hydrosphere en route to sedi
ments (21). As inorganic ions, they are fixed biologically and 
are ultimatelly carried to sediments for burial in organic form. 
Thus, organic carbon, nitrogen, and phosphorous measurements are 
important in studies of elemental fluxes from inorganic dissolved 
form into sediments. These constituents can be especially 
important when viewing coastal waters as a corridor between the 
land and the deep sea. 

Much of this detrital organic matter is important through 
regenerative cycles as inorganic nitrogen and phosphorous plant 
nutrients; this regeneratio
(22). Rates of organi
tErough simple static measurements and considerable effort has 
been expended to indirectly measure organic utilization in the 
sea (23, 24, 25). One can see easily that such estimates are 
made difficult by the fact that both the organic substrates and 
the organisms effecting the degrading vary from sample to sample. 
Thus, an attempt is made to measure a rate for which variations 
occur due to both substrates and to biochemical reaction mechan
isms. Observations of differences in oxygen content of water 
samples can be indicative of organic degradation, but without 
further inputs, quantification is not feasible. 

In waste water analysis, oxygen demand has long been used 
as an indirect measure of organic loading. The standard bio
chemical oxygen demand (BOD) is a measure of bacterial use of 
oxygen in a five-day incubation (26). In the standard proce
dure (26) i t is recommended to seed samples with sewage bacteria 
when necessary and to detoxify samples when necessary. Compari
sons of BOD to total organic carbon analyses have been shown to 
be poor (27). Clearly, application of this measure to coastal 
marine chemistry adds very l i t t l e to our knowledge. It does not 
t e l l us anything about the total organic content, but only about 
that which is degraded under contrived arbitrary conditions. 
Another standard waste water method is chemical oxygen demand 
(COD), which is the indirect measure of oxygen utilization by 
degradation of organic matter in a sulfuric acid-dichromate 
reflux (26). Comparison of COD to total organic carbon showed 
poor agreement (28) and the authors of the comparison partially 
attributed the poor agreement to the differing oxidation states 
of the organic matter. This is a good point and one that also 
applies to BOD analyses. An additional fault with the COD 
method is that the reflux method i s probably not an exhaustive 
oxidation, for evolution of total organic carbon methods shows 
an interesting history of increasingly stronger oxidizing agents 
being applied (29). Indeed, recent estimates suggest that wet 
chemical oxidation methods are not sufficient for total dégrada-
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tion of organic matter in seawater (1,30). 
These points summarized are: 1. Even though a l l the or

ganic matter in the sea has plant production as i t s origin, the 
majority of i t is in a non-living detrital form; 2. Global 
elemental balances show a flux of carbon, nitrogen, and phos
phorous into the sea from land through organic compounds; 3. 
Much of the organic matter is important in the inorganic nutri
ent and oxygen cycles ; 4. Currently employed indirect estimates 
(BOD and COD) of organic loading would be inadequate parameters 
for marine waters. Thus, the answer to the question in the 
heading is that gross organic analyses can be valuable tools in 
understanding biologically-mediated element cycles. 

How To Measure 

Measurements of organi
ceeded by separation of suspended matter from the sample and 
then individual measurements of this "particulate organic matter" 
and the resultant fi l t r a t e or "dissolved organic matter". These 
divisions are quite arbitrary, but rather practical; they are 
discussed further below. Two types of samples result : dried 
particulate matter and seawater· The particulate fraction is 
usually deposited on an "organic-free" microporous glass fiber 
or silver membrane f i l t e r . Usually several hundred to several 
thousand m i l l i l i t e r s must be filtered in the preliminary step 
for sufficient particulate sample to analyze, while the filt r a t e 
samples usually are done on aliquots of 5-10 m i l l i l i t e r s or less. 
The methods given here are this author1s estimate of the best 
routine ones for present-day use, and none are as good as could 
be hoped for in the future. For the descriptions, the samples 
on f i l t e r s w i l l be referred to as "particulate" and those that 
consist of unfiltered seawater w i l l be referred to as "total". 
When total organic analysis is made on a f i l t r a t e , i t f i t s the 
much used category of "dissolved" organic matter. 

A. Total organic carbon. Two recent papers describe high 
temperature combustion methods for total organic carbon (1, 30). 
Neither method is yet at the routine stage, so the best routine 
method is a wet chemical one (31) in i t s modified form (1). 
Comparison of this modified method with the high temperature one 
for oceanic samples (1) shows the least difference for surface 
waters. Therefore, this method is probably fairly accurate for 
nearshore waters. In the method, inorganic carbon is purged 
from the sample, the sample is sealed in an ampoule with K2S2O3, 
and the CO2 from the oxidation is later measured in a non-dis
persive infrared analyzer. 

B. Total organic nitrogen. The simplest and best method is 
that of Armstrong, Williams, and Strickland (32) as described by 
Strickland and Parsons (33). In i t , the organic nitrogen is 
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degraded in solution to nitrate by short-wave ultraviolet light. 
Then the nitrate is reduced to nitrite by a cadmium-copper 
amalgam and the resultant nitrite is read colorimetrically. 
With i n i t i a l nitrate, nitrite, and ammonium concentrations, 
organic nitrogen can be calculated. 

C. Total organic phosphorous. A method using oxidation by 
B^^Og has been proposed (34) and is used in some laboratories. 
THe method suggested here Ts preferred because i t seems a bit 
easier to perform especially when coupled with the organic 
nitrogen method. It is the same method as the nitrogen one 
(32, 33) except that the final readout is phosphate and correc
tion is made for i n i t i a l phosphate content. 

D. Particulate carbo
can be analyzed simultaneousl
superior to most previous independent ones. Several workers 
have described variations of this method, the one cited (35) is 
slightly revised with one instrument while two other instruments 
can also be used (36, 37) and are used in several laboratories. 
The method uses a commercial carbon-hydrogen-nitrogen analyzer 
which has a high temperature combustion step and a thermal 
conductivity gas chromatograph. 

E. Particulate phosphorous. This method is again essen
ti a l l y that of Armstrong et. a l . (32) as used for particulate 
matter by Perry and Eppley (38). In i t , the f i l t e r is placed in 
distilled water for the ultraviolet exposure and phosphate 
analysis. 

From Where 

The t i t l e of this section is meant to be somewhat of a 
double entendre referring both to the sources of the organic 
matter in the seawater and the type of sample on which to do 
analyses. It was stated i n i t i a l l y that essentially a l l organic 
matter in the sea comes from plant production. This being the 
case» one would expect to find a high concentration of organic 
matter at the time of high plant production and indeed this 
does occur (39) . In fact, there is the contention that active 
healthy phytoplankton excrete directly into the sea a s i g n i f i -
can portion of their photoassimilated carbon (40). Proponents 
of this theory point out that the relative amount of phyto
plankton excretion is less in coastal than in oceanic waters 
(41). The case for extensive phytoplankton excretion is possibly 
overstated and circumstantial, being largely based upon experi
mental artifacts.(42). In lieu of this source, probably most of 
the organic matter comes from post-flowering plant production 
and from inefficiency in food-chain transfer. A thought-pro
voking suggestion, made to me several years ago by Dr. Gordon A. 
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Riley, i s that zooplankton when feeding upon phytoplankton must 
cause a good deal of the phytoplankton c e l l fluids to s p i l l out 
into the seawater. As an analogy, one can visualize a child 
eating a juicy piece of fruit. 

As Duursma suggested (39), probably post-flowering plank
ton populations contribute considerable amounts of organic matter 
to the sea. It is convenient, and necessary for understanding 
dynamic processes, to visualize the oceanic environment in a 
steady state (43). However, much of the organic matter may 
come from sporadic plankton blooms. Anyone working in the open 
sea is impressed by both the normal paucity of l i f e and the 
extensiveness of blooms. In the central gyre of the North 
Pacific Ocean, I worked with other researchers on samples taken 
from the end of a diatom bloom. A description of the phyto
plankton population ha
lications are pending.
occurrence was that a large population of the diatom appeared to 
be localized immediately above the temporary thermocline at 
about 45 meters and that the cells did not appear to be very 
active physiologically. The horizontal extent of this popula
tion was probably only several square kilometers. Oxygen 
anomalies of similar geographical proportions have recently 
been documented (45) and they may not be uncommon phenomena. 
So, bloom conditions may be a cause of sporadic injections of 
organic matter in the oceanic environment as they have been 
shown to be in nearshore waters (39). Since these sporadic 
injections probably are a major source of organic matter, samp
ling on broad time and space scales is necessary to obtain a 
representative picture of the environment. 

Detrital organic matter from higher plants is known to be of 
utmost importance to salt-marsh food chains (46) and would seem 
also to be important in general organic phosphorous cycling in 
estuaries (47). How much organic matter reaches coastal waters 
from marsh grasses is not known, but i t could be appreciable. 
To get some feeling for this, one can compare data from 
estuarine and oceanic waters. It is difficult to get truely 
representative data for the comparison, but an attempt is made 
here by using data from the mouth of the Patuxent River in the 
Chesapeake Bay (48) and the Pacific Ocean off California (49). 
These two sources were chosen because they have similar data 
listings. Table II shows the comparisons, and although the 
exercise is somewhat superficial, several interesting points are 
illustrated. 

First, the estuary is richer in a l l six organic classes than 
is the ocean. Second, the enrichment of estuary over ocean is 
far more profound in the particulate than in the dissolved class
es . Both these observations meet with logical explanations 
since the estuary serves as a greater source for the constituents 
and because as the water passes from the estuary to the ocean, 
the particulate matter w i l l tend to settle out. 
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Table II. Comparison of Estuarine and Oceanic Waters. Estuar
ine values from Flemer et a l . (48) and oceanic ones from 
Holm-Hansen et a l . (49). 

Class 
Dissolved organic carbon 
Dissolved organic nitrogen 
Dissolved organic phosphorous 
Particulate organic carbon 
Particulate organic nitrogen 
Particulate organic phosphorous 

Micrograms per l i t e r 
Estuarine/ 

Estuarine Oceanic Oceanic 
2900 800 3.6 
280 100 2.8 
25 15 1.7 

2000 150 13 
280 25 11 

\ 40 4 10 

One would expect similar trends with inorganic constituents 
and that this is the cas
Kester (50). Ratios o
iron are calculated in the dissolved form at 30 and the parti
culate form at 1700. The considerably larger ratios for iron 
than for the gross organic constituents suggests that iron has 
a large estuarine source and solely a sink in the ocean. In 
contrast, the organics additionally have a secondary source in 
the oceanic environment through autochthonous production. This 
partially vindicates the prior claim that anthropogenic inf l u 
ences are not yet very impressive in the form of gross organic 
matter. 

A third observation from Table II is the trend shown with 
both the dissolved and particulate classes of decreasing enrich
ment in going from carbon to nitrogen to phosphorous. This 
observation is interesting in that i t illustrates how gross 
organic analyses can lead toward important qualitative under
standings. Going from estuarine waters seaward, the sources of 
new organic matter will decrease since both higher productivity 
and allochthonous inputs pertain to the nearshore waters. 
Biological breakdown in this same geographic excursion w i l l tend 
to leave a greater proportion of the organic matter at sea older 
and thus further from its source on a time axis. As we might 
expect, the observation of qualitative dif fer ences evident in the 
above comparison therefore suggests differential lability of 
organic compounds containing carbon, nitrogen, and phosphorous, 
with compounds containing the latter two elements being less 
resistant. Another way of viewing this differential degradation 
is by looking at oceanic depth profiles, since surface waters 
are the source areas for organic matter which when transferred 
to deeper waters shows increasing degradation. Using cytochem-
ical staining techniques, i t has been shown that particulate 
matter contains a smaller proportion of protein in deeper waters 
as compared to shallow ones (29). 

In this same fashion, GorHbn (51) finds that carbon to 
nitrogen ratios in particulate matter increase with depth; see 
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Table III· This trend suggests that nitrogen-containing com
pounds are generally more labile than non-nitrogenous ones. 

Table III. Atomic carbon to nitrogen ratios as a function of 
depth. Data from Gordon (51). 

Depth Interval Atomic C/N 
0-250 meters 8.7 
250-500 11.3 
500-1000 11.1 
1000-2000 14.4 
2000-3000 15.7 
3000-4000 17.7 

A third way of imposing
dation is by looking at size classes. The rationale in this 
case is that increasingly greater proportions of the organic 
matter represent more non-living detritus as one looks at smaller 
and smaller particle sizes until ultimately the size class i s 
below the minimal size of any living c e l l . This is illustrated 
in Table IV where the size column represents a downward trend 
from practically pure living proteinaceous matter to an old 
detrital organic residue. 

Table IV. Atomic carbon to nitrogen ratios as a function of 
particle size. Data from Sharp and Renger (52). 

Size class Atomic C/N 
Greater than 505 microns 3.9 
Greater than 308 microns 4.7 
Greater than 183 microns 5.8 
Greater than 101 microns 6.8 
Greater than 35 microns 7.4 
Greater than 20 microns 8.0 
Greater than 1 micron 8.8 
Greater than 0.003 micron 18.2 
Greater than 0.0012 micron 18.6 

The size-class approach brings up an interesting point. As 
mentioned earlier, the cutoff between particulate and dissolved 
organic matter is an arbitrary and functional one. It has a 
long history (53) and the concept of particulate organic matter 
has been very valuable (54). However, the a r t i f i c i a l nature of 
the particulate-dissolvecTcutoff must not be forgotten and i t 
should be appreciated that in nature probably a continuum of 
of particle sizes exists. This is illustrated in Figure 1 which was 
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constructed from carbon analyses done on various size classes. 
Samples in the particulate classes (greater than 1 ym) were 
ultimately analyzed on fil t e r s after prior screening according 
to various mesh sizes. Samples in the less than 1 ym classes 
were analyzed as total organic samples after prior filtration 
through ultrafiltration membranes. The continuum of sizes of 
organic matter illustrates the a r t i f i c i a l i t y of the particulate-
dissolved cutoff. Not only i s the routine particulate class not 
a discrete category, but also much of the dissolved class is 
probably not really in solution. The latter observation has 
lead to the contention that organic matter between 0.001 and 1 ym 
in size should be called colloidal (17). This colloidal size 
class is far larger than the particulate one and its distribution 
in the sea is apparently unlike that of the particulate class as 
shown in Figure 2. In
dal size class, the accessibilit
tration membranes makes study of i t very desirable. 

Using an approach similar to that used for organic carbon, 
Sharp and Renger (52) found a somewhat similar continuous size 
spectrum for organic" nitrogen, although the quantitative nature 
of the curve is somewhat different from that of carbon. Protein 
analyses were run on the retained colloidal organic matter, and 
the protein expressed in light of the total organic nitrogen 
spectrum. In this manner, i t was found that approximately 30 
percent of the total organic nitrogen in the oceanic North 
Pacific photic zone can be accounted for as protein (or, com
bined amino acids). This i s shown in Table V as are some carbon 
data. From this table, protein could also account for more than 
a third of the colloidal organic carbon and for about 7 percent 
of the total organic carbon. 

Table V. Organic carbon and nitrogen from surface oceanic waters. 
Data from Sharp and Renger (52). 

Size Class yg C-Γ"1 ug N-l" 1 % total C % total Ν 
Total 1270 85 
Particulate 31, 3.6 2.4 4.1 
Colloidal 216^ 40 17 47 
Colloidal protein 85 25 6.7 29 

1. Calculated as 17% total carbon from Figure 1. 
2. Calculated from protein nitrogen using a weight ratio 

for C/N of 3.4-value for albumin (55). 

This last point takes one back to Table I where a l l the listed 
specific compounds summed account for only 10% of the total 
organic carbon. So, by using gross organic analyses of size 
classes, one can begin to find qualitative information about 
significant portions of the total organic pool that were other-
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Limnology and Oceanography 

Figure 1. Organic carbon in the North Atlantic Ocean 
as a function of size class. The apparent particle size 
classes are determined by various mesh plankton net
ting an ultrafiltration membranes. The ordinate is a 
cumulative percentage of the total organic carbon (17). 

Limnology and Oceanography 

Figure 2. Depth distribution in the 
North Atlantic Ocean of size classes of 
organic carbon. Total organic carbon 
(TOTAL), particulate organic carbon 
(0.8), and two size groups of colloidal 
organic carbon (0.008 and 0.025) are 

plotted (17). 
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wise not yet classified on a molecular basis. 
To readdress the questions "from where": 1. The organic 

matter comes from plant production and largely via residual 
detrital avenues; 2. Samples taken in comparative sequences 
over geographic or size spectra can begin to provide information 
on the chemical nature of marine organic matter and its fate in 
the ocean. 

Abstract 

The meanings of indirect measurements of COD and BOD and of 
direct measurements of particulate organic carbon, nitrogen, 
and phosphorous, and dissolved organic carbon, nitrogen, and 
phosphorous are discussed. Methods for these analyses are 
included in the discussion
"particulate" and "dissolved
what misleading arbitrary concept. A popular consideration 
among marine scientists is that active healthy phytoplankton 
excrete appreciable amounts of organics into seawater. This is 
disputed and the importance of post-flowering plankton popula
tions and macrophytic plant detritus are considered. 
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Abiotic methylation 305 
Abiotic transformations 330 
Acetate ion 316 
Achrobacter 257 
Acids, unsaturated 240 
Activity coefficient s) 8,113 

of barium sulfate 100,106 
of calcium sulfate 105 
calculation of 113 
equations for 10
free 9,1
of free ions and charged ion pairs 48 
of heavy metals in river waters 50 
of the river ions 49 
for the sea salts, stoichiometric 31 
for the seawater ions 32,34 
of single ions 12 
of sodium chloride 104 
total 9,13,31,32,34,49,50 
trace 100,105,106 

Adsorbed fraction 383 
Adsorbed metal ions 186 
Adsorption 90,93,144,180,192 
Advection-diffusion model, one-layer 121 
Advective 

model, two-layer 121 
nutrient fluxes 652 
processes 637 
removal times 626 

Aerial precipitation 425 
Aerosols, tropospheric 202 
Agricultural utilization of sludges 460 
Alabandite 372 
Aldrin 586 
Alga, euryhaline 604 
Algae 238 
Algal blooms 602,670 
Algal selection of nitrate 678 
Alkaline hydrolysis extraction 271 
Alkalinity 4,353,372,378 
Alkane(s) 259,285,293,294 
Alkylation processes 333 
Alkylation in water, metal 304 
Allomerization 253,256 
Aluminum (Al) 83,133 

salts 454 
Amazon River 137 
Amino acids 69 
4-Amino-3,5,6-trichloropicolinic 

acid (Picloram) 589 

Ammonia 354,472 
Ammonium 

concentrations 355,674,678 
distribution 648 
input 637,653 
in the New York bight apex 636 
in nitrogen labeled nitrate 668 

Anaerobic 
decomposition 349 

Analysis methods for hydrocarbons ... 267 
Analytical capability 418 
Analytical techniques 345 
Anchorages, tidal flushing of 434 
Animals, taxa of 246 
Anion 27,33,47,48 
Anoxic basins 216 
Antagonism among waste constituents 419 
Anthropogenic element 319 
Anthropogenic sources and distribu

tions 217 
Anti-corrosive and anti-fouling coat

ings, marine 549,554 
Antimony (Sb) 80 
Apatites 4 
Apparent dissociation constants 3 
Apparent stability constant 374 
Aqueous metal ions 333 
Aqueous systems 572 
Arachidic acid 297 
Aragonite 7 
Aromatization 253 
Arsenic 331 
Arthrobacter 257 
Artificial systems 580 
Asphalt 231 
Association constants 16,48 
Atmosphere-water interface 121 
Atmospheric flux 87 
Atomic ratio of carbon-to-nitrogen .... 690 
Atomic ratio of carbon-to-phosphorus 

uptake 671 
Authigenic trace metal phases 148 

Β 
Bacteria 

coliform 171 
intracellular 330 
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Bacteria (continued) 
photosynthetic and nonphotosyn-

thétic Γ. ' 239 
sulfate reducing 349 
sulfur-oxidizing 475 
unsaturated acids in 240 
in the water column 679 

Bacterial 
agents 332 
catalysis 213 
cycling of heavy metals 319 

Bale(s) solid waste 467 
biological degradation of 471 
dissolved organic matter out of 473 
dump model 480 
food waste 475 
hydrogen sulfide produced in 473 
after immersion 47
nitrogen in 47
oxygen consumption experiments 

on 472 
physical parameters of 479 

Baltic Sea 43 
Baltimore Harbor 320 
Barging wastes to sea 407 
Barite 100 
Barium (Ba) 80 

sulfate 100,106 
Baruch Marsh 168 
Base metal oxides 557 
Basins, anoxic 216 
Baygon (o-isopropoxyphenyl-n-

methylcarbamate ) 576,588 
Benthos 450 
Benzene concentration 225 
Betulinic acid 251 
Bicarbonate distribution in the sedi

ment 375 
Bicarbonate ion 351,374 
Binding energies 190,191 
Binomial probabilities 160 
Bioactive compounds 596,598 
Biochemical degradation 259 
Biochemical oxygen demand 

( B O D ) 171,685 
Biodégradation 262,264 
Biodynamic compounds 596,600,603 
Biogenesis 235 
Biogenic sulfur, free 325 
Biogeochemistry 123,142,170 
Biological markers 236 
Biological processes 144,177 
Biomass, nutrient 668 
Biometallic mechanisms 337 
Biotic origin of petroleum 235 
Biotic transformations of metals 330 
Biotoxins, marine 603 
Biotransformations of inorganic sub

strates 332 

Birnesite 559 
Bisulfate ions 4 
Bituminous coatings 552 
Bituminous materials 263 
Black Sea · 168 
B O D ( biochemical oxygen 

demand) 171,685 
Boric acid 4,27 
Bottom paints 424 
Bottom sediments 444 
Boundary concentration 88 
Boundary conditions 369 
Box core sediments 429 
Brines 225,226 
3-p-Bromophenyl-l-methoxy-l-

methyl urea 587 
Budgets 

winter/summer 160 
Buffer scale, NBS 5 
Buzzards Bay 667 

C 

Cadmium (Cd) 47,81,139,382, 
389,413,414 

Calcite · 6 
Calcium (Ca) 10,65,133 

carbonate 6 
phosphates 7 
sulfate ·· 105 

California, L a Jolla 667 
California, southern .. 142,424,426,428,435 
Cancer anthonyi, crab 435 
Carbamate pesticides 575 
Carbaryl (Sevin) 576 
Carbon 

-10-isoprenoid fraction 245 
colloidal organic 691 
dioxide 4,258 
on earth 233 
isotope range of natural materials .. 244 
-to-nitrogen ratios, atomic 690 
organic 442, 449,572,686,691 
particulate 687 
-to-phosphorus uptake 671 
preference index 292 

Carbonate(s) 134,166 
alkalinity 351,353,372,378 
carbon-14 labeled 668 
complexes 50 

Carbonic acid 3,14 
Carboxylic acids 69 
Cariaco Trench Basin 216 
Catalysis, bacterial 213 
Cathodic protection, underwater 

coatings with 553 
Cation(s) .. 26,27,33,35,47,48 
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Cell, radial flow 531 
Cellulose acetate membranes 520,521 
Cerium (Ce) 81 
Cesium (Cs) 80 
Charleston Harbor, S C 
Chelating agents, trace organic 112 
Chemical(s) 

cycling of heavy metals 319 
budgets 152 
equilibrium in seawater 1 
mass balance relations 343 
between natural reservoirs, transfer 

of 19 
brought into the oceans, sinks for .... 18 
oxygen demand ( C O D ) 685 
potentials 97,98 

Chesapeake Bay 146,176,321,343, 
364,365,664,67

Chitin 505,50
Chloride 

complexes 50,58 
free activity coefficients of 10 
ions 113,307,309,348 
profiles 368,371 
sulfate solutions, mixed 97 
as a tracer 346,367 

Chlorin 256 
Chlorinated hydrocarbons 430,433 
Chlorinated rubber 554 
Chlorinity 1 
Chlorite 190,196 
Chlorohydroxymercury complexes . . . 310 
Chlorophyll a 242,650,659,676 
Chromatographic analyses, gas 275,282 
Chromium ( Cr ) 81,139,186,192,413,414 
Ciguatoxin 597 
Clams 272,274 
Clay(s) 8,18,134,183,186,349 
Clinker layer 346 
Cluster expansion model 34 
Coastal waters 

low-molecular-weight hydrocarbons 
in Gulf of Mexico 211 

minor element models in 80 
New England 608 
particulate matter in 93 
phosphate load for 616 
silver and zinc to trace sewage 

slude dispersal in 440 
waste solid disposal in 394,410,440 

Coatings 148,549,552-554 
Cobalt (Co) 81,139,165,566 
C O D (chemical oxygen demand) 685 
Colgate Creek 323 
Coliform bacteria 171 
Colloidal matter 534 
Colloidal organic carbon 691 
Colorado River 205 
Commercial dump 468 
Composite sample schedule 154,155 

Concentration gradient 92,160,322 
Concentration polarization 522,524 
Conductance 45,46 
Conservative 

mixing model 177 
properties 609 
trace elements 142 
tracer 346 

Continental shelf 221 
Contingency probabilities, hypergeo-

metric 161 
Continuous bucket-line dredging 

system 565 
Continuous plug factor monitor 539 
Copepods 597 
Copper (Cu) 47,83,139,165,171, 

176,391,413,414,437,566 

Correlation matrix for heavy metals .. 335 
Corrosion problem of ship 550 
Corynebacterium 257 
Cost of wastewater treatment 464 
Crab 435,506,507 
Cracking 213 
Crude oil 245,246,255 
Cuprous oxide 554 
Current velocities 467,651 
Currents, nontidal 652 
Cycling of heavy metals 319 
Cycloalkenes 277 

2,4-D compounds 587 
Day budgets 161 
D D T 433,435 
Debye-Huckel theory 30 
Deep ocean ideal radon profile 126 
Degradation 260,572,592 
Dehydrogenation 248,251,259 
Desulfovibrio desulfuricans 257 
Delaware 142,285 
Delta manganese dioxide 559 
Depositional environments 276 
Deposits, redox potential vs. p H for 247 
Depth, atomic carbon-to-nitrogen 

ratios as a function of 690 
Desalination market 519,542 
Desorption processes 144,145,180 
Detection limit 92 
Detrital organic matter 685 
Detrital particles 145 
Diagenesis 144,242,248,251 
Diagenetic reactions 292,365 
Diatom bloom 688 
Diatom dissolution 349 
Diazinon 575,592 
Diazoxon 575 
3,4-Dichloroaniline 589 
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2,4-Dichlorophenol 587 
Dieldrin 586 
Diffusion 

coefficient 90,92,370 
experiments, dye 92 
Fickian 90 
of manganese 365 
model 121,371 

Diffusional flux of dissolved organic 
matter 473 

Diffusive flux 667 
Diffusive transport 82 
Diffusivity, uniform 127 
Diffusivity in water, molecular 129 
Digestion extraction 274 
Dil ls Creek 155,156,161,162,163,166 
Dilution of seawater, heat of 117 
4-Dimethylamino-3,5-xylylmethy

carbamate (Zectran) 57
2,9-Dimethylpicene 25
Dimethylselenium 332 
Dimethyltin ions 305 
0,0-Dimethyl-0-(3-methyl-4-

nitrophenol ) phosphorathioate 592 
Dimetilan 576, 592 
2,4-Dinitrophenol 592 
Dinoflagellate gymnodinium breve, 

red-tide 600 
Dipyridylium quaternary herbicides .. 581 
Diquat 581 
Discharge 137,139,140,154,412 
Disease transmission, human 462 
Disposal 

dredged waste 399 
ocean (see Ocean disposal) 
sites, waste 395,398,421 
sludge 458,459 
solid waste 394,467 

Dissociation 3,14 
Dissolved organic matter 686 
Dissolved species 134 
Distillation fractions, crude oil 246 
Distillation processes 546 
Dolomite 3,7 
Domes, salt 217 
Dover sole 435 
Dredge spoil 410 
Dredged wastes 398 
Dredging system 565 
Drogue release 654 
Dump, commercial 468 
Dump model, bale 476,480 
Dumping, sludge 443,479,653 
Dungeness crab filament 507 
Dye diffusion experiments 92 

Ebb flow 154 
Eddy diffusivity 87 

Effluent, sewage · 637 
E h (redox potential) 58,63,358 
Electrolyte(s) 25,27,30,98,115 
Electrode potentials, standard 70 
Electron binding energies, core 190 
Electrons, binding energy 191 
Elements, minor 80,84,86 
Energies, core electron binding 190 
Energy of alkane oxidation, free 259 
Energy electrons, binding 191 
Enzymes 245 
Equilibrium 

in estuaries 14 
hydrocarbon in seawater 214 
in pore waters 19 
in seawater, chemical 1 

Equivalent 

property
weight for rivers 40 
weighted cation contribution 26 

E S C A (x-ray photoelectron spec
troscopy) 186 

Estuaries 225 
biogeochemical process in 123,142 
elements in 142,178 
equilibrium in 14 
lead-210 in 206 
physical chemistry of 25 
sediments carried to 133 

Estuarine 
salt 43 
salt wedge 146 
sediments 144 
sulfur cycle 324 
system, heavy metals in the 319,322 
system, river- 202 
waters 38,39,42,46,152,689 

Estuary 
Delaware 142 
Hudson River 119, 618 
Merrimac River 143,148 
mixing m an 15 
nutrient budgets 618 
sediments in the 129 
system, soil-stream- 202 

Euphotic zone 668 
Euryhaline alga 604 
Evaporate-deposits 134 
Export rate for phosphate 163 
Extraction . 270-272,274,288 

Farming tidal waters 496 
Fatty acids 285, 293 

bound 296 
degradation 259 
extraction of 288 
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Fatty acids (continued) 
long-chain free 295 
unsaturated 298,300 

Faults, geological 217 
Feed water quality 534 
Fenitrothion [0,0-Dimethyl-0-(3-

methyl-4-nitrophenol) phos-
phorothioate] 592 

Fermentation schemes 258 
Ferric ions 65 
Ferric species in natural waters 66 
Ferro-manganese deposits 364 
Ferrous 

complexes in natural waters 60 
ions, solution equilibria of 58 
iron 58,61 
magnesium and calcium ions 65 
oxygenation 71,7

Fibers, triacetate hollow 54
Fickian diffusion 90 
Filament, crab 507 
Film membranes, one pass-, two-pass 533 
Flake, red crab 507 
Flatfish 431 
Flocculation 142 
Flood tide composite sample 167 
Flushing, tidal 434 
Food 

chain 598 
waste bale 475 
web, marine 450 

Fossil fuels 248 
Foulants, membrane 529 
Fouling control 524 
Free energy of alkane oxidation 259 
Free ion concentrations 16 
Fresh water dilution 659 
Fresh waters, distribution of 612 
Fuel, fossil 248,252 
Fuel oil 275 
Fungal agents 332 

G 
Gallium (Ga) 81 
Gas (es) 

across the atmosphere-water inter
face, dissolved 121 

brines produced with 225 
chemical composition of 231 
chromatographic analyses 275,282 
dissolved nonreactive 213 
platforms, offshore 221 
seep, bubbling 218 
vented underwater, waste 221 

Geochemistry of recent sediments, 
lipid 285 

Geological faults 217 
Geological fence 241 
Germanium (Ge) 81 

Goethite 559 
Gonyaulax tamarensis 602 
Gravity cores 344 
Great Marsh, Lewes, Del 285,287 
Grit blasting of steel 551 
Gross organic analyses 684 
Ground water 204 
Gulf of Mexico 211,215,220,488 
Gymnodinium breve 600 
Gypsum 100,107 

H 
Haber-Weiss mechanism 72 
Half-life values, hydrolytic 576 
Heat of dilution of seawater 117 
Heavy metals 413,454 

 speciatio
into organometals, conversion of .... 304 
photolysis of 308 
in river waters 50 
in seawater 34 
in sediments 382 
in sludge 461 
speciation of the 34,49 
tracer 202 

Hemolytic activity of toxins 604 
n-Heptadecene 277 
Herbicides, dipyridylium quarternary 581 
Herbivorous zooplankton 677 
Hollow fiber permeators 537 
Hubbard Brook, N . H 204 
Hudson River 

estuary .... 119,120,618,621,627,629,631 
ideal radon profile 126 
plume 659 

Human disease transmission 462 
Hydration 10,32 
Hydrocarbon(s) 

from algae 238 
chlorinated 430,433 
from clams 272,274 
concentrations 223,224,226,228 
extraction of 288 
in Gulf of Mexico coastal waters .... 211 
in marine environments 231,268 
from photosynthetic and non-photo-

synthetic bacteria 239 
produced by microorganisms 237 
profile, vertical 218 
saturated 269,292 
in seawater 212,214,216 
seepage, offshore 211 
"sniffer" 213 
spiked to a marine lipid extract 279 
in surface sediments 267,274 
in surface water 212 
utilizers 259 
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Hydrochlorination 569 
Hydrofluoric acid 4 
Hydrogen sulfide 4,324,473 
Hydrolysis,- kinetics of 575 
Hydrolytic half-life values 576 
Hydrolytic transformations 572 
Hydrometallurgical process 568 
Hydronium ion activity 583 
Hydroxide complexes 50,58 
Hydroxides, metal 166 
Hydroxy acids 69 
Hypergeometric 2 x 2 contingency 

probabilities 161 
Hypsometric model 155 

Ichthyotoxins 59
Ignition loss determination 28
Illite 93,190,19
Incineration of sludges 458 
Incubation technique 666 
Industrial viewpoint on ocean disposal 406 
Industrial waste 411,412,424,428 
Infinite dilution equivalent con

ductance 45 
Inorganic substrates, biotransforma

tions of . ·. 332 
"Inorganic zinc" pre-construction 

primer 551 
Insect waxes 242 
Instrumentation 385 
Interaction parameters 98,114 
Interface 

atmosphere-water 121 
mass transport across 119 
sediment-water 343 

Interstitial 
phosphate 354 
silicate concentrations 349 
water 134 

authigenic trace metal phases in 148 
of Chesapeake Bay 343,364 
chloride profiles 368 
dissolved manganese in 364,373 
sulfate and alkalinity data for 373 

Ion(s) 
activities 97,374 
activity coefficients 12,32,34,39 
adsorbed metal 186 
association 8 
composition, major 4 
concentrations, free 16 
- i o n interactions 28,98 
pairs 8,16,32,48,113 
river 48,49 
of seawater 32,34 
single " 12 
sorbed metal 186 
-water interactions 28 

Ionic 
component 26 
solutes 30 
strength 10,16,59 

Iron (Fe) 83,133,165,176,358,566 
chemical model for 57 
in clays 134 
dissolved and particulate 56 
ferrous 58,61 
in natural waters 56 
oxyhydroxides of 180 
reactions in marine waters 75 
redox reactions and solution com

plexes of 56 
vs. salinity 179 
in a salt marsh 170 
salts 454 

in Susquehanna River discharge .... 140 
Irradiation 313,587, 592 
Isopiestic method 102 
Isoprenoid fraction 245 
O-Isopropoxyphenyl-JV-methylcarba-

mate (Baygon) 588 
2-Isopropyl-4-methyl-6-hydroxy-

pyrimidine 592 
Isothermal water columns 214 
Isotope range, carbon 244 
Isotope tracer studies 664 

Japan, mariculture operations in . . . . . 487 

Kaolinite 190,197 
Kerogen 231,250,252 
Kinetic(s) 71,296,419, 575, 580 
King crab filament 507 
Kuruma shrimp 487 

L a Jolla, Calif 667 
Lake Erie 631 
Lake Michigan 364 
Land disposal of sludges 459 
Lanthanum (La) 81 
Lattice elements, mineral 190 
Leaching 384,387,567 
Lead (Pb) 47,81,87,142,165,171, 

382,389,413,414 
-210 202-207 
sheathing 550 

Lewes, Del. 285 
Ligands 62,65,304 
Light hydrocarbons 212,226 
Lignites 245 
Lime 454,457 
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Limestones 3 
Linuron 588 
Lipids 279,285 
Load-on-top ( L O T ) procedure 219 
Lobster 605 
Local diffusion coefficient 92 
Long Island Sound 88,206,207 
Los Angeles Harbor 428,431 
Los Angeles River storm runoff 426 
Louisiana Shelf 218 
Lysoch'ne 7 

M 
Magnesium (Mg) 10,65,113,133,134 

calcite 7 
chloride 113 
sulfate 11

Manganese (Mn) 83,140,176,358
364,365,370,373-375,566 

dioxide 559 
nodules 557,560 
oxyhydroxides 180 
profiles 378 

Mariculture 487 
Marine 

anti-corrosive and anti-fouling 
coatings 549 

biotoxins 603 
disposal of sewage sludge 453 
environment 

baled solid waste disposal in the 467 
petroleum hydrocarbons in 231 
toxins and bioactive compounds 

in the 596 
transformations in the 419 

food web 450 
lipid extract 279 
organisms 597 
phytoplankton data 178 
Protection, Research, and Sanctu

aries Act 407,416 
surface sediments 268 
systems, iron in 56,75 
waters, sulfidic 168 

Markers, biological 236 
Marshes 152,170,285,286 
Ni ass 

balance 181,343 
exchange device 525 
transport across interfaces 119 

Massachusetts, Buzzards Bay 667 
McKay-Perring method 102 
Mean equivalent weight for rivers 40 
Mean salt method 9 
Mechanical analysis 288 
Mediterranean Sea 44 
Membrane(s) 

asymmetric 521,531 
cellulose acetate 520,521 

Membrane(s) (continued) 
dependent activities 604 
devices 523 
foulants 529 
one-pass 532,533 
polyamidehydrazide film 529,531 
two-pass film 533 

Mercuric 
acetate irradiation 313 
ion concentrations 307 
sulfide 324 

Mercury (Hg) 81,142,413,420 
abiotic methylation of 305 
at Colgate Creek 323 
complexes 311 
extractable 325 
in industrial effluents 428 

 municipa
from New York City and New 

Jersey 414 
photoalkylation of 333 
in sediments 49,321 
- t in "crossover" 336 
vertical concentration gradients of 322 

Merrimac River estuary 143 
Metal(s) 

alkylation in water 304 
biotic and abiotic transformations 

of 330 
coordination 305 
heavy (see Heavy metals) 
hydroxides 166 
ions 186,333 
oxides, base 557 
species, protonated 306 
sulfides 166 
trace (see Trace metals) 
transport 137 

Metathetical alkylation processes 333 
Meteoritic sulfur standard, reference 324 
Methane 213 

distribution 122 
in estuaries, biogeochemistry of .... 123 
formation of 216,251,258 
in the Gulf of Mexico and the Ross 

Sea 215 
oxidation 122 
in surface waters 220 
as a tracer 119 

Methanococcus mazei 263 
Methanol, Soxhlet extraction pro

cedure with 270 
Methanosarcina barberi 263 
Methylation 305,332 
Methylcobalamin 334 
Methylmercury 305,330 
N-Methyl-2V-nitro-2,4,6-triazocyclo-

hexane (Tetryl) 578 
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Metabromuron [3- ( p-bromophenyl ) -
methoxy- 1-methy 1 urea] 587 

Microbial decomposition 170 
Microbial modification 253 
Microbiological attack of bituminous 

materials 263 
Microorganisms, degradation by 260 
Microorganisms, long-chain hydro

carbons produced by 237 
Migration, trace metal 169 
Mineral(s) 
clay 183,186 
lattice elements 190 
solubilities of 5 
—water interaction 144 

Mineralogy 559 
Mining, deep ocean 557 
Minor elements 80,84,8
Mississippi River 22
Mixed electrolyte solutions 97,98 
Mixing model, conservative 177 
Model calculations 83,377 
Molecular diagenesis 248 
Molecular diffusivity in water 129 
Molybdate-reactive phosphate 621 
Molybdate-reactive silicate 627 
Molybdenum (Mo) 80 
Mossbauer spectroscopy data 195 
MS-a-naphthylporphyrin 242 
Mucopolysaccharides 505 
Multicomponent electrolyte solution .. 25 
Municipal wastes 394,412,428,469 

Ν 
1-Napthol 576 
1-Naphthyl-N-methylcarbamate 

(Sevin) 588 
Narragansett Bay 75,267 
Natural 
lead-210 as a heavy metal tracer .... 202 
materials, carbon isotope range of 244 
sediment sources 396 
waters 
chemical potentials in 97 
Eh-pH diagram for 63 
ferric species in 66 
ferrous complexes in 60 
ferrous oxygenation in 71 
iron concentrations in 57 

NBS buffer scale 5 
Negative surface potential 198 
Neuro-transmitters 604 
New England coastal waters 608 
New Hampshire Hubbard Brook 204 
New Jersey 411,414,637 
New York 
Bight 207,400,410,636 
cadmium, chromium, copper, lead, 

mercury, nickel, oil, and zinc 
from 414 

New York (continued) 
metropolitan region, sewage treat

ment niants in the 638 
Rockaway Point 637 

Nickel (Ni) 81,139,165,413,414,566 
Night budgets 161 
Nitrate 668,674,678 
Nitrite 668 
Nitrogen 214,676,687 

in the Chesapeake Bay 664 
ratios, atomic carbon-to- ... 690 
from surface oceanic waters 691 
total organic 686 
transport of dissolved 667 
in waste bales 472 

Nitrogenous nutrients 675 
p-Nitrophenol 581,592 

propertie
trace elements 142,178 
tracer 82 

Nodule(s), manganese .... 557,560-563,566 
Nonelectrolyte solutions 27 
Nontronite 193,196 
North Atlantic 214 
North Inlet, S.C 163 
Nucuh proximo, 450 
Nutrient(s) 
budgets 618 
fluxes, advective 652 
measurements 668 
plant 636 
-salinity relationships 643 
uptake rate measurements 668 

Nutrition, plankton 664 

Ο 
Ocean(s) 
disposal 416,467 

criteria 419 
industrial viewpoint on 406 
permits for 417,456 
regulation of 395,416 
trends in 400 

hydrocarbons in the 216 
ideal radon profile, deep 126 
light hydrocarbons in the open 212 
mining, deep .. 557 
open 219 
sinks for chemicals brought into the 18 
trace elements in the 80 
transport of materials from conti

nents to 133 
Oceanic 
composition 17 
sink 82 
waters 612,689,691 

Offshore gas and oil well platforms .... 221 
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Offshore hydrocarbon seepage 211 
Oil 

brines produced with 225 
chemical composition of 231 
distillation fractions, crude 246 
fuel 275 
from New York City and New 

Jersey 414 
Ponca City Crude 245 
well platforms, offshore 221 

One-layer advection-diffusion model 121 
Open ocean 219 
Optical rotation in crude oil distilla

tion fractions 246 
Organic 

carbon 442,449,684,691 
coatings 552 
compounds from marine organism
ligands 6
matter 

anaerobic decomposition of 349 
detrital 685 
dissolved 473,686 
oxidation of 148 
particulate 686 
ratio, lead-210 206 
in seawater 682 

pesticides 572 
sediments 234 
substrates 170 

Organisms, bottom dwelling 399 
Organisms, marine 597 
Organocarbamates 575 
Organometallic polymers 555 
Organometals 304 
Organophosphates 573 
Organotin compounds 305,312 
Orthophosphate 357,671 
Osmotic coefficients 101,113 
Osmotic pressure in seawater R O 520 
Outfall systems, submarine 424 
Oxide coatings 148 
Oxidizable fraction 384 
Oxygen (O) 133,214 

concentrations, low dissolved 399 
consumption 471,472 
demand ( B O D ) , biochemical 685 
demand ( C O D ) , chemical 685 
salinity sediments 387 

Oxygenated waters 122 
Oxygenation, ferrous 71,75 
Oxyhydroxides of iron and manganese 180 

Ρ 
Pacific manganese nodules 560 
Paints, anti-fouling 424,553 
Palos Verdes 429,433 
N-Paraffins 242,255,262 
Paraoxon 575,581,592 

Paraquat 581 
Parathion 575,581,592 
Parson Island 331 
Particle, detrital 145 
Particle size 690 
Particulate 

dissolved cutoff 690 
matter 93,180,534 
organic matter 686 
phosphate concentration 178,179 
trace elements in rivers 135 

Passaic River 627,643 
Pathogenic organism removal 455 
P C B 435,437 
Pee Dee River basins 164 
Permanganate reactions 582 

Pesticides 572,575,582 
Petrogenic seepage 217 
Petroleum 

belts, major world 249 
boiling point of 244 
contamination 211 
diagenesis 251 
fate of pristane and phytane in 243 
fractions, major 232 
high-wax 285 
hydrocarbons 231,268,279 
migration 253 
origin of 234,235 
pollutants 328 
rain 235 

Petroporphyrins 236,242 
p H 5,63,247,354 
l-Phenyl-3-methyl-5-pyrazolyl-

dimethylcarbamate (Pyrolan) .... 588 
Pheophoride a 256 
Philadelphia sewage sludge dump

ing 443,444 
Phosphate 166,176 

concentration 178,179,615 
in Dills Creek 163 
distribution of 610,613 
export rate for 163 
as a function of salinity 621 
interstitial 354 
load for coastal waters 616 
in the lower Hudson Estuary and 

Lake Erie 631 
molybdate-reactive 621 
nonconservative model for 611 
sewage-derived 626 
silicate in the Hudson Estuary 629 
uptake by phytoplankton 625 

Phosphomonoesters 673 
Phosphoric acid 4,668 
Phosphorites 4 
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Phosphorus 
cycling 664 
organic 687 
particulate 687 
salts to precipitate 454 
transport of 667 
uptake 671 
in the waste 471 

Photic zone 683 
Photoaldrin 586 
Photoalkylation 333 
Photochemical systems 586 
Photodecomposition 591,592 
Photodieldrin 586 
Photolysis 308,316,588 
Photolytic alkylation 333 
Photosynthetic bacteria 239 
Physical chemical properties of

water 2
Physical chemistry of estuaries
Phytane 243,280 
Phytoplankton 636 

activity 665 
biomass 670 
data, marine 178 
excretion 687 
minor elements in 86 
uptake 625,659 

Picloram ( 4-amino-3,5,6-trichloro-
picolinic acid) 589, 591 

Plankton nutrition 664 
Plant(s) 

engineering, R O 529 
nutrients ... 636 
taxa of 246 
waxes 242 

Plug factor monitor, continuous 539 
Plug factor test 534 
Plume, Hudson River 659 
p m H F scale 5 
Polarization, concentration 522,524 
Pollutant(s) 328,424,620 
Polyamidehydrazide film mem

brane 529,531 
Polyelectrolytes, synthetic organic 454 
Polymers, organometallic 555 
Polyvinyl chloride 554 
Ponca City crude oil 245 
Pore water 19,145,365 
Porphyrins 236 
Posts theory 241 
Potassium (K) 133 

chloride 10,113 
permanganate 581,582 

Precipitation 90,148,166,180,202,425 
Pretreated water 538 
Pretreatment system, seawater 535 
Primer, "inorganic zinc" pre-construc

tion 551 
Prism, tidal 169 

Pristane 243,277 
Probabalities, binomial 160 
Probabilities, hypergeometric 2 X 2 

contingency 161 
Prostaglandins 599 
Protein 457 
Protonated metal species 306 
Prymnesium parvum 604 
Pseudomonas sp 336 
Pycnocline 670 
Pyrolan ( l-phenyl-3-methyl-5-

pyrazolyldimethylcarbamate ) 576,588 

R 
Radial flow cell 531 
Radium-226 204 

 (Rn)
-222 119,204 

Rain, petroleum 235 
Rainfall 388 
Raritan River 643 
Rate 

constants 581 
equation, second order 310 
of reaction 305 

Reaction kinetics 580 
Reactivity of trace elements, chemical 135 
Recalcitrant compounds 572 
Recycling waste products 407 
R D X ( 1,3,5-triazocyclohexane ) 578 
Red crab 506,507 
Red Sea 44 
Red-tide dinoflageriate 600,602 
Reddingite 372 
Redox 56,58,70,247 
Reducible fraction 383 
Reefs, artificial 468 
Refuse, municipal 469 
Refuse, ocean dumping of 467 
Reilly, Wood, and Robinson ( R W R ) 

equations 98,113 
Remobilization of trace metals 144,145 
Removal 

mechanisms 18 
processes 90 
times 81,626 

Reservoirs, natural 19 
Residence times 80, 84 
Residual fraction 384 
Residual solids 134 
Resins, insoluble 554 
Reverse osmosis (RO) 519, 521 

devices 528,537 
module, tubular 539 
plant engineering 529 
seawater desalination by .... 519,530,542 

Rhodochrosite 148,372 
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Rio Zulia crude oil 246 
River(s) 225 

dissolved trace elements in 134 
-estuarine system 202 
mean equivalent weight for 40 
particulate trace elements in 134 
salts 40,45,47,48 
transport 134 
water 

composition of 38 
concentration parameters for mix

tures of 15 
conductance of 46 
copper, zinc, cadmium, and lead 

in 47 
density of 39,40,41 
dissolved solids in 133 
heavy metals in 5
ions in 48,4

Rockaway Point, New York 637 
Rosin 554 
Ross Sea 215 
Rubber 554,555 
R W R (Reilly, Wood, and Robinson) 

equations 98 

S 
St. Clair River 304,337 
Salinity 1,316,611,676 

definition of 44 
in Dills Creek 161 
distribution 610,646 
iron vs 179 
phosphate as a function of 621 
relationships, nutrient- 643 
relationships, temperature- 637 
sediments, oxygen 387 

Salt 
concentration in seawater R O 520 
domes 217 
estuarine 43 
marsh 170,285 
river 40,45,47,48 
sea 31,35,40,45 
wedge, estuarine 146 

Sampling problems 81 
San Diego Harbor 437 
Sand filtered water 538 
Sandy Hook, N.J 637 
Santee River basin 164 
Sargasso Sea 75,88 
Savannah River basin 164 
Saxitoxin 603 
Scandium (Sc) 80 
Sea 

barging wastes to 407 
discharge of sludge in the 455 
salts 31,35,40,45 
-sediment interface 216 

Seasonal succession of algal blooms .. 602 
Seasonal variation in ammonium 636 
Seawater 

artificial 112,115,116 
baled solid wastes in 472 
calcium carbonate in 6 
carbon dioxide system in 4 
chemical equilibrium in 1 
composition of 2 
conductance of 46 
copper in 47,437 
desalination 519,520,530,542 
dissolved solids in 133 
electrolytes in 115 
freezing point of 116 
heat of dilution of 117 
heavy metals in 34 

ionic solutes in 30 
ions in 26,32,34 
minor elements in 84 
mixtures of river water and 15 
organic matter in 682 
P C B in surface 437 
permeators 541 
p H of 5 
physical chemical properties of 25 
pretreatment system 535 
solutions 28,29 
trace elements in 82 
trace metals in 112 
zinc, cadmium, and lead in 47 

Second order rate equation 310 
Secondary treated sludge 440 
Sediment(s) 

age 300 
analysis 386 
bicarbonate distribution in the 375 
bottom 429,444 
in box core 429 
cadmium in 389 
carried to estuaries 133 
Chesapeake Bay 343,365 
D D T in 433 
digestion 383 
dissolved nitrogen and phosphorus 

from the 667 
in the estuary 129 
generation 213 
heavy metals from 382 
hydrocarbons in 267,274 
lead in 389 
lipid distributions 285 
lipid geochemistry of 285 
mass balance 181 
mercury concentrations 321,429 
Narragansett Bay 269 
organic 234 
organic carbon of 449 
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Sediment ( s ) ( continued ) 
oxygen-salinity 387 
n-paraffin distributions for 242,255 
petroleum hydrocarbon composi

tion in 268 
pore waters 145 
radon from 127 
recent 242,255,285 
samples 275,276,441 
-sea interface 216 
silver concentrations of 443 
sources, natural 396 
Soxhlet and digestion extraction 

from 274 
surface 267,268,274,277,321,433 
suspended 162 
trace metals in 145,443 
water interface 119,34
zinc in 145,389,44

Sedimentation 14
Seepage 217,388 
Selenium (Se) 81,142,331 
Semidiurnal tidal cycle 437 
Seto Inland Sea 487 
Sevin ( 1-naphthyl-N-methylcarba-

mate) (Carbaryl) 576,588,592 
Sewage 

-derived 
phosphate 626 
pollutants 620 
silicate 630 

effluent 637 
outfalls 620 
sludge disposal .... 440,443,444,453,459 
treatment plants 638 

Sex attractants 596 
Shales 245 
Sheathing, copper and lead 550 
Ship, corrosion problem of 550 
Ship worm 549 
Shot blasting of steel 551 
Shrimp 

farming 487 
feeding 493 
harvesting procedures 499 
hatching 488,489,491 
kuruma 487 

Siderite -.····· 148 
Silicon (Si) 81,133 
Silica 7,143,163,350 
Silicate 134 

concentrations, interstitial 346 
distribution 625 
in the Hudson Estuary 627,629 
molybdate reactive 627 
sewage-derived 630 
sink for 625 

Silicone rubber 555 
Silver (Ag) 81,440,443 

Silvex 578 
Sinks 18,82,319,625 
Skin structure of asymmetric mem

brane 521,531 
Sludge(s) 

agricultural utilization of 460 
to the air, disposal of 458 
anaerobic digestion of sewage 459 
characteristics 453 
heavy metals in 461 
incineration of 458 
to land, disposal of 459 
landfilling of 459 
lime reclamation from 457 
management systems 455 
outfalls · 455 
protein in waste biological 457 

455,463,653 
secondary treated 440 

Social considerations of sludge dis
posal 463 

Sodium (Na) 10,113,133,605 
bicarbonate solutions 75 
bisulfite 540 
chloride 99,100,104,105,113 

Soil 202,204 
Sole Dover 435 
Solid(s) 

disposal, waste 394,467 
dissolved 133 
of the estuarine salt 43 
residual 134 
suspended 137 
waste 394,472,473 

Solubility 5,6 
Solution complexes 56 
Solution equilibria .58,65 
Sorbed metal ions on clay minerals .... 186 
South 

Carolina, Charleston 152 
Carolina, North Inlet 163 
Marsh Island 223 

Southern California Bight 142 
Soxhlet extraction 270, 274 
Spartina 162,169 
Spatial distribution of molybdate-

reactive phosphate 621 
Spatial variations in water composi

tion 343,365 
Specific interaction model 30 
Spectroscopy date, Mossbauer 195 
Squid 605 
Stability constants 58,60,66,374 
Stability fields 311 
Standard electrode potentials 70 
Steel, shot or grit blasting of 551 
Stern layer 186 
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Stoichiometric 

activity coefficient 31 
association constant 33,48 
solubility product 6 

Stoichiometry 580 
Storm runoff 426 
Stream-estuary system, soil- 202 
Streams, lead-210 in 205 
Submarine outfall systems 424 
Subsurface water during petroleum 

migration 253 
Sulfate 

alkane oxidation with 259 
complexes 58 
concentration 352 
data for interstitial waters 373 
ions 113 
reducing bacteria 34
salts 9

Sulfides, metal 16
Sulfur (S) 323-325,475 
Sulfuric acid selective leach 567 
Summer budgets 160 
Surface 

potential, negative 198 
runoff 424 
sediments 267,268,274,277,321,433 
waters 166,212,220,223,224,691 

Surfactants 165 
Suspended sediment 162 
Susquehanna River 137,139,140, 

142,177,205,208,368,666 
Synergism 419 

Τ 
Tanker cleaning 219 
Tappan Zee region 127 
Taxa of plants and animals 246 
Tellurium 331 
Temperature-salinity relationships 637 
Terrigenous material 133,205 
Tetrodotoxin 603 
Tetryl ( N-methyl-N-nitro-2,4,6-tri-

azocyclohexane) 578 
Thallium (Tl) 81 

acetate 316 
Thermodynamic stability 579 
ThiobaciUus thioparus 257 
Thorium (Th) 81 
Tidal 

creek 152 
cycle 437 
excursion 620 
flushing 434 
gage 155 
marsh 152 
prism 169 
waters, farming 496 

Tin (Sn) 81,332,336 
Titanium (Ti) 83 
Titration alkalinity 4 
T N T (2,4,6-trinitrotoluene) 578 
Todorokite 559 
Topcoats 552 
Toxic anti-fouling coatings 554 
Toxicity 419,592,603 
Toxins 596,597,604 

activity coefficient 99,100,105,106 
components 176 
contaminant 419 
elements 

chemical reactivity of 135 
conservative or nonconserva-

tive 142,178 

removal times of 83 
in rivers 134 
in seawater 80,82 

metal(s) 8,14,165,424 
in artificial seawater 112 
concentration data 81,138 
in flood tide composite sample .... 167 
fluxes 436 
migration 169 
phases, authigenic 148 
precipitation of 166 
in sediment pore waters 145 
in sediments 144 
in solid wastes 473 
in sulfidic marine waters 168 
survey, for 443 
transport 142 

organic chelating agents 112 
Tracer(s) 

chloride as a 346,367 
conservative 346 
diffusive transport of 82 
experiment 93 
lead-210 as a heavy metal 202 
methane and radon-222 as 119 
studies, isotope 664 

Transalkylation 253 
Transect 645,652 
Transformations 330,419,572,592 
Transition metal ions 116 
Transmethylation 307,333 
Transport 

diffusive 82 
mass 119 
of materials from continents to 

oceans 133 
metal 137 
physical influences on 367 
river 134 
trace metal 142 
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Triacetate hollow fibers 546 
1,3,5-Triazocyclohexane ( R D X ) 578 
2.4.5- Trichlorophenoxyacetic acid 

(2,4,5-T) 592 
1,2,4-Trihydroxybenzene 587 
Trimethylarsine 332 
Trimethyllead 333 
2.4.6- Trinitrotoluene ( T N T ) 578 
Tropospheric aerosols 202 
Tungsten ( W ) 81 
Two-layer advective model 121 

U 
Ultraviolet irradiation 587 
Underwater 

coatings 553 
vents 223 
waste gases vented 22

Uniform diffusivity 12
Unsaturated acids 240,300 
Upward diffusive flux 667 
Urea concentrations 668,677 

V 
Vanadium (V) 81 
Vegetation, marsh 285 
Vents, underwater 223 
Vertical 

chloride, profiles 371 
concentration gradients of mercury 322 
distribution of trace components .... 176 
hydrocarbon profile 218 

Virus removal 455 

W 
Waste 

bale 470,471,475 
biological sludges 457 
characterization 420 
constituents 419 
discharges from municipal and 

industrial sources 394, 412,424 
disposal 399 
dredged 398,399 
gases 221 
phosphorus in the 471 
products, recycling 407 
as a resource 468 
to sea, barging 407 
solids 394,472,473 

Wastewater 428,453,464 
Water 

chemical potentials in 97 
chemistry 343 
coastal 80,93 
column 214,320,679 

Water (continued) 
distribution of fresh and oceanic .... 612 
E h - p H diagram for 63 
estuarine 38,39,42,46,152,689 
ferric species in 66 
ferrous complexes in 60 
ferrous oxygenation 71,75 
interaction, i o n - 28 
interaction, mineral- 144 
interface, atmosphere- 121 
interface, sediment- 119,343 
interstitial 134, 343 
iron m 57,75 
marine 75 
metal alkylation in 304 
methane oxidation in 122 
minor element models in 80 

oxygenated 122 
particulate matter in 93 
pore 145 
pretreated 538 
river (see River water) 
sand filtered 538 
surface 166,212,220,223,224,691 
Susquehanna River discharge 137 

Wave orbital velocities 467 
Waxes 242,597 
Weak acids 3 
White Point outfall system 429 
Winter budgets 160 
Worm, ship 549 

X-ray photoelectron spectroscopy 
( E S C A ) 186 

Young's rule for a multicomponent 
electrolyte solution 

Yttrium (Y) 
25 
81 

Zectran ( 4-dimethylamino-3,5-xylyl-
methyl carbamate) 578 

Zinc (Zn) 83,165,176,382,413 
from New York City and New 

Jersey 414 
pre-construction primer 551 
in river water and seawater 47 
in sediments 145,389,449 
Susquehanna River discharge 139 
to trace sewage sludge dispersal .... 440 

Zirconium (Zr) 81 
Zooplankton 665, 677 
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