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FOREWORD 

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Serie  ADVANCES IN CHEMISTRY SERIE
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

BOTH ORGANIC AND INORGANIC AREAS of water-column and sediment 
geochemistry have recently served as the focus of much research. This book 
deals with major advances in organic marine and estuarine geochemistry, as 
well as the effects of organic substances on the speciation and distribution of 
inorganic and organometallic substances. The organization of this book is 
such that it should prove useful not only as a collection of related research 
articles, but also as a reference and a text suitable for graduate and advanced 
undergraduate courses in organi  marin  geochemistry

The authors of the chapter
their respective areas of specialization. Basic geochemical topics such as 
structures are included as well as diagenesis of organic natural products. 
Also discussed are anthropogenic pollutant substances in the marine 
environment and the effect of diagenesis and cycling on the distribution and 
fate of both toxic and nontoxic substances. I hope the combination of review 
and application chapters has produced a book that will be useful to many 
people in diverse fields. 

Without the enthusiasm and cooperation of the exceptional authors and 
the encouragement of the former chairmen of the Geochemistry Division 
(F. Miknis, T. Weismann, and G. Helz), this book never would have 
materialized. In addition, I would like to thank my husband, Rolf, for 
assisting in the drafting of tables and figures and for helping with the 
organization of the book. I am also indebted to the Geochemistry Division 
for its support in sponsoring the symposium from which this book was 
developed and to The Petroleum Research Fund, administered by the 
American Chemical Society, for partial support of the symposium. 

MARY L . SOHN 
Florida Institute of Technology 
Melbourne, FL 32901 

May 14, 1985 
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1 
Organic Marine Geochemistry 
An Overview 

Mary L. Sohn 

Department of Chemistry, Florida Institute of Technology, Melbourne, FL 32901 

The use of modern hyphenated methods such as GC-MS have proven 
invaluable to the task of assigning specific sources to specific 
organic compounds isolated from marine sediments, suspended 
particulate matter, interstitial water and seawater. Early 
chapters of this volume discuss the correlation of various 
classes of compounds isolate
sediments with source
bacteria, phytoplankton, zooplankton and nonbiological components 
such as anthropogenic input, petroleum seepage, and the 
weathering of "mineral" deposits. 

Biomarkers 

A biological marker (or "biomarker") may be defined as "a 
compound the structure of which can be interpreted in terms of a 
previous biological origin." Since the isolation and identifi
cation of metalloporphyrins in bitumens by Treibs (2) in the 
1930's and their correlation with tetrapyrroles of chlorophylls, 
implying a biological origin for petroleum, an enormous amount of 
progress has been accomplished in this area of research. 

In order to be a useful biomarker, a compound must retain 
enough of its original structure to be identified as a modified 
version of the original biological parent compound. The reten
tion of the carbon backbone of biologically generated alcohols, 
in alkanes isolated from sediments and petroleum fractions, 
includes the classic cases of pristane and phytane as diagenetic 
products of phytol (the alcohol which esterifies the carboylic 
acid group in chlorophyll-a) and 5 ,-cholestane from cholesterol. 
Other examples of the usefulness of alkanes as biomarkers include 
correlations of various n-alkanes to bacterial populations (3), 
and the association of C30-steranes with marine versus nonmarine 
input (originally as C30-sterols) (4). 

Another factor commonly used as a source indicator with 
respect to alkanes is the carbon number distribution. 
Briefly, n-alkane distributions with carbon number maxima in the 
17-21 range (C17-C21) originate largely from aquatic algal 
sources, while maxima characterized by higher carbon numbers are 
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2 ORGANIC MARINE GEOCHEMISTRY 
i n d i c a t i v e of higher p l a n t input ( l e a f waxes of t e r r e s t r i a l 
p l a n t s ) £l, 5 ) . In a d d i t i o n , C23~ C33 n-alkanes w i t h a pre
dominance of an odd number of carbons to an even number of 
carbons (OEP) i s a l s o i n d i c a t i v e of t e r r e s t r i a l higher p l a n t 
input (_1, 6-9) although l o s s of odd numbered carbon predominance 
can occur w i t h m a t u r i t y ( 5 ) . Thus, although petroleum i s 
b e l i e v e d t o be of b i o l o g i c a l o r i g i n , petroleum input i s 
c h a r a c t e r i z e d by a l a c k of odd t o even predominance (O.E.P. = 
1.0). The i s o t o p i c composition of alkanes and of other c l a s s e s 
of compounds can a l s o be used as a general source input i n d i c a 
t o r . I s o t o p i c f r a c t i o n a t i o n r e s u l t i n g from the metabolic path
ways i n v o l v e d i n the synthesis of b i o l o g i c a l l y produced 
compounds, when preserved i n a d i a g e n e t i c product, i s f r e q u e n t l y 
used to d i f f e r e n t i a t e between t e r r e s t r i a l and aquatic sources. 
Hydrogen and carbon i s o t o p i c compositions of biogenic methanes 
from shallow aquatic environments i s discussed i n a l a t e r chapter 
of t h i s volume (R. A. Burk
l i t y of carbon i s o t o p i
Mesozoic sediments i s discussed by R.M. Joyce and E. S. Van 
V l e e t . 

Many other c l a s s e s of l i p i d s besides alkanes have proven t o 
be v a l u a b l e biomarkers, i n c l u d i n g f a t t y a c i d s , s t e r o l s , amino 
a c i d s , p o l y s a c c h a r i d e s , g l y c e r o l s , wax e s t e r s , porphyrins and 
many is o p r e n o i d s . The greater the extent of a l t e r a t i o n of a 
compound by d i a g e n e t i c processes, the harder i t i s to c o r r e l a t e 
the product t o the b i o l o g i c a l precursor. However, the successive 
changes undergone by the precursor molecule can sometimes be 
deduced from the s t r u c t u r e of the product. In these cases the 
"biomarker 1 1 i s a l s o a geochemical marker and may be r e f e r r e d t o 
as a biogeochemical i n d i c a t o r . For example, s t e n o l to s t a n o l 
r a t i o s can be used as an i n d i c a t o r of sediment o x i c i t y . High 
s t e n o l / s t a n o l r a t i o s are i n d i c a t i v e of o x i d i z i n g r a t h e r than 
reducing environments ( 1 , 20). Perylene provides an i n t e r e s t i n g 
example of a PAH of disputed o r i g i n , which may prove t o be a 
r e l i a b l e i n d i c a t o r of syn-and p o s t - d e p o s i t i o n a l anoxia when 
present i n greater than t r a c e amounts (11). I n d i c a t o r s of the 
biogeochemistry of c h l o r o p h y l l and the temperature dependence of 
c h l o r o p h y l l diagenesis i s reviewed i n the chapter by J.W. Louda 
and E. W. Baker. Other chapters i n t h i s volume concerned w i t h 
source input markers and geochemical i n d i c a t o r s i n c l u d e those by 
S.C. B r a s s e l l and G. E g l i n t o n , J.W. de Leeuw, J . Whelan e t a l . , 
J . J . Boon et a l . , R.M. Joyce and E. S. Van V l e e t . 

Humic Substances 
Compared t o the w e l l defined s t r u c t u r e s and i n t e r r e l a t i o n s h i p s of 
the d i s c r e t e molecular biomarkers and geochemical i n d i c a t o r s 
discussed above, r e l a t i v e l y l i t t l e i s known about marine humic 
substances. Whether the major source of input t o d i s s o l v e d and 
sedimentary marine humic substances i s of t e r r i g e n o u s or marine 
o r i g i n i s s t i l l o c c a s i o n a l l y debated i n the l i t e r a t u r e , although 
most i n t e r p r e t a t i o n s p o i n t towards marine p l a n k t o n i c sources^ 
( 1 2 - ^ ) , based most c o n v i n c i n g l y on i s o t o p i c r a t i o s , GC-MS, H 
and C NMR and i n f r a r e d s y ^ c t r a (15-17). Stuermer et a l (12) 
propose a combination of C and H/C r a t i o s as a 
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source input i n d i c a t o r of t e r r e s t r i a l versus marine d e r i v e d humic 
substances. 

One of the most u s e f u l t o o l s f o r determining input sources, 
f u n c t i o n a l group content and diagçnetic r e l a t i o n s h i p s between 
hum^ f r a c t i o n s has proven t o be C NMR. The e a r l y a p p l i c a t i o n s 
of C NMR t o humic substances were done by s o l u t i o n NMR and were 
thus l i m i t e d t o base s o l u b l e humic and f u l y ^ c a c i d s (16, 18, 19). 
The subsequent a p p l i c a t i o n of s o l i d - s t a t e C NMR to humic 
samples has allowed f o r d i r e c t comparisons between s o l u b l e and 
i n s o l u b l e f r a c t i o n s a s ^ e l l as between humic substances from 
d i v e r s e environments. C NMR a n a l y s i s of s o l i d samples i s made 
p o s s i b l e by the use of cross p o l a r i z a t i o n and magic angle 
spinning (CP/MAS). Cross p o l a r i z a t i o n i s a s e n s i t i v i t y enhancing 
technique i n which the a p p l i c a t i o n o|^radio frequency pulses a t 
the resonance frequencies of H and C e s t a b l i s h e s contact 
between the two populations a l l o w i n g f o r ^ c r o s s p o l a n i z a t i o n ( i . e . 
p a n s i e r of magnetization
C p o p u l a t i o n . Magi

s e v e r a l kHz at an angle of 54.7 r e l a t i v e t o the e x t e r n a l l y 
a p p l i e d magnetic f i e l d ) minimizes l i n e broadening due t o chemical 
s h i f t a n isotropy (20-21) The combination of these techniques 
w i t h h i g h power decoupling and f o u r i e r transform a n a l y s i s has 
y i e l d e d h i g h r e s o l u t i o n s p e c t r a which can provide r e l i a b l e 
estimates of v a r i o u s carbon types, (21-24). 

The important question of the r e l i a b i l i t y of q u a n t i f i c a t i o n 
of s o l i d s t a t e C NMR r e s u l t s can be answered i n p a r t by 
r e l a x a t i o n s t u d i e s and the measurement of r e l a x a t i o n constants 
(25-27) and i s discussed i n gre a t e r d e t a i l by M.A. Wilson and 
A.H. G i l l a m i n a l a t e r chapter of t h i s volume. Q u a n t i f i c a t i o n of 
the aromatic content ( f & ) of marine humic and f u l v i c a c i d s by 
CP/MAS C NMR has demonstrated t h a t these substances have low 
a r o m a t i c i t i e s r e l a t i v e t o t e r r e s t r i a l counterparts (16,28). The 
low aromatic ( h i g h a l i p h a t i c ) content of marine humic substances 
i s a r e s u l t of t h e i r i n s i t u production. Higher p l a n t s 
a s s o c i a t e d w i t h t e r r e s t r i a l environments c o n t r i b u t e l i g n i n t o 
s o i l humic substances. The l a c k of l i g n i n i n marine p l a n t s 
r e s u l t s i n a low a r o m a t i c i t y of marine humic substances although 
c o a s t a l sediments may c o n t a i n h i g h l e v e l s of v a s c u l a r p l a n t 
residues (29). L i g n i n i s an aromatic based n a t u r a l polymer 
c h a r a c t e r i z e d by methoxyl group s u b s t i t u t i o n s on the benezene 
r i n g s t r u c t u r e . These l i g n i n - a s s ^ c i a t e d methoxyl groups 
t y p i c a l l y produce a d i s t i n c t i v e C NMR peak which i s normally 
i n t e r p r e t e d as a source marker f o r t e r r e s t r i a l i nput. However, 
as discussed i n the chapter by M.A. Wilson and A.H. G i l l a m , 
c o n t r i b u t i o n s from other carbon types ( p o s s i b l y amino a c i d 
carbon) may c o n t r i b u t e to t h i s s i g n a l . The r e l a t i v e l y new 
technique of d i p o l a r dephasing i s capable of d i s t i n g u i s h i n g 
between t e r r e s t r i a l l i g n i n methoxyl s i g n a l s and other protonated 
carbons which may resonate i n the methoxyl r e g i o n of the 
spectrum. D i p o l a r dephasing takes advantage of d i f f e r e n t 
r e l a x a t i o n r a t e s of v a r i o u s types of carbon and u t i l i z e s t h i s 
phenomenon t o d i s t i n q u i s h between protonated and nonprotonated 
carbon (26). The u t i l i z a t i o n of d i p o l a r dephasing i n studying 
the d i a g e n e t i c changes undergone by organic matter i n marine 
sediments i s discussed i n a chapter by W.T. Cooper et a l . . 
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4 ORGANIC MARINE GEOCHEMISTRY 
Recent advances i n the s t r u c t u r a l i n t e r r e l a t i o n s h i p s among humic 
substances of marine and e s t u a r i n e sedimentary o r i g i n i s 
discussed i n the chapter by P.G. Hatcher and W.H. Orem. 

Organic P o l l u t a n t s i n the Marine Environment 
The biogeochemistry of organic p o l l u t a n t s i n marine systems i s of 
enormous economic and environmental impact. The environmental 
behavior of p o l y c h l o r i n a t e d biphenyls (PCB fs) has been s t u d i e d 
rather e x t e n s i v e l y because of t h e i r d e t r i m e n t a l e f f e c t s on human 
h e a l t h and on l i v i n g marine resources (30-32). As discussed i n 
the chapters by J.W. F a r r i n g t o n e t a l . , due to recent advances i n 
gas c a p i l l a r y chromotographic methods, i t i s now p o s s i b l e t o 
study the biogeochemistry of i n d i v i d u a l PCB's r a t h e r than t h a t of 
combined i n d u s t r i a l mixtures of PCB's (33-36). In order to 
r e a l i s t i c a l l y assess the r i s k s t o animal h e a l t h , i t i s important 
to be able to work w i t h i n d i v i d u a l PCB l e v e l s r a t h e r than w i t h 
unresolved mixtures becaus
terms of t o x i c i t y (37)

The contamination of c o a s t a l marine environments by 
anthropogenic hydrocarbon input i s a l s o a matter of urgent 
concern w i t h respect to human h e a l t h and p r e s e r v a t i o n of n a t u r a l 
resources. Hydrocarbon contamination by o i l s p i l l s can o f t e n be 
tra c e d t o sources by f i n g e r p r i n t i n g techniques. An e x c e l l e n t 
review of current developments i n t h i s f i e l d i s presented by E.S. 
Van V l e e t (38) i n c l u d i n g d i s c u s s i o n s on computer i n t e r f a c e d t o t a l 
f l u o rescence, t r a n s m i s s i o n i n f r a r e d spectroscopy, GC and GC-MS, 
tr a c e metal a n a l y s i s e t c . . The c o r r e l a t i o n of hydrocarbons w i t h 
petroleum sources i s f r e q u e n t l y hindered by d i f f e r e n t i a l 
weathering. For a d e t a i l e d d i s c u s s i o n on the weathering of 
petroleum i n the marine environment, the reader i s r e f e r r e d t o a 
current l i t e r a t u r e review (39). In t h i s volume, the 
f i n g e r p r i n t i n g of hydrocarbon contamination from s p e c i f i c land 
use a c t i v i t i e s , supported by GC-MS a n a l y s i s of polynuclear 
aromatic compounds (PNA) are discussed by R.H. P i e r c e e t a l . and 
by E.B. Overton e t a l . , w h i l e f i n g e r p r i n t i n g of hydrocarbon 
contamination from carbonied c o a l products (creosote and c o a l 
t a r ) i s described by T.L. Wade et a l . . 

V o l a t i l e Organic Substances 

The decomposition of complex organic substances by m i c r o b i a l 
marine populations r e s u l t s i n the i n s i t u production of biogenic 
methane, which i s found i n t r a c e amounts i n a l l f r e s h and s a l t 
waters. The r e l a t i v e importance of acetate a s s i m i l a t i o n and CO^ 
red u c t i o n as primary methanogenic pathways i s discussed i n the 
chapter by R.A. Burke and W.M. S a c k e ^ . In the past, these 
pathways were s t u d i e d by the use of C l a b e l l e d s u b s t r a t e s . 
However, the authors demonstrate the advantages of using s t a b l e 
hydrogen and carbon i s o t o p i c compositions of biogenic methanes to 
evaluate the r e l a t i v e c o n t r i b u t i o n s from these two pathways. 
Seasonal d i s t r i b u t i o n s of methane are discussed i n the chapter by 
J.D. C l i n e e t a l . . 

V o l a t i l e halogenated methanes are a l s o produced i n s i t u i n 
the marine environment and have been found to be as s o c i a t e d w i t h 
marine macroalge (40). The r e l e a s e of these halogenated methanes 
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i n t o c o a s t a l seawater has a l s o been demonstrated (41-43) and i s 
of environmental concern. A seasonal study of the r e l e a s e of 
polybromomethanes i s described i n the chapter by P.M. Gschwend 
and J.K. MacFarlane. 

Organic - Inorganic I n t e r a c t i o n s 

The major i n f l u e n c e of organic marine substances on the 
p a r t i t i o n i n g and s p e c i a t i o n of i n o r g a n i c and organometallic 
substances i s discussed i n the c l o s i n g chapters of t h i s volume. 
Complexation, adsorption and/or r e d u c t i o n of ions and compounds 
by organic matter i n marine and b r a c k i s h systems g r e a t l y a f f e c t 
the c y c l i n g and b i o a v a i l a b i l i t y of many p o t e n t i a l n u t r i e n t s and 
t o x i c substances. 

The complexation of metal ions by humic substances i s a w e l l 
documented phenomenon (44-51). Due to the ubiquitous nature of 
these n a t u r a l l y o c c u r r i n
important r o l e i n determinin
other substances i n both t e r r e s t r i a l and aquatic environments 
(52-56). In order to p r e d i c t or model the p a r t i t i o n i n g of a 
p a r t i c u l a r metal i o n i n a given environment, i t i s e s s e n t i a l to 
be able to evaluate the magnitude of the i n t e r a c t i o n between the 
p e r t i n e n t components of the environment (the substrates) and the 
metal i o n . When de a l i n g w i t h the v a r i o u s s o l i d phases which may 
be present, adsorption of the i o n onto each phase ( c l a y , sand, 
s i l t , hydrous metal oxides, humus) can be s t u d i e d v i a the 
e v a l u a t i o n of adsorption isotherms (56). In the s o l u t i o n phase, 
complexation i s an important process which competes w i t h i o n - p a i r 
formation and subsequent p r e c i p i t a t i o n . The strength of the 
complexation r e a c t i o n can be measured by e v a l u a t i o n of a 
c o n d i t i o n a l formation constant. (57-59, 46). 

Adsorption of d i s s o l v e d substances onto suspended matter i s 
a primary process i n the removal of d i s s o l v e d substance from the 
water column and subsequent c o n c e n t r a t i o n i n sediments. The 
major r o l e played by adsorbed organic coatings on p a r t i c u l a t e 
matter i s w e l l known (60, 61). The processes of complexation and 
adsorption i n marine systems and t h e i r e f f e c t s on the s p e c i a t i o n 
of v a r i o u s ions and compounds are discussed i n the c l o s i n g 
chapters. 
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2 
Molecular Geochemical Indicators in Sediments 

S. C. Brassell and G. Eglinton 

Organic Geochemistry Unit, School of Chemistry, University of Bristol, Bristol BS8 1TS, 
United Kingdom 

Sediments from contemporary aquatic environments 
contain a diversity of compounds that provide an 
assessment of the sources of their organic 
matter. These components include lipids with 
structural features that are indicative of their 
biological origins. Thus, specific diterpenoids 
and triterpenoid
contributions fro
Similarly, among the numerous sterols recognised 
in sediments many are diagnostic of their algal 
origins, notably 4α-methylsterols derived from 
dinoflagellates. Several l ip id types 
characterise contributions from bacteria; for 
example, acyclic isoprenoid alkanes arising from 
methanogens. Illustrative examples of such 
diagnostic l ip id distributions show the 
possibilities for differentiating between 
sediments receiving allochthonous terrigenous 
organic matter and those dominated by 
autochthonous algal and bacterial 
contributions. Within the hydrocarbon 
distributions, by contrast, several features can 
denote non-biological sources of organic 
components, such as the weathering of ancient 
sediments, o i l seepage and o i l spillage. A 
further development in environmental assessment 
using molecular indicators stems from the recent 
recognition that the unsaturation of specific 
lipids contributed to sediments by 
cocco1ithophorid algae provide a measure of 
water temperatures. 

T h i s p a p e r c o n c e n t r a t e s o n t h r e e a s p e c t s o f t h e 
a p p l i c a t i o n o f m o l e c u l a r o r g a n i c g e o c h e m i s t r y t o t h e 
i n t e r p r e t a t i o n o f t h e b i o l o g i c a l o r i g i n s o f s e d i m e n t a r y 
o r g a n i c m a t t e r a n d t h e u s e o f s u c h i n f o r m a t i o n i n t h e 
e v a l u a t i o n o f d e p o s i t i o n a l e n v i r o n m e n t s . F i r s t , t h e b a s i s 

0097-6156/86/0305-0010$06.75/0 
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f o r t h e a s s i g n m e n t o f s p e c i f i c c o m p o u n d s a s d i a g n o s t i c 
m a r k e r s f o r t h e c o n t r i b u t i o n s o f p a r t i c u l a r b i o t a t o 
s e d i m e n t s i s c o n s i d e r e d a n d i l l u s t r a t i v e e x a m p l e s o f s u c h 
m o l e c u l a r i n d i c a t o r s a r e g i v e n . S e c o n d , t h e s e d i m e n t a r y 
d i s t r i b u t i o n s o f s u c h c o m p o n e n t s a r e d i s c u s s e d a n d t h e 
p o s s i b i l i t i e s f o r t h e i r u s e i n t h e q u a l i t a t i v e a s s e s s m e n t 
o f c o n t r i b u t i o n s f r o m d i f f e r e n t b i o l o g i c a l s o u r c e s t o 
s e d i m e n t s i s a d d r e s s e d . T h i r d , o n e g r o u p o f l i p i d s w h i c h 
o c c u r w i d e l y i n m a r i n e s e d i m e n t s , n a m e l y l o n g - c h a i n ( £ 3 7 
t o C ) a l k e n o n e s , a r e c o n s i d e r e d i n t e r m s o f t h e i r 
p o t e n t i a l t o p r o v i d e a n a s s e s s m e n t o f o c e a n i c w a t e r 
t e m p e r a t u r e s i n t h e s h a l l o w s u b s u r f a c e f r o m t h e 
s e d i m e n t a r y m o l e c u l a r r e c o r d . 

The s t a n d a r d m e t h o d o l o g y u s e d i n i n v e s t i g a t i o n s o f 
t h e o r g a n i c c o n s t i t u e n t s o f s e d i m e n t s t y p i c a l l y i n v o l v e s 
t h e i r e x t r a c t i o n , t h e
o r c o m p o u n d c l a s s a n
i d e n t i f i c a t i o n b y g a s c h r o m a t o g r a p h y ( g c ) a n d c o m p u t e r i s e d 
g a s c h r o r n a t o g r a p h y - m a s s s p e c t r o m e t r y ( g c - m s ) . D e t a i l s o f 
s u c h p r o c e d u r e s a r e n o t g i v e n h e r e , b u t c a n be f o u n d i n 
t h e r e f e r e n c e s c i t e d . 

M o l e c u l a r I n d i c a t o r s i n S e d i m e n t s 

The d e v e l o p m e n t o f m o l e c u l a r m a r k e r s a s i n d i c a t o r s o f 
b i o l o g i c a l c o n t r i b u t i o n s t o s e d i m e n t a r y o r g a n i c m a t t e r 
r e l i e s o n t h e i n f o r m a t i o n f r o m t h e l i p i d c o m p o s i t i o n o f 
a p p r o p r i a t e o r g a n i s m s . S u c h i n f o r m a t i o n i s o f t e n s c a n t . 
T h e r e f o r e , e x i s t i n g d a t a i s u s e d t o p r o p o s e w o r k i n g 
h y p o t h e s e s t h a t c a n be m o d i f i e d o r a m e n d e d w h e n a d d i t i o n a l 
i n f o r m a t i o n b e c o m e s a v a i l a b l e . The u n d e r l y i n g r a t i o n a l e 
f o r t h i s a p p r o a c h i s t h e t a c i t a s s u m p t i o n t h a t t h e 
b i o c h e m i c a l p a t h w a y s o f l i p i d b i o s y n t h e s i s i n d i f f e r e n t 
o r g a n i s m s a r e n o t n e c e s s a r i l y u n i f o r m a t t h e p r e s e n t t i m e , 
n o r h a v e t h e y b e e n o v e r g e o l o g i c a l h i s t o r y . R a t h e r , i t 
s e e m s t h a t t h e l i p i d c o m p o s i t i o n s o f b i o t a h a v e b e e n 
t a i l o r e d t h r o u g h o u t e v o l u t i o n t o m e e t t h e i r e n v i r o n m e n t a l 
n e e d s . H e n c e , t h e d i s c r e p a n c i e s a n d s i m i l a r i t i e s b e t w e e n 
t h e l i p i d s o f d i f f e r e n t o r g a n i s m s c a n be u s e d t o a s s e s s 
t h e i r g e n e r i c r e l a t i o n s h i p s l e a d i n g t o c h e m o t a χ o n o m y . 
S u c h c h e m o t a x o n o m i c d e s c r i p t i o n o f o r g a n i s m s u s i n g l i p i d 
c o m p o n e n t s r e l i e s o n t h e i n f o r m a t i o n o b t a i n e d f r o m t h e 
a n a l y s i s o f b o t h l a b o r a t o r y c u l t u r e s a n d n a t u r a l 
p o p u l a t i o n s o f i n d i v i d u a l s p e c i e s . T h e a s s i g n m e n t o f a 
g i v e n c o m p o u n d r e c o g n i s e d i n s e d i m e n t s t o a s p e c i f i c 
b i o l o g i c a l s o u r c e i s b a s e d o n s u c h c l a s s i f i c a t i o n s a i d e d 
b y i n f o r m a t i o n f r o m e n v i r o n m e n t a l a n a l y s e s , s u c h a s t h e 
i n v e s t i g a t i o n o f s e d i m e n t s t h o u g h t t o r e c e i v e d o m i n a n t 
i n p u t s f r o m a p a r t i c u l a r s p e c i e s o r c l a s s o f o r g a n i s m . 

I n d e e d , t h e v e r i f i c a t i o n o f t h e b i o l o g i c a l s o u r c e a n d 
s i g n i f i c a n c e o f i n d i v i d u a l l i p i d c o m p o n e n t s o f g e o c h e m i c a l 
i n t e r e s t i s o f t e n b e s t s e r v e d b y s t u d i e s d e s i g n e d t o 
e v a l u a t e t h e i r o r i g i n s i n a c h o s e n e n v i r o n m e n t . 
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F o r some y e a r s i t h a s b e e n h e l d t h a t d i n o f 1 a g e 1 l a t e s 

a r e t h e b i o l o g i c a l s o u r c e o f t h e 4 o l - m e t h y l s t e r o l s t h a t 
o c c u r , f r e q u e n t l y a s a b u n d a n t c o m p o n e n t s , i n m a r i n e 
s e d i m e n t s (1.2.2^· S u c n a s s i g n m e n t s w e r e i n i t i a l l y b a s e d on 
t h e w i d e s p r e a d l i t e r a t u r e c o n c e r n i n g 4 o ( - m e t h y l s t e r o l s i n 
c u l t u r e d d i n o f 1 a g e 1 l a t e s (£) a n d t h e a b u n d a n c e o f t h e s e 
c o m p o u n d s i n s e d i m e n t s k n o w n t o r e c e i v e m a j o r 
c o n t r i b u t i o n s f r o m t h i s c l a s s o f a l g a e . T h e d i s t r i b u t i o n s 
o f 4 e C - m e t h y l s t e r o l s , a n d a l s o 4 o ( - m e t h y l s t a n o n e s , o b s e r v e d 
i n t h e b o t t o m s e d i m e n t s o f P r i e s t P o t , a s m a l l l a k e i n t h e 
E n g l i s h L a k e D i s t r i c t , w e r e a l m o s t i d e n t i c a l t o t h o s e 
r e c o g n i s e d i n a b l o o m o f t h e d i n o f l a g e l l a t e P e £Ϊ£ίΐΐίϋΐΐ1 
i—EluiSLliii c o l l e c t e d f r o m t h e o v e r l y i n g w a t e r s ( 5 ) . T h i s 
s t u d y d e m o n s t r a t e d t h a t Pj_ i° ™!li£!Lii i s t h e s o u r c e o f t n e 

4-me t h y l s t e r o i d s i n P r i e s t P o t s e d i m e n t s a n d , i n m o r e 
g e n e r a l t e r m s , p r o v i d e d c o n v i n c i n g e v i d e n c e i n s u p p o r t o f 
t h e l i n k b e t w e e n s e d i m e n t a r
p r e s u m e d b i o l o g i c a l s o u r c e

O v e r a l l , t h e r e a r e c l e a r i n d i c a t i o n s t h a t p a r t i c u l a r 
o r g a n i c c o m p o n e n t s may be s p e c i f i c t o s i n g l e o r m u l t i p l e 
b i o l o g i c a l s o u r c e s o r , a l t e r n a t i v e l y , may be 
n o n - d i a g n o s t i c o f t h e i r b i o l o g i c a l o r i g i n s . I n s i m p l e 
t e r m s a n i n d i v i d u a l c o m p o n e n t , o r t h e d i s t r i b u t i o n o f a 
s p e c i f i c c o m p o u n d c l a s s , may be r e p r e s e n t a t i v e o f 
c o n t r i b u t i o n s t o s e d i m e n t a r y l i p i d s f r o m e i t h e r a l g a l , 
t e r r i g e n o u s h i g h e r p l a n t o r b a c t e r i a l s o u r c e s . N o t a l l 
c o m p o n e n t s , h o w e v e r , c a n be p l a c e d i n t o o n e o f t h e s e t h r e e 
c l a s s e s ; f o r e x a m p l e , some o c c u r i n a l l t h r e e , some may 
o n l y o c c u r i n a n i m a l s , w h e r e a s t h e o r i g i n s o f o t h e r s a r e 
u n k n o w n . I n a d d i t i o n t o c o n s i d e r a t i o n s o f t h e i r u l t i m a t e 
b i o l o g i c a l o r i g i n s i n d i v i d u a l c o m p o u n d s i n s e d i m e n t s c a n 
be e i t h e r u n a l t e r e d b i o s y n t h e t i c p r o d u c t s o r , 
a l t e r n a t i v e l y , d e r i v a t i v e s f o r m e d by d i a g e n e t i c / 
c a t a g e n e t i c p r o c e s s e s , w h i c h r e t a i n s t r u c t u r a l e l e m e n t s 
t h a t a t t e s t t o t h e i r o r i g i n a l b i o l o g i c a l s o u r c e . M o s t 
b i o l o g i c a l m a r k e r c o m p o u n d s o c c u r r i n g i n s e d i m e n t s c a n be 
c o n s i d e r e d a s m a r k e r s o f o n e o f t h e f o l l o w i n g f i v e g r o u p s : 

( i ) η o n - d i a g n o s t i c c o m p o n e n t s 
( i i ) a l g a e 
( i i i ) t e r r i g e n o u s h i g h e r p l a n t s 
( i v ) b a c t e r i a 
(ν ) 1 un k n o w n ' 

E x a m p l e s o f i n d i v i d u a l c o m p o n e n t s h e l d t o be r e p r e s 
e n t a t i v e o f t h e s e f i v e c a t e g o r i e s a r e s h o w n i n F i g u r e s 
1 - 5 . The m a j o r i t y a r e k n o w n l i p i d c o n s t i t u e n t s o f 
o r g a n i s m s , w h e r e a s o t h e r s a r e e i t h e r d i a g e n e t i c p r o d u c t s 
o r o f a n a s y e t u n d e f i n e d o r i g i n . The c o m p o u n d s c h o s e n 
p r o v i d e a n i l l u s t r a t i v e , r a t h e r t h a n a c o m p r e h e n s i v e , 
i n d i c a t i o n o f t h e r a n g e o f s t r u c t u r a l t y p e s i n e a c h 
c a t e g o r y . M o s t o f t h e m h a v e b e e n d i s c u s s e d e l s e w h e r e i n a 
f u l l e r r e v i e w p a p e r ( 6 ) , t o g e t h e r w i t h o t h e r s t r u c t u r a l l y 
s i m i l a r e x a m p l e s . A l s o , t h e i n d i v i d u a l c o m p o u n d s a n d 
c o m p o u n d d i s t r i b u t i o n s b i ο s y η t h e s i s e d b y , a n d h e l d t o be 
d i a g n o s t i c f o r , a l g a l , t e r r i g e n o u s h i g h e r p l a n t a n d 
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b a c t e r i a l i n p u t s t o r e c e n t s e d i m e n t s a r e p u b l i s h e d 
e l s e w h e r e (3^). W i t h i n c a t e g o r i e s ( i i ) , ( i i i ) a n d ( i v ) 
i n d i v i d u a l m a r k e r c o m p o u n d s c a n be u n i q u e l y r e p r e s e n t a t i v e 
o f a p a r t i c u l a r s p e c i e s , g e n u s o r c l a s s o f o r g a n i s m . 
A l t e r n a t i v e l y , t h e y c a n be n o n - s p e c i f i c c o m p o n e n t s w h i c h 
o c c u r w i d e l y i n d i f f e r e n t , b u t p e r h a p s d i s t a n t l y r e l a t e d , 
f a m i l i e s . C l e a r l y , s i m i l a r i t i e s i n t h e l i p i d c o m p o s i t i o n s 
o f r e l a t e d s p e c i e s o r g e n e r a may r e f l e c t t h e i r a n c e s t r a l 
l i n k s , w h e r e a s d i f f e r e n c e s may s t e m f r o m t h e d i v e r g e n c e o f 
t h e i r b i o s y n t h e t i c p a t h w a y s . 

N o n - d i a g n o s t i c b i o l o g i c a l m a r k e r s . T h e c o m p o n e n t s 
c o n s i d e r e d t o b e n o n - d i a g n o s t i c i n d i c a t o r s ( F i g u r e 1) a r e 
l i k e l y t o be t h o s e t h a t p l a y a f u n d a m e n t a l r o l e i n 
b i o s y n t h e t i c p r o c e s s e s . F o r e x a m p l e , e s s e n t i a l 
c o n s t i t u e n t s o f c e l l s t r u c t u r e s ( e . g . m e m b r a n e s ) o r 
s i m i l a r p h y s i o l o g i c a
t o many d i f f e r e n t t y p e
u b i q u i t o u s l y . H e x a d e c a n o i c a c i d , f o r e x a m p l e , i s a 
t y p i c a l c o n s t i t u e n t o f t h e m e m b r a n e s o f n u m e r o u s l a n d a n d 
a q u a t i c p l a n t s , a n i m a l s a n d b a c t e r i a . I t may be p r e s e n t 
i n t h e f o r m o f wax e s t e r s o r t r i a c y 1 g l y c e r o l s b u t i s 
g e n e r a l l y o f l i t t l e v a l u e i n d i f f e r e n t i a t i n g b e t w e e n 
c o n t r i b u t i o n s t o s e d i m e n t s f r o m i t s v a r i o u s s o u r c e s . 
S i m i l a r l y s q u a l e n e i s t h e b i o s y n t h e t i c p r e c u r s o r o f many 
t r i t e r p e n o i d s a n d , t h u s , o c c u r s w i d e l y i n o r g a n i s m s . 
C h o l e s t e r o l , l i k e h e x a d e c a n o i c a c i d , i s a c o n s t i t u e n t o f 
t h e c e l l m e m b r a n e s o f many d i f f e r e n t f a m i l i e s o f 
o r g a n i s m s , w i t h t h e n o t a b l e e x c e p t i o n o f b a c t e r i a . I t 
a c t s a s a ' r i g i d i f i e r ' i n c e l l m e m b r a n e s . I t i s a 
p r o m i n a n t s t e r o l o f many a l g a e a n d l a n d p l a n t s , a n d i s 
o f t e n t h e o n l y s t e r o l c o m p o n e n t o f c o p e p o d s . T o c o p h e r o l s 
a r e h e l d t o p l a y a n i m p o r t a n t r o l e i n ph ο t o s y n t h e t i c 
p r o c e s s e s . H e n c e , t h e y a r e a b u n d a n t i n many 
p h o t o s y n t h e t i c o r g a n i s m s , i n c l u d i n g h i g h e r p l a n t s , a l g a e 
a n d c y a n o b a c t e r i a ( 7 ) , m a k i n g t h e m n o n - d i a g n o s t i c m a r k e r s 
o f t h e s o u r c e s o f s e d i m e n t a r y o r g a n i c m a t t e r . 

A l g a l i n d i c a t o r s . I n d i v i d u a l m a r k e r c o m p o u n d s i n d i c a t i v e 
o f s e d i m e n t c o n t r i b u t i o n s f r o m a l g a e ( F i g u r e 2) may o c c u r 
i n b o t h m a r i n e a n d l a c u s t r i n e e n v i r o n m e n t s , a l t h o u g h t h e i r 
s o u r c e s p e c i e s w i l l d i f f e r . I n d e e d , b o t r y o c o c c e n e i s t h e 
o n l y c o m p o n e n t s h o w n w h i c h h a s y e t t o b e r e c o g n i s e d i n 
b o t h e n v i r o n m e n t a l r e g i m e s . C a r o t e n o i d s a r e p e r h a p s t h e 
m o s t s o u r c e s p e c i f i c l i p i d c o n s t i t u e n t s o f o r g a n i s m s . F o r 
e x a m p l e , d i a t o x a n t h i n o c c u r s o n l y i n d i a t o m s a n d c a n 
t h e r e f o r e be r e g a r d e d a s a h i g h l y s p e c i f i c m a r k e r f o r 
t h e i r c o n t r i b u t i o n s t o s e d i m e n t s . I t s a b s e n c e i n a 
s e d i m e n t , h o w e v e r , c a n n o t be t a k e n a s e v i d e n c e f o r t h e 
l a c k o f d i a t o m c o n t r i b u t i o n s t o o r g a n i c m a t t e r , d u e t o i t s 
l a b i l i t y . I n d e e d , t h i s l a b i l i t y m a k e s c a r o t e n o i d s o f 
l i m i t e d u s e a s m a r k e r s o f t h e s o u r c e s o f o r g a n i c m a t t e r i n 
m o s t s e d i m e n t a r y e n v i r o n m e n t s , w i t h t h e n o t a b l y e x c e p t i o n 
o f r e l a t i v e l y s h a l l o w w a t e r s y s t e m s , s u c h a s p o s t - g l a c i a l 
l a k e s ( 8 ) . R e c e n t w o r k ( 2 , 5 ) h a s p r o v i d e d c o n v i n c i n g 
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Ο 
)H 

HEXADECANOIC ACID 
(PLANTS Sc ANIMALS) 

CHOLESTEROL 
(WIDESPREAD, EXCEPT FOR BACTERIA) 

o< -TOCOPHEROL 
( PHOTOSYNTHETIC 
ORGANISMS) 

F i g u r e 1. C o m p o u n d 
o r i g i n s o f e x a m p l e s 
t h e s o u r c e s o f s e d i m 

s t r u c t u r e s , n a m e s a n d b i o l o g i c a l 
o f η o n - d i a g n o s t i c i n d i c a t o r s o f 

e n t a r y o r g a n i c m a t t e r . 
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DIATOXANTHIN (DIATOMS) 

4-METHYLG0RG0STAN0L 
(DINOFLAGELLATES) 

HEPTATRIACQNTA-15#22-DIEN-2-0NE 
(COCCOLITHOPHORIDS) 

BOTRYOCOCCENE 
<GREEN ALGA) 

HO* 
2,6, 10-TRIMETHYL-7-

(3-METHYLBUTYL)DODECANE 
(GREEN ALGAE ?) 

24-METHYLCHOLESTA-
5,22-DIENOL 

(NON-SPECIFIC) 

F i g u r e 2. C o m p o u n d s t r u c t u r e s , n a m e s a n d b i o l o g i c a l 
o r i g i n s o f e x a m p l e s o f i n d i c a t o r s o f a l g a l 
c o n t r i b u t i o n s t o s e d i m e n t a r y o r g a n i c m a t t e r . 
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e v i d e n c e t h a t t h e 4 < * - m e t h y l s t e r o i d s f o u n d i n b o t h m a r i n e 
a n d l a c u s t r i n e s e d i m e n t s a r e d e r i v e d f r o m d i n o f l a g e l l a t e 
a l g a e . H e n c e , b o t h 4 # - m e t h y l g o r g o s t a n o l 
( 2 2 , 2 3 - m e t h y l e n e - 4 o ( , 2 3 , 2 4 - t r i m e t h y l - 5 o < ( H ) - c h o l e s t a n - 3 p - o l ) 
a n d d i n o s t e r o n e 
( 4ec, 23 , 2 4 R-t r i me t h y l - 5 e C ( H ) - c h o l e s t - 2 2 E - e n - 3 - o n e ) c a n be 
r e g a r d e d a s e x a m p l e s o f s t e r o i d a l c o m p o u n d s t h a t a r e 
d i a g n o s t i c o f d i n o f l a g e l l a t e c o n t r i b u t i o n s t o s e d i m e n t s 
( e . g . 6 ) . I n a d d i t i o n , d i η ο f 1 a g e 1 1 a t e s a r e t h e o n l y 
o r g a n i s m s i n w h i c h t h e s e c o m p o n e n t s h a v e b e e n r e c o g n i s e d 
(4_). L o n g - c h a i n a l k e n o n e s , s u c h a s 
h e p t a t r i a c o n t a - 1 5 , 2 2 - d i e n - 2 - o n e , o c c u r w i d e l y i n b o t h 
r e c e n t a n d a n c i e n t o c e a n i c s e d i m e n t s (9_) a n d a r e g e n e r a l l y 
r e g a r d e d a s m a r k e r s o f i n p u t s f r o m p r y m n e s i o p h y t e a l g a e , 
m o s t n o t a b l y c o c c o 1 i t h o p h o r i d s ( 9 ) · T h e i r r e c e n t 
r e c o g n i t i o n i n l a c u s t r i n e s e d i m e n t s ( ^0 ) i s c o n s i s t e n t 
w i t h a n o r i g i n f r o m s u c
s i n g l e m a r k e r c o m p o u n
h a s y e t t o be i d e n t i f i e d i n s e d i m e n t a r y o r g a n i c m a t t e r . 
H o w e v e r , i t s s a t u r a t e d a n a l o g u e , b o t r y o c o c e a n e , a n d 
v a r i o u s h o m o l o g u e s , h a v e b e e n i d e n t i f i e d i n v a r i o u s 
p e t r o l e u m s a n d o i l s h a l e s ( ϋΐ _ ^ 2 ) w h e r e t h e i r s t r u c t u r a l 
s p e c i f i c i t y p r o v i d e s a n u n a m b i g u o u s i n d i c a t i o n o f 
c o n t r i b u t i o n s f r o m t h e g r e e n a l g a Β ο_ί .£Ζ2.£2.££ϋ£ b£aun i ^ . 
T h e b r a n c h e d a l k a n e 
2 , 6 , 1 0 - t r i m e t h y l - 7 - ( 3 - m e t h y 1 b u t y 1 ) d o d e c a n e h a s a l s o b e e n 
r e c o g n i s e d i n a g r e e n a l g a , E n t e r o m o r p h a p r _ o l i^f e r_a ( 1 3 ) , 
a n d o c c u r s i n b o t h r e c e n t a n d a n c i e n t s e d i m e n t s a n d i n 
p e t r o l e u m s 2 4 - M e t h y 1 c h ο 1 e s t a - 5 , 2 2 - d i e n ο 1 
( 2 4 R - m e t h y l c h o l e s t a - 5 , 2 2 - d i e n - 3 p - o 1 ) i s a n a b u n d a n t s t e r o l 
c o n s t i t u e n t o f v a r i o u s s p e c i e s o f d i a t o m s , 
c o c c o l i t h o p h o r i d s a n d o t h e r a l g a e ( 2̂ 5. ̂  · A l t h o u g h i t s 
p r e s e n c e i n s e v e r a l d i f f e r e n t a l g a e p r e c l u d e s i t s u s e a 
s p e c i f i c m a r k e r f o r c o n t r i b u t i o n s f r o m a s i n g l e c l a s s o f 
o r g a n i s m , t h i s s t e r o l i s a g e n e r a l i n d i c a t o r o f i n p u t s 
f r o m p l a n k t o n i c a l g a e t o s e d i m e n t s . The s t r u c t u r e s o f 
many o t h e r 4 - d e s m e t h y I s terο 1 c o n s t i t u e n t s , d i f f e r i n g m o s t 
n o t a b l y i n t h e i r s i d e c h a i n s , p r o v i d e s i m i l a r e v i d e n c e o f 
t h e i r d e r i v a t i o n f r o m a n a l g a l s o u r c e . 

T e r r i g e n o u s i n d i c a t o r s . C o m p o n e n t s d e r i v e d f r o m 
t e r r i g e n o u s s o u r c e s ( F i g u r e 3) t e n d t o be m o r e p r o m i n a n t 
c o n s t i t u e n t s o f l a c u s t r i n e , c o a s t a l o r c o n t i n e n t a l s h e l f 
s e d i m e n t s . A e o l i a n t r a n s p o r t a t i o n o f l a n d - d e r i v e d d u s t s , 
h o w e v e r , a l s o r e s u l t s i n s i g n i f i c a n t i n p u t s o f s u c h 
m a t e r i a l i n t h e o p e n o c e a n ( 1 6 , 1 7 ) . P r o m i n a n t a mong t h e 
c o m p o n e n t s o f a e o l i a n d u s t s a r e t h e n - a l k a n e s i n t h e C^^ 
t o r a n < 3 e d e r i v e d f r o m h i g h e r p l a n t w a x e s H ~ C 3 i 
i s a member o f t h i s h o m o l o g o u s f a m i l y o f c o m p o u n d s , w i t h 
w h i c h i t w i l l c o m m o n l y c o - o c c u r . H e n c e , t h e d i s t r i b u t i o n 
p a t t e r n o f t h e s e n - a l k a n e s i s m o r e s i g n i f i c a n t t h a n t h e 
p r e s e n c e o f a n y i n d i v i d u a l m e m b e r . T h e i r p e r s i s t a n c e i n 
t h e s e d i m e n t r e c o r d a n d i n a e o l i a n m a t e r i a l s a p p a r e n t l y 
s t e m s f r o m t h e i r r e s i s t a n c e t o m i c r o b i a l d e g r a d a t i o n . 
Many p e n t a c y c l i c t r i t e r p e n o i d s , n a m e l y c o m p o n e n t s w i t h 
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UNTRIACONTANE (NON-SPECIFIC) 

0LEAN-12-EN-3-0N
(NON-SPECIFIC) (NON-SPECIFIC) 

SAWAMILLETIN 
(NON-SPECIFIC) 

DE-A-LUPANE 
(NON-SPECIFIC) 

DEHYDROABIETIC 
ACID 

(CONIFERS) 

FERRUGINOL 
(CONIFERS) 

F i g u r e 3 . C o m p o u n d s t r u c t u r e s , n a m e s a n d b i o l o g i c a l 
o r i g i n s o f e x a m p l e s o f i n d i c a t o r s o f t e r r i g e n o u s 
h i g h e r p l a n t c o n t r i b u t i o n s t o s e d i m e n t a r y o r g a n i c 
m a t t e r . 
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o l e a n a n e , u r s a n e , t a r a x e r a n e , l u p a n e a n d f r i e d e l a n e 
s k e l e t o n s , a r e c h a r a c t e r i s t i c o f c o n t r i b u t i o n s t o 
s e d i m e n t s f r o m t e r r i g e n o u s h i g h e r p l a n t s . T h e y g e n e r a l l y 
o c c u r a s f u n e t i o n a 1 i s e d c o m p o n e n t s i n o r g a n i s m s , n o t a b l y 
a s a l c o h o l s , k e t o n e s , a c i d s a n d e s t e r s , a n d a r e n o t 
s p e c i f i c t o i n d i v i d u a l c l a s s e s o f b i o t a . The m o s t 
f r e q u e n t l y e n c o u n t e r e d m e m b e r s i n s e d i m e n t s a r e t h o s e w i t h 
«- a n d p - a m y r i n s k e l e t o n ^ ( u r s a n e a n d o l e a n a n e , 
r e s p e c t i v e l y ) , n o t a b l y t h e Δ a l c o h o l s a n d k e t o n e s ( e . g . 
ο 1 e a η - 1 2 - e n - 3 - o n e a n d u r s - 1 2 - e η - 3 p - o 1 ) . S a w a m i l l e t i n 
( 3p-me t h ox y t a r ax e r - 1 4-en e ) a p p e a r s t o be o n e o f t h e m o r e 
r e f r a c t o r y t e r r i g e n o u s t r i t e r p e n o i d s , s i n c e i t h a s b e e n 
o b s e r v e d i n c e r t a i n s e d i m e n t s d e v o i d o f o t h e r 
t r i t e r p e n o i d s o f s i m i l a r o r i g i n s ( 1 9 ) . One f e a t u r e o f 
g e n e r a l s i g n i f i c a n c e i s t h a t t h e p r e s e n c e o f a 
f u n c t i o n a l i t y a t C-3 i n s u c h t r i t e r p e n o i d s a p p e a r s t o make 
t h e m s u c c e p t i b l e t
d e g r a d a t i o n , g i v i n g r i s
a n d , s u b s e q u e n t l y , t o r i n g -Α d e g r a d e d t r i t e r p e n o i d s ( e . g . 
d e - A l u p a n e ; 2_0 ) . B o t h t h e y a n d t h e i r i n t a c t p r e c u r s o r s , 
t e n d t o be e s p e c i a l l y a b u n d a n t i n d e l t a i c s e d i m e n t s f r o m 
t r o p i c a l r e g i o n s ( 2 0 , 2 1 ) . D i t e r p e n o i d s , s u c h a s 
d e h y d r o a b i e t i c a c i d a n d f e r r u g i n o l ( 2_^/_2^ ) a r e m a r k e r 
c o m p o n e n t s p r e s e n t i n many s p e c i e s o f t e r r i g e n o u s h i g h e r 
p l a n t s , b u t e s p e c i a l l y p r e v e l a n t i n c o n i f e r s . H e n c e , t h e y 
t e n d t o be m o s t a b u n d a n t i n s e d i m e n t s f r o m t e m p e r a t u r e 
c l i m e s , e s p e c i a l l y t h o s e r e c e i v i n g i n p u t s f r o m e x t e n s i v e l y 
f o r e s t e d a r e a s s u c h a s t h e A s t o r i a F a n (££)· 

B a c t e r i a l i n d i c a t o r s . B a c t e r i a i n f l u e n c e t h e c o m p o s i t i o n 
o f s e d i m e n t a r y o r g a n i c m a t t e r i n t w o w a y s : t h e y d e g r a d e 
c o m p o n e n t s d e r i v e d f r o m o t h e r o r g a n i s m s a n d t h e y 

c o n t r i b u t e t h e i r o w n , o f t e n c h a r a c t e r i s t i c , b i o s y n t h e t i c 
p r o d u c t s ( F i g u r e 4 ) . I t i s t h e l a t t e r e f f e c t t h a t i s 
c o n s i d e r e d h e r e . i s o - B r a n c h e d c a r b o x y l i c a c i d s h a v e b e e n 
l o n g r e g a r d e d a s m a r k e r s f o r c o n t r i b u t i o n s f r o m b a c t e r i a 
t o s e d i m e n t s (.2£) ι a l t h o u g h t h e y a r e o f l i t t l e u s e i n 
d i s t i n g u i s h i n g b e t w e e n i n p u t s f r o m d i f f e r e n t b a c t e r i a l 
t y p e s . P e r h a p s t h e m o s t s o u r c e s p e c i f i c l i p i d c o m p o n e n t s 
f o u n d i n b a c t e r i a a r e t h e g l y c e r o l e t h e r - l i n k e d a c y c l i c 
i s o p r e n o i d s t h a t a r e c h a r a c t e r i s t i c o f t h e c e l l m e m b r a n e s 
o f a r c h a e b a c t e r i a ( e . g . .2^)· S u c h c o m p o n e n t s h a v e b e e n 
r e c o g n i s e d a mong t h e p o l a r l i p i d s o f s e d i m e n t s a n d 
p e t r o l e u m s ( £ 6 ) . T h e n e u t r a l l i p i d s o f a r c h a e b a c t e r i a a l s o 
c o n t a i n a n u m b e r o f u n i q u e a c y c l i c i s o p r e n o i d s t r u c t u r e s , 
s u c h a s 2, 6, 10 ,1 5, 1 9 - p e n t a me t h y 1 e i c o s a η e ( 2̂  7_ ) . The 
o c c u r r e n c e o f t h i s c o m p o n e n t a n d r e l a t e d i s o p r e n o i d 
a l k a n e s i n m a r i n e s e d i m e n t s i s t h o u g h t t o r e f l e c t 
c o n t r i b u t i o n s f r o m m e t h a n o g e n s , s i n c e i n p u t s f r o m 
h a l o p h i l e s a n d t h e r m o a c i d o p h i 1 e s i n s u c h e n v i r o n m e n t s i s 
h i g h l y u n l i k e l y (2 . 5 . ) · A n u m b e r o f C p e n t a c y c l i c 
t r i t e r p e n e s a n d t r i t e r p a n e s w i t h 5 - m e m b e r e d E - r i n g s , 
i n c l u d i n g f e r n - 9 ( 1 1 ) - e n e , n e o h o p - 1 3 ( 1 8 ) - e n e a n d 
h o p - 1 7 ( 2 1 ) - e n e , h a v e b e e n i d e n t i f i e d i n a n a n a e r o b i c 
p h o t o s y n t h e t i c b a c t e r i u m ( 2 9 ) . T h e i r o c c u r r e n c e t o g e t h e r 
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w i t h o t h e r t r i t e r p e n e s i n m a r i n e s e d i m e n t s h a s b e e n t a k e n 
t o r e f l e c t b a c t e r i a l c o n t r i b u t i o n s , a l t h o u g h t h e y a r e a l s o 
f o u n d i n f e r n s ( 2 8 ) . I n a d d i t i o n t o t h e C^^ t r i t e r p e n o i d s , 
a w h o l e f a m i l y o f e x t e n d e d ( > C 3 i ^ h o p a n o i d s e x i s t w h i c h 
a r e d i a g n o s t i c b a c t e r i a l c o m p o u n d s , s i n c e t h e y p l a y a r o l e 
i n t h e m e m b r a n e s t r u c t u r e s o f t h e s e p r i m a t i v e o r g a n i s m s 
( _ 3 £ ) . B a c t e r i a l c a r o t e n o i d s , l i k e t h o s e c h a r a c t e r i s t i c o f 
a l g a e , a r e h i g h l y s p e c i f i c . F o r e x a m p l e , s ρiri1 1 ο χ a n t h i η 
i s r e s t r i c t e d t o , a n d t h e r e f o r e a m a r k e r f o r , p u r p l e 
p h o t o s y n t h e t i c b a c t e r i a . I t i s p e r h a p s n o t e w o r t h y t h a t 
a l l b a c t e r i a l c a r o t e n o i d s , u n l i k e t h o s e o f h i g h e r 
o r g a n i s m s , p o s s e s s i d e n t i c a l f u n c t i o n a l i t i e s a n d r i n g 
s y s t e m s a t e i t h e r e n d o f t h e p o l y i s o p r e n o i d c h a i n . T h i s 
i n h e r e n t s t r u c t u r a l s y m m e t r y p r e s u m a b l y r e f l e c t s t h e 
s i m p l i c i t y o f t h e b i o s y n t h e t i c p a t h w a y s p r o d u c i n g t h e s e 
c o m p o u n d s . 

' U n k n o w n ' i n d i c a t o r s
s i g n i f i c a n t n u m b e r o f c o m p o n e n t s r e c o g n i s e d i n s e d i m e n t a r y 
o r g a n i c m a t t e r i s n o t k n o w n ( F i g u r e 5 ) . A l l s u c h ' u n k n o w n ' 
c o m p o u n d s p o s s e s s s t r u c t u r e s t h a t r e t a i n o b v i o u s l i n k s t o 
b i o s y n t h e t i c c o m p o n e n t s , y e t n o n e h a s b e e n i d e n t i f i e d i n 
l i v i n g o r g a n i s m s . I n some c a s e s i t may be u n c l e a r w h e t h e r 
t h e c o m p o u n d i s a d i r e c t b i o s y n t h e t i c p r o d u c t o r i s 
g e n e r a t e d b y t h e d i a g e n e t i c t r a n s f o r m a t i o n o f a n 
u n i d e n t i f i e d p r e c u r s o r . S e v e r a l ' u n k n o w n ' i n d i c a t o r s 
o c c u r w i d e l y i n g e o l o g i c a l m a t e r i a l s ; f o r e x a m p l e , t h e 
t r i t e r p a n e g a m m a c e r a n e h a s b e e n r e c o g n i s e d i n n u m e r o u s 
s e d i m e n t s a n d p e t r o l e u m s , y e t i t s o r i g i n , w h e t h e r 
d i a g e n e t i c o r b i o s y n t h e t i c , r e m a i n s e n i g m a t i c . T h e o n l y 
b i o l o g i c a l t r i t e r p e n o i d o f r e l a t e d s t r u c t u r e t h a t m i g h t b e 
a p r e c u r s o r i s t e t r a h y m e n o l ( i . e . g a m m a c e r a n - 3 p - ο 1 ) , a 
c o m p o n e n t o f t h e p r o t o z o a n T e t r_ahymena ( ^ i ^ * T h i s 
t r i t e r p e n o l , h o w e v e r , h a s y e t t o be i d e n t i f i e d i n a n y 
r e c e n t o r a n c i e n t s e d i m e n t ; h e n c e , t h i s p a r t i c u l a r 
p o s s i b l e p r e c u r s o r / p r o d u c t r e l a t i o n s h i p l a c k s a p p r o p r i a t e 
s u p p o r t i n g e v i d e n c e i n t e r m s o f t h e g e o l o g i c a l o c c u r r e n c e 
o f t h e t w o c o m p o u n d s . A s i m i l a r d i c h o t o m y e x i s t s w i t h 
2 8 , 3 0 - b i s n o r h o p a n e ( 3 2 , 3 3 ) ; e i t h e r i t i s a d i a g e n e t i c 
p r o d u c t o f some o t h e r h o p a n o i d o r i t o r i g i n a t e s f r o m a n a s 
y e t u n k n o w n b i o l o g i c a l s o u r c e . O v e r a l l , a b a c t e r i a l 
o r i g i n f o r 2 8 , 3 0 - b i s n o r h o p a n e s e e m s m o s t p r o b a b l e , g i v e n 
i t s h o p a n o i d s t r u c t u r e a n d i t s d o m i n a n c e o f t h e 
h y d r o c a r b o n d i s t r i b u t i o n s i n c e r t a i n s e d i m e n t s ( 3^3_ ) . On 
t h e b a s i s o f t h e i r w i d e s p r e a d o c c u r r e n c e i n s e d i m e n t s a n d 
p e t r o l e u m s i t h a s b e e n p r o p o s e d (3_4_) t h a t t h e t r i c y c l i c 
t e r p e n o i d s r e l a t e d t o t r i c y c l o h e x a p r a n e a r e d e r i v e d f r o m a 
p r o b a b l e b a c t e r i a l m e m b r a n e l i p i d , t r i c y c 1 o h e χ a p r e n o 1. 
T h i s C ^ 0 c a r b o n s k e l e t o n , h o w e v e r , h a s y e t t o be 
i d e n t i f i e d i n a n y o r g a n i s m a n d t h e l i n k b e t w e e n t r i c y c l i c 
t e r p e n o i d s a n d b a c t e r i a r e m a i n s s p e c u l a t i v e , b a s e d s o l e l y 
on t h e g e o l o g i c a l e v i d e n c e . T he A - n o r s t e r o n e s f o u n d i n 
many m a r i n e s e d i m e n t s ( 3_5 ) h a v e n o t b e e n r e p o r t e d i n 
l i v i n g o r g a n i s m s , a l t h o u g h A - n o r s t e r a n e s do o c c u r i n 
s e d i m e n t s ( 3 ^ ) . S p o n g e s c o n t a i n s u c h a l t e r e d s t e r o i d a l 
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OH ISO-PENTADECANOIC ACID 

(NON-SPECIFIC) 

2, 6, 10, 15, 19-
PENTAMETHYLEICOSANE 

(METHANOGENS) 

FERN-9(11)-ENE 
(ANAEROBES ?) 

NE0H0P-13(18)-ENE 
(NON-SPECIFIC) 

OH OH 

BACTERIOHOPANETETRAOL 
(AEROBIC BACTERIA) 

H0P-17(21)-ENE 
(ANAEROBES ?) 

SPIRILLOXANTHIN (PURPLE 
PHOTOSYNTHETIC BACTERIA) 

F i g u r e 4. C o m p o u n d s t r u c t u r e s , n a m e s a n d 
o r i g i n s o f e x a m p l e s o f i n d i c a t o r s o f 
c o n t r i b u t i o n s t o s e d i m e n t a r y o r g a n i c m a t t e r , 

GAMMACERANE 

b i o l o g i c a l 
b a c t e r i a l 

28,30-BISN0RH0PANE TRICYCLOHEXAPRANE 

A-NOR STERONE 
STEROL ETHER 

(3-N0NYL0XYCH0LEST-5-ENE) 

F i g u r e 5. C o m p o u n d s t r u c t u r e s a n d na m e s o f e x a m p l e s o f 
s e d i m e n t a r y c o m p o n e n t s d e r i v e d f r o m u n i d e n t i f i e d 
s o u r c e s . 
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s k e l e t o n s {21), b u t a n o r i g i n f r o m s p o n g e s c a n n o t be 
v e r i f i e d s o l e l y on t h e e v i d e n c e o f t h e s e d i m e n t a r y 
o c c u r r e n c e o f t h e s e c o m p o u n d s . S i m i l a r l y , t h e s o u r c e o f 
s t e r o l e t h e r s i s u n c l e a r . T h e s e c o m p o u n d s o c c u r i n 
d i a t o m a c e o u s o o z e s f r o m many l o c a t i o n s a n d a g e s ( 3̂  8 ̂_ ) / 
b u t t h e d o m i n a n c e o f η c o m p o n e n t s among t h e i r s t e r o i d a l 
m o i e t i e s m a k e s a n o r i g i n f r o m d i a t o m s u n l i k e l y , s i n c e s u c h 
a d i s t r i b u t i o n w o u l d be a t y p i c a l f o r t h e s e a l g a e . I t i s 
a l s o e v i d e n t , h o w e v e r , t h a t s t e r o l e t h e r s a r e n o t 
d i a g e n e t i c p r o d u c t s o f s t e r o i d s b e c a u s e t h e c a r b o n n u m b e r 
d i s t r i b u t i o n s o f t h e i r s t e r o i d a l m o i e t i e s do n o t m a t c h 
t h o s e o f o t h e r s t e r o i d s i n t h e same s e d i m e n t s . A l s o , 
t h e r e a r e f e w p o t e n t i a l s o u r c e s o f C g t o a l k y l 
m o i e t i e s r e q u i r e d t o f o r m t h e s e e t h e r s among s e d i m e n t a r y 
l i p i d s . 

C o m p o u n d C l a s s D i s t r i b u
c o n s i d e r a t i o n s o f t h
c o m p o n e n t s make i t e v i d e n t t h a t p a r t i c u l a r s k e l e t a l t y p e s 
a r e r e s t r i c t e d t o s p e c i f i c c l a s s e s o f o r g a n i s m . F o r 
e x a m p l e , 4 - m e t h y 1 s t e r ο i d s a p p e a r t o be r e s t i c t e d t o 
d i n o f 1 a g e 1 l a t e s , w h e r e a s 4 - d e s m e t h y l s t e r o i d s a r e 
b i o s y n t h esiζed by a w i d e r a n g e o f a l g a e , i n c l u d i n g 

d i n o f 1 a g e 1 l a t e s , a n d h i g h e r p l a n t s . S i m i l a r l y , a m ong t h e 
p e n t a c y c l i c t r i t e r p e n o i d s h o p a n o i d s a n d f e r n e n e s a r e 
d i a g n o s t i c o f b a c t e r i a , w h e r e a s o l e a n a n o i d a n d o t h e r 
r e l a t e d t r i t e r p e n o i d s a r e s p e c i f i c m a r k e r s f o r t e r r i g e n o u s 
h i g h e r p l a n t s . By c o n t r a s t , t h e b i o l o g i c a l o r i g i n o f 
g a m m a c e r a n e i s u n k n o w n . T h e s e d i f f e r e n c e s i n t h e 
b i o l o g i c a l o c c u r r e n c e o f p e n t a c y c l i c t r i t e r p e n o i d s i s a 
c l e a r m a n i f e s t a t i o n o f t h e d i v e r g e n c e i n t h e b i o s y n t h e t i c 
p r o c e s s e s b e t w e e n s u c h f a m i l i e s o f o r g a n i s m s . 

A n t h r o p o g e n i c H y d r o c a r b o n I n d i c a t o r s . A l l o f t h e c o m p o u n d s 
c i t e d a b o v e r e p r e s e n t i n d i v i d u a l m a r k e r s f o r d i f f e r e n t 
b i o l o g i c a l o r i g i n s o f s e d i m e n t a r y o r g a n i c m a t t e r . S u c h 
c o m p o u n d s c a n b e c o m e p o l l u t a n t s i n s e d i m e n t a r y 
e n v i r o n m e n t s w h e n t h e y a r i s e f r o m , f o r e x a m p l e , h i g h a l g a l 
p r o d u c t i v i t y i n d u c e d b y l a k e e u t r o p h i f i c a t i o n c a u s e d b y 
s e w a g e a n d u r b a n w a s t e w a t e r i n f l u x e s . M o r e g e n e r a l l y 
a n t h r o p o g e n i c i n f l u e n c e s on s e d i m e n t a r y o r g a n i c m a t t e r 
s t e m f r o m i n d u s t r i a l e f f l u e n t s , s u c h a s c h l o r i n a t e d 
a r o m a t i c h y d r o c a r b o n s ( e s p e c i a l l y P C B s ) , a n d h y d r o c a r b o n s 
d e r i v e d f r o m f o s s i l f u e l s . I n r e c e n t s e d i m e n t a r y 
e n v i r o n m e n t s t h e p r e s e n c e o f a n a n a c h r o n o u s d i s t r i b u t i o n 
o f h y d r o c a r b o n s , f o r e x a m p l e , t h e r m a l l y m a t u r e s t e r a n e s 
( 22 ) f c a n i n d i c a t e i n p u t s o f c o m p o u n d s f r o m p e t r o l e u m 
c o m b u s t i o n a n d s p i l l a g e . I t i s a l s o p o s s i b l e , h o w e v e r , 
f o r s u c h c o m p o u n d s t o o r i g i n a t e f r o m t h e n a t u r a l 
w e a t h e r i n g o f a n c i e n t s e d i m e n t s ( 3̂  9 ) . A m a j o r d i a g n o s t i c 
f e a t u r e i n d i c a t i n g p e t r o l e u m c o n t a m i n a t i o n o f s e d i m e n t s i s 
t h e p r e s e n c e o f a n u n r e s o l v e d c o m p l e x m i x t u r e o f a l i p h a t i c 
h y d r o c a r b o n s p r o d u c e d b y t h e e x t e n s i v e b i o d é g r a d a t i o n o r 
w e a t h e r i n g o f c r u d e o i l ( 3 9 ) . The u s e o f s u c h 
c h a r a c t e r i s t i c s c o n t r a s t s s h a r p l y w i t h t h e p r i n c i p l e o f 
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u t i l i z i n g i n d i v i d u a l m a r k e r c o m p o u n d s i n t h e a s s e s s m e n t o f 
s e d i m e n t i n p u t s . 

R e l a t i v e C o n t r i b u t i o n s f r o m D i f f e r e n t B i o t a t o S e d i m e n t s . 
Tri t h e a b o v e d i s c u s s i o n s t h e o c c u r r e n c e o f s p e c i f i c m a r k e r 
c o m p o u n d s o r t h e i r d i s t r i b u t i o n s i s s h o w n t o p r o v i d e an 
i n d i c a t i o n o f t h e b i o l o g i c a l o r a n t h r o p o g e n i c o r i g i n s o f 
s e d i m e n t a r y o r g a n i c m a t t e r . T h i s a p p r o a c h d o e s n o t , 
h o w e v e r , p e r m i t t h e d i r e c t a s s e s s m e n t o f t h e r e l a t i v e 
p r o p o r t i o n s o f c o n t r i b u t i o n s f r o m d i f f e r e n t b i o l o g i c a l 
s o u r c e s f o r v a r i o u s r e a s o n s . F i r s t , t h e m a r k e r c o m p o u n d s 
r e f l e c t o n l y a s m a l l , a n d p e r h a p s n o n - r e p r e s e n t a t i v e , 
p o r t i o n o f t h e t o t a l o r g a n i c m a t t e r . S e c o n d , i n d i v i d u a l 
c o m p o n e n t s u n d o u b t e d l y d i f f e r s i g n i f i c a n t l y i n t h e i r 
r e s i s t a n c e t o m i c r o b i a l d e g r a d a t i o n , b o t h i n t h e w a t e r 
c o l u m n a n d i n t h e s e d i m e n t . H e n c e , t h e i r c o m p a r a t i v e 
a b u n d a n c e s a r e i n f l u e n c e
a l t e r a t i o n . T h i r d , t h
c o m p o u n d s f o r d i f f e r e n t c l a s s e s o f o r g a n i s m s c a n v a r y b y 
o r d e r s o f m a g n i t u d e . I n s u m m a r y , t h e u s e o f m a r k e r 
c o m p o u n d s f o r t h e a b s o l u t e q u a n t i t a t i v e a s s e s s m e n t s o f t h e 
v a r i o u s b i o l o g i c a l o r i g i n s o f s e d i m e n t a r y o r g a n i c m a t t e r 
i s p r o b l e m a t i c ; h o w e v e r , c o m p a r a t i v e d a t a c a n be 
o b t a i n e d . 

D i s t r i b u t i o n s o f M a r ker Compounds i n M a r i n e S e d i m e n t s 

I n t h e i n v e s t i g a t i o n o f o r g a n i c c o m p o u n d s i n s e d i m e n t s t h e 
e x p e r i m e n t a l p r o c e d u r e s i n v a r i a b l y i n c l u d e a s e p a r a t i o n 
s c h e m e t o d i v i d e a n d s i m p l i f y t o t a l s e d i m e n t e x t r a c t s i n t o 
s u i t a b l e f r a c t i o n s o f d i f f e r e n t p o l a r i t y . T y p i c a l l y , t h i s 
e x p e r i m e n t a l p r o c e d u r e w i l l y i e l d a n u m b e r o f f r a c t i o n s 
c o n t a i n i n g p r i n c i p a l l y h y d r o c a r b o n , k e t o n e , c a r b o x y l i c 
a c i d , a l c o h o l o r p o l a r c o m p o n e n t s . The r e c o n s t i t u t e d i o n 
c h r o m a t o g r a m s ( R I C ) f r o m g c - m s a n a l y s i s o f t h r e e s u c h 
f r a c t i o n s a r e d i s c u s s e d h e r e i n t o i l l u s t r a t e t h e o b s e r v e d 
d i s t r i b u t i o n s o f m a r k e r c o m p o u n d s i n m a r i n e s e d i m e n t s a n d 
d i s c u s s t h e i r i n f e r r e d b i o l o g i c a l o r i g i n s . 

H y d r o c a r b o n f r a c t i o n . The a l i p h a t i c h y d r o c a r b o n 
d i s t r i b u t i o n ( F i g u r e 6) o f a s e d i m e n t f r o m t h e C a r i a c o 
T r e n c h (DSDP 1 5 - 1 4 7 C - 3 - 3 ) o f f V e n e z u e l a c o n t a i n s t w o 
s t r u c t u r a l f a m i l i e s o f d i a g n o s t i c c o m p o u n d s i n a d d i t i o n t o 
t h e s t e r o i d s a n d t r i t e r p e n o i d s i n t h e p o l y c y c l i c r e g i o n . 
F i r s t , t h e n - a l k a n e d i s t r i b u t i o n i s d o m i n a t e d b y 
o d d - n u m b e r e d h i g h e r h o m o l o g u e s ( i . e . c

2 9 ' C 3 i ^ w h i c h a r e 
i n d i c a t i v e o f s e d i m e n t c o n t r i b u t i o n s f r o m t e r r i g e n o u s 
h i g h e r p l a n t s . A t t h i s s i t e s u c h c o m p o n e n t s may o r i g i n a t e 
f r o m a e o l i a n t r a n s p o r t e d S a h a r a n d u s t S e c o n d , a n d 
m o r e s i g n i f i c a n t l y , t h e d i s t r i b u t i o n o f h y d r o c a r b o n s i s 
d o m i n a t e d b y v a r i o u s a c y c l i c i s o p r e n o i d s . Two o f t h e s e 
c o m p o n e n t s 2 , 6 , 1 0 , 15 , 1 9 - p e n t a m e t h y l e i c o s a n e a n d l y c o p a n e 
( P e a k s Ε a n d F i n F i g u r e 6) may be a t t r i b u t e d t o 
a r c h a e b a c t e r i a 1 i n p u t s , m o s t p r o b a b l y f r o m m e t h a n o g e n s 
( 2 8 ) , a l t h o u g h t h e e v i d e n c e f o r l y c o p a n e i s 
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c i r c u m s t a n t i a l . B o t h p h y t a n e a n d t h e p h y t e n e s ( P e a k s C 
a n d D, r e s p e c t i v e l y , i n F i g u r e 6) may a l s o be o f 
a r c h a e b a c t e r i a 1 o r i g i n ( 21 ) , o r t h e y may be p r o d u c t s o f 
p h y t o l d i a g e n e s i s ( e . g . 4_.l). P r i s t a n e ( P e a k A i n F i g u r e 6) 
may be c o n t r i b u t e d b y z o o p l a n k t o n o r i t may be f o r m e d 
d i ag en e t i c a 11 y f r o m p h y t o l ( e . g . 41 o r t o c o p h e r o l s I n 
a l l c a s e s i t i s a n a u t o c h t h o n o u s c o m p o n e n t d e r i v i n g f r o m 
p h ο t o s y n t h e t i c o r g a n i s m s o r t h e i r p r e d a t o r s . 
2, 6, 1 0 - T r i m e t h y l - 7 - ( 3 - m e t h y 1 b u t y 1 ) d o d e c a n e ( P e a k Β i n 
F i g u r e 6) p r o b a b l y r e f l e c t s c o n t r i b u t i o n s f r o m g r e e n a l g a e 
( 13 ) . 

K e t o n e / C a r b o x y l i c A c i d f r a c t i o n . I n t h e i n v e s t i g a t i o n 
o f t h e l i p i d c o m p o s i t i o n o f a P l i o c e n e ( 2 M a ) d i a t o m a c e o u s 
o o z e f r o m t h e W a l v i s R i d g e ( D SDP 7 5 - 5 3 2 - 2 1 - 2 ) t h e t o t a l 
e x t r a c t was m e t h y l a t e d p r i o r t o c o m p o u n d c l a s s s e p a r a t i o n
t h e r e b y g i v i n g a f r a c t i o
c a r b o x y l i c a c i d m e t h y
c o m p o n e n t s o f t h i s f r a c t i o n w e r e r e c o g n i s e d b y g c a n d 
g c - m s a s C t o C ^ 9 a l k a d i e n o n e s a n d a 1 k a t r i e n o n e s 
p r e s u m e d t o d e r i v e f r o m c ο c c ο 1 i t ho ph o r i d a l g a e (9.)· O t h e r 
s i g n i f i c a n t c o m p o n e n t s o f t h i s f r a c t i o n i n c l u d e d a s e r i e s 
o f C 2 2 t o C 3 Q n - a l k a n o i c a c i d s , w h i c h a r e i n d i c a t i v e o f 
i n p u t s f r o m t e r r i g e n o u s h i g h e r p l a n t s ( _1£ ) . 
17p(Η ) ,2lp(Η ) - B i s h o m o h o p a n o i c a c i d ( P e a k A i n F i g u r e 7) 
may be t a k e n a s a m a r k e r f o r b a c t e r i a l c o n t r i b u t i o n s t o 
t h e s e d i m e n t a r y o r g a n i c m a t t e r s i n c e i t i s t h e e x p e c t e d 
m a j o r o x i d a t i o n p r o d u c t o f b a c t e r i ο h o p a n e t e t r a o 1 . T h i s 
f r a c t i o n a l s o c o n t a i n s t o c o p h e r o l s (<*-, £ - a n d 6 - ; F i g u r e 
7) w h i c h a r e η o n - d i a g n o s t i c c o m p o n e n t s t h a t may o r i g i n a t e 
f r o m a n y p h o t o s y n t h e t i c o r g a n i s m . T y p i c a l l y , t h e r e f o r e , 
t h e y w i l l be o f m i x e d o r i g i n s f r o m t e r r i g e n o u s h i g h e r 
p l a n t s , a l g a e a n d b a c t e r i a . 

A l c o h o l f r a c t i o n . S t e r o l s a r e a m a j o r c l a s s o f c o m p o u n d 
i n i m m a t u r e a n d u n c o n s o l i d a t e d s e d i m e n t s . I n m o s t o p e n 
m a r i n e e n v i r o n m e n t s t h e y a r e p r e s u m e d t o p r i n c i p a l l y 
d e r i v e f r o m m a r i n e a l g a l s o u r c e s ( 3 _ i . i l ) · C o n t r i b u t i o n s 
f r o m t e r r i g e n o u s h i g h e r p l a n t s may a l s o be e v i d e n t w h e r e 
t h e s e d i m e n t s a r e , i n p a r t l a n d - d e r i v e d , s u c h a s i n 
c o a s t a l l o c a t i o n s ( 1 5 , 4 2 ) . T h e m a j o r c o m p o n e n t i n t h e 
s t e r o l c o m p o s i t i o n o f a s e d i m e n t f r o m t h e C a r i a c o T r e n c h 
(DSDP 1 5 - 1 4 7 B - 4 - 2 ; a n a l y s e d a s TMS e t h e r s ; F i g u r e 8; T a b l e 
I ) i s d i n o s t e r o l 
(4<X, 2 3 , 2 4 - t r i m e t h y l - 5 < x ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l ; P e a k # 1 8 ) , 
a w e l l - e s t a b l i s h e d m a r k e r f o r d i n o f l a g e l l a t e a l g a e 
( 1_^3^5 ). O t h e r 4 e ( - m e t h y l s t e r o l s ( P e a k s 15 a n d 1 9 - 2 1 i n 
F i g u r e 8) s i m i l a r l y p r o v i d e e v i d e n c e o f d i n o f l a g e l l a t e 
i n p u t s t o t h e s e d i m e n t . None o f t h e o t h e r s t e r o l s c a n be 
l i n k e d d i r e c t l y t o a s p e c i f i c s o u r c e , b u t a l l may be 
a t t r i b u t e d t o a v a r i e t y o f p l a n k t o n i c a l g a l s o u r c e s , s u c h 
a s d i a t o m s , diη ο f l a g e 1 1 a t e s a n d c o c c o 1 i t h op h o r i d s . One 
n o t e w o r t h y f e a t u r e o f t h i s s t e r o l d i s t r i b u t i o n i s t h e h i g h 
p r o p o r t i o n o f 5eC( H ) - s t an ο 1 s r e l a t i v e t o ^ - ^ t e r o l s . I t may 
a r i s e f r o m p r e f e r e n t i a l d e g r a d a t i o n o f ^ - s t e n o l s ( £2 ^ ' 
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26 ORGANIC MARINE GEOCHEMISTRY 

Time 
F i g u r e 8. R e c o n s t i t u t e d i o n c h r o m a t o g r a m ( R I C ) f r o m 
g c - m s a n a l y s i s o f t h e s t e r o l s ( a s TMS e t h e r s ) o f a 
Q u a t e r n a r y s e d i m e n t f r o m t h e C a r i a c o T r e n c h (DSDP 
1 5-1 4 7 B - 4 - 2 ) . P e a k a s s i g n m e n t s a r e g i v e n i n^ T a b l e I . 
S o l i d , s t i p p l e d a n d h a t c h e d p e a k s a r e ^ - s t e n o l s , 
5<χ( H ) - s t a n d s a n d 4 e t - m e t h y l s t a n o l s , r e s p e c t i v e l y . 
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27 

T a b l e I . P e a k A s s i g n m e n t s o f S t e r o l s i n F i g u r e 8. 

P e a k A s s i g n m e n t 

1 2 4 - n o r c h o l e s t a - 5 , 2 2 E - d i e n - 3 p - o l 
2 2 4 - n o r - 5 a ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l 
3 2 4 - n o r - 5 o ( ( H ) - c h o l e s t a n - 3 p - o l 
4 2 7 - n o r - 2 4 - m e t h y l c h o l e s t a - 5 , 2 2 E - d i e n - 3 p - o l 
5 2 7 - n o r - 2 4 - m e t h y l - 5 t f ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l + 

c h o l e s t a
6 5 « ( H ) - c h o l e s t
7 C h o i e s t - 5 - e n - 3 p - o l 
8 5 o c ( H ) - c h o l e s t a n - 3 p - o l 
9 2 4 - m e t h y l c h o l e s t - 5 , 2 2 E - d i e n - 3 p - o l 
I 0 2 4 - m e t h y l - 5 o < ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l 
I I 2 4 - m e t h y l e n e c h o l e s t - 5 - e n - 3 p - o l 
1 2 2 4 - m e t h y l e n e - 5 o C ( H ) - c ho l e s t an - 3 ρ - ο 1 + 

2 4 - m e t h y l c h o l e s t - 5 - e n - 3 p - o l 
1 3 2 4 - m e t h y l - 5 o C ( H ) - c h o l e s t a n - 3 p - o l 
14 2 3 , 2 4 - d i m e t h y l c h o l e s t a - 5 / 2 2 E - d i e n - 3 p - o l 
15 2 3 , 2 4 - d i m e t h y l - 5 o < ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l + 

2 4 - e t h y l c h o l e s t a - 5 , 2 2 E - d i e n - 3 p - o l + 
4oc, 2 4 - d i m e t h y l c h o l e s t a - 5 , 2 2 E - d i e n - 3 p - o l 

16 2 4 - e t h y l c h o l e s t - 5 - e n - 3 p - o l 
17 2 4 - e t h y l - 5 - o i ( H ) - c h o l e s t a n - 3 p - o l 
18 4or, 2 3 , 2 4 - t r i m e t h y l - 5 o ( ( H ) - c h o l e s t - 2 2 E - e n - 3 p - o l 
1 9 24 - e t h y l - 4 o ( - m e t h y l - 5 o i ( H ) - c h o l e s t - 8 ( 1 4 ) - e n - 3 p - o l 
20 4 « , 2 3 S , 2 4 R - t r i m e t h y l - 5 o i ( H ) - c h o l e s t a n - 3 p - o l 
21 4 « , 2 3 R , 2 4 R - t r i m e t h y l - 5 o r ( H ) - c h o l e s t a n - 3 p - o l 

N u m ber o f p e a k i n F i g u r e 8, w h e r e a n a l y s e d a s 
TMS e t h e r s . 

S t e r o l a s s i g n m e n t s a r e b a s e d o n i n d i v i d u a l g c 
r e t e n t i o n b e h a v i o u r a n d m a s s s p e c t r a b y 
c o m p a r i s o n w i t h r e f e r e n c e o r l i t e r a t u r e 
s t a n d a r d s ( e . g . 2) o r b y s p e c t r a l i n t e r 
p r e t a t i o n . 
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o r , a l t e r n a t i v e l y , i t may r e f l e c t t h e h i g h p r o p o r t i o n o f 
s t e r o l s d e r i v e d f r o m d i n o f l a g e l l a t e s o u r c e s , s i n c e t h e s e 
o r g a n i s m s c a n be m a j o r s o u r c e s o f 5 oc( H ) - s t an ο 1 s (_5). 

L o n g - c h a i n A l k e n o n e s - C l i m a t i c I n d i c a t o r s ? 

F o l l o w i n g t h e r e c o g n i t i o n o f s e r i e s o f C ^ t o 
a l k e n o n e s i n t h e c o c c o l i t h o p h o r i d E m . i ^ i ^ - i f L hu x l e y i a n d i n 
s e d i m e n t s f r o m t h e J a p a n T r e n c h a n d e l s e w h e r e (££^£5.ΐ# t n e 

same s e r i e s o f c o m p o n e n t s , b u t w i t h a m a r k e d l y g r e a t e r 
d o m i n a n c e o f t h e a 1 k a d i e n o n e s , was i d e n t i f i e d i n s e d i m e n t s 
f r o m t h e M i d d l e A m e r i c a T r e n c h (££)· F r o m t h e s e d a t a i t 
s e e m e d p l a u s i b l e t h a t t h e d i f f e r e n c e i n t h e u n s a t u r a t e i o n 
o f t h e s e c o m p o n e n t s m i g h t be a r e f l e c t i o n o f t h e w a t e r 
t e m p e r a t u r e s o f t h e i r e n v i r o n m e n t ( 4 7 ) . The a b i l i t y t o 
v a r y t h e i r l i p i d u n s a t u r a t i o n w i t h g r o w t h t e m p e r a t u r e i s a 
w e l l k n o w n c h a r a c t e r i s t i
d e s i g n e d t o m a i n t a i
s e e m e d p l a u s i b l e t h a t t h e c h a n g e s i n t h e u n s a t u r a t i o n o f 
l o n g - c h a i n a l k e n o n e s m i g h t a l s o be t e m p e r a t u r e d e p e n d e n t . 
S u b s e q u e n t s t u d i e s o f a w i d e v a r i e t y o f Q u a t e r n a r y 
s e d i m e n t s f r o m l o c a t i o n s o f d i f f e r e n t l a t i t u d e a n d w a t e r 
t e m p e r a t u r e h a v e c o n f i r m e d t h i s g e n e r a l o b s e r v a t i o n ( £ 8 ) . 
F u r t h e r e v a l u a t i o n o f t h i s m o l e c u l a r t o o l f o r c l i m a t i c 
a s s e s s m e n t h a s b e e n d i r e c t e d t o w a r d s i t s c o m p a r i s o n w i t h 
a n e s t a b ^ . s h e d m e a s u r e o f p a l a e o c l i m a t i c f l u c t u a t i o n s , 
n a m e l y 6 0 v a l u e s f o r f o r a m i n i f e r a ( ££ ) · I n a s t u d y o f 
s e d i m e n t s f r o m t h e K a n e Gap r e g i o n i n t h e e a s t e r n 
e q u a t o r i a l a t l a n t i c t h e u n s a t u r a t i o n o f C ^ 7 a l k e n o n e s (b 
i n F i g u r e 9 ) s h o w s a v a r i a b i l i t y w h i c h b r o a d l y c o r r e s p o n d s 
t o t h e g l a c i a l / i n t e r g l a c i a l c y c l e s a s s e s s e d f r o m 6 0 o f 
p l a n k t o n i c f o r a m i n i f e r a ( F i g u r e 9 ) . I n p a r t i c u l a r t h e 
l o w e r v a l u e s f o r t h e C a l k e n o n e u n s a t u r a t i o n i n d e x 
(U ^ 7 ) c o r r e s p o n d t o t h e g l a c i a l m a x i m a , m o s t m a r k e d l y i n 
t h e u p p e r s e c t i o n o f t h e c o r e . T h e n - a l k a n e 
c o n c e n t r a t i o n s i n t h e c o r e ( c i n F i g u r e 9) v a r y 
i n d e p e n d e n t l y o f t h e a l k e n o n e u n s a t u r a t i o n i n d e x , 
s u g g e s t i n g t h a t t h e y a r e i n f l u e n c e d b y f a c t o r s o t h e r t h a n 
w a t e r t e m p e r a t u r e s . I n d e e d , s i n c e t h e i r d i s t r i b u t i o n s a r e 
t y p i c a l o f t h o s e c h a r a c t e r i s t i c o f h i g h e r p l a n t s (,!£)/ i t 
i s p r o b a b l e t h a t t h e y r e f l e c t t h e i n p u t o f t e r r i g e n o u s 
o r g a n i c m a t t e r , p e r h a p s a s a n a e o l i a n i n p u t (.!£)· B o t h o f 
t h e m o l e c u l a r t r e n d s (b a n d c i n F i g u r e 9 ) s h o w l i t t l e 
r e l a t i o n s h i p t o t h e c a r b o n a t e c o n t e n t o f t h e s e d i m e n t s , 
w h i c h a l s o s h o w s d o w n h o l e f l u c t u a t i o n s ( a i n F i g u r e 9 ) . 
T h e s e d a t a , d i s c u s s e d i n d e t a i l e l s e w h e r e (£8JL £5 . * ' 
d e m o n s t r a t e t h a t m o l e c u l a r g e o c h e m i c a l i n f o r m a t i o n c a n 
p l a y a n i m p o r t a n t r o l e i n t h e a s s e s s m e n t o f t h e c l i m a t i c 
r e c o r d i n s e d i m e n t s . 

C o n c l u s i o n s 

The s t r u c t u r a l s p e c i f i c i t y o f 
d i f f e r e n t o r g a n i s m s e n a b l e s 
d i s t r i b u t i o n s t o be u s e d i n 

o r g a n i c c o m p o u n d s 
t h e i r o c c u r r e n c e 
t h e a s s e s s m e n t o f 

i η 
a n d 
t h e 
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C a C 0 3 (%) 
; T o t a l n - A l k a n e s 
3 7 ( j u g / g d r y s e d . ) 

0 2 4 6 

F i g u r e 9. D o w n h o l e p l o t s i n a 13m g r a v i t y 
t h e K a n e Gap r e g i o n ( M 1 6 4 1 5 - 2 ) o f : a , 
c o n t e n t s ; b , a l k e n o n e u n s a t u r a t i o n 
[ C 3 7 - 2 3 / [ C 3 7 - 2 ] + [ C 3 7 - 3 1 ) ; c ' t o t a l 
c o n c e n t r a t i o n s . T h e ' d o t t e d h o r i z o n s d e n o t e 

c o r e f r o m 
c a r b o n a t e 

(° % k
 = 

n - a l k a n e 
c o r r e s p o n d i n g l g t o g l a c i a l m a x i m a , a s 
p r e l i m i n a r y S 0 d a t a on f ο r a m i η i f e r a 1 
4 8 , 4 9 ) . 

t h e l e v e l s 
i n d i c a t e d by 

c a r b o n a t e ( c f . 
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b i o l o g i c a l o r i g i n s o f s e d i m e n t a r y o r g a n i c m a t t e r . In 
p a r t i c u l a r , s u c h i n f o r m a t i o n c an d i s t i n g u i s h c o n t r i b u t i o n s 
f rom a l g a e , t e r r i g e n o u s h i g h e r p l a n t s and b a c t e r i a . I t 
a l s o a p p e a r s t h a t t h e u n s a t u r a t i o n o f a l k e n o n e s p r o v i d e s a 
m o l e c u l a r measure o f pa 1aeoc 1 i m a t e i n s o f a r as i t r e c o r d s 
w a t e r pa 1 a e ο t e m p e r a t u r e s . O v e r a l l , o r g a n i c m o l e c u l e s i n 
s e d i m e n t s a r e b o t h s e n s i t i v e and u n i q u e i n d i c a t o r s o f 
d e p o s i t i o n a l p a 1 a e o e η ν i r o n m e η t s , o f t e n r e c o r d i n g 
i n f o r m a t i o n t h a t i s n o t a c c e s s i b l e by o t h e r t e c h n i q u e s . 
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3 
Sedimentary Lipids and Polysaccharides 
As Indicators for Sources of Input, Microbial Activity, 
and Short-Term Diagenesis 

J. W. de Leeuw 

Department of Chemistry and Chemical Engineering, Delft University of Technology, 
De Vries van Heystplantsoen 2, 2628 RZ Delft, The Netherlands 

Organic compounds present in recent marine sediments 
reflect the biochemical composition of the overlying 
water column as well as the in situ benthic activity. 
Suites of sedimentary compounds are also considered as 
starting compound
Samples from several locations have been analyzed (e.g. 
the Namibian Shelf (S.W.-Africa), the Black Sea, Solar 
Lake (N. Sinai) and the Gavish Sabkha (S. Sinai)). 
Selected groups of sedimentary compounds such as sterols, 
4-methylsterols, hydroxy fatty acids, carotenoids, long 
chain unsaturated methyl- and ethylketones, sterolethers, 
long chain 1,15-diols and 15-keto-monools, tocopherols, 
thiophenes and polysaccharides are discussed. These 
compounds have been selected in such a way that attention 
can be paid to the origin of sedimentary compounds, how 
they reflect the composition of the l iving communities in 
the overlying water column and the sediment i tse l f , to 
symbiotic relationships, to microbial activity and to 
early diagenetic processes. 

One of the ultimate goals in organic geochemistry is the detailed 
reconstruction of the environment of deposition using organic matter 
characteristics. Organic molecules isolated from sediment samples and 
subsequently identified carry information about their biological 
origin or about the state of diagenesis of the sediment or both. 
Therefore scientists working in the molecular organic geochemistry 
field have used and s t i l l use terms like biomarkers, chemical fossils, 
biological markers, geochemical fossi ls , guide molecules, biotracers, 
etc. to indicate the information content of individual organic 
compounds or suites of sedimentary organic compounds. Due to recent 
developments in the organic geochemistry of recent sediments in 
particular, these terms can be rather confusing and i t is no longer 
clear what kind of information content of the organic molecules is 
being referred to. Therefore i t is necessary to reevaluate the 
"marker concept11 in organic geochemistry. 

0097-6156/ 86/ 0305-0033S08.25/ 0 
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Figure 1 schematically shows an approach by which sedimentary organic 
molecules are considered as inf o r m a t i o n c a r r i e r s , how the various 
kinds of informa t i o n contents can be d i s c r i m i n a t e d and how the 
assembled information i s evaluated. The d i f f e r e n t ways by which the 
informat i o n content i s expressed are s h o r t l y discussed h e r e a f t e r . 

S t r u c t u r e s . S t r u c t u r a l features such as the sk e l e t o n , the st e r e o 
chemical c o n f i g u r a t i o n and the nature of f u n c t i o n a l groups of 
i n d i v i d u a l compounds can be h i g h l y i n f o r m a t i v e . I f the s t r u c t u r e s 
encountered are i d e n t i c a l or r e f l e c t an o r i g i n from n a t u r a l l y 
o c c u r r i n g compounds, the degree of information i s determined by the 
uniqueness of the occurrence i n the n a t u r a l environment which i n i t s 
t u r n i s determined by the uniqueness of the b i o s y n t h e t i c machinery of 
a c e r t a i n group of organisms. Well-known examples are the extended 
hopanoids (J_), d i n o s t e r o l (2) and the very long unsaturated ketones 
03). Sometimes the s t r u c t u r e s of the sedimentary organic molecules as 
such do not occur i n the biosphere but are (based on s p e c i f i c 
s t r u c t u r a l features) e a s i l
are not e n t i r e l y unique f o
the s t r u c t u r a l i n f o r m a t i o n can be used to unravel d i a g e n e t i c pathways 
and to determine the degree of diagenesis of the sediment under study. 
Examples hereof are s t e r o i d hydrocarbons such as sterenes, d i a -
sterenes, s p i r o s t e r e n e s , steranes, diasteranes and aromatized 
s t e r o i d s which a l l r e f l e c t s p e c i f i c biochemical and chemical t r a n s 
formations of the o r i g i n a l l y present s t e r o l s 04). I f the s t r u c t u r a l 
features s t i l l r e f l e c t s t r u c t u r e s of unique n a t u r a l compounds, then 
they contain both inform a t i o n about t h e i r s p e c i f i c n a t u r a l o r i g i n and 
d i a g e n e t i c a l pathways. Examples hereof are the extended hopanes, 4-
methyldiasterenes, steranes and c e r t a i n diterpenes 05). 

D i s t r i b u t i o n p a t t e r n s . A d i s t r i b u t i o n p a t t e r n of a c e r t a i n c l a s s of 
compounds can be h i g h l y i n f o r m a t i v e i n s e v e r a l aspects, w h i l e the 
i n d i v i d u a l components do not have any inf o r m a t i o n content. The most 
common example to i l l u s t r a t e t h i s type of information content are n-
alkane patterns observed i n sediment e x t r a c t s and o i l s . I f the 
envelope of n-alkanes maximizes i n the C 2 7 - C 3 1 range and there i s a 
strong odd even predominance, an o r i g i n from higher p l a n t waxes i s 
assumed. Based on e x a c t l y the same d i s t r i b u t i o n p a t t e r n one al s o can 
conclude that the sediment has not undergone severe diagenesis. I f 
the n-alkane patterns are smooth without any odd over even 
predominance only some general conclusions can be made about the 
degree of maturation. An even over odd predominance of n-alkanes can 
occur i n sediments or o i l s which o r i g i n a t e from hy p e r s a l i n e 
d e p o s i t i o n a l environments ( 6 ) . 

Mode of occurrence. I t i s only i n recent years that i n some organic 
geochemical i n v e s t i g a t i o n s a t t e n t i o n has been paid to the f a c t that 
organic molecules i n sediments ( e s p e c i a l l y i n recent sediments) occur 
i n d i f f e r e n t modes (e.g. Λ JO · Since molecules i n organisms are 
present as such or as parts of l a r g e r s t r u c t u r a l e n t i t i e s i t i s again 
the uniqueness of the b i o s y n t h e t i c machinery i n s p e c i f i c groups of 
organisms which determines the various modes by which the molecules 
are present i n the c e l l s . To b e n e f i t from t h i s p o t e n t i a l source of 
informat i o n present i n l i v i n g systems s e q u e n t i a l or s p e c i f i c 
procedures to i s o l a t e s u i t e s of organic molecules from sediment 
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samples are re q u i r e d . Even when the molecules as such or the 
d i s t r i b u t i o n patterns of c e r t a i n c l a s s e s of compounds do not y i e l d 
much i n f o r m a t i o n , t h e i r mode of occurrence might be h i g h l y 
i n f o r m a t i v e . S t r a i g h t chain f a t t y a c i d s , f o r example, do not carry 
much info r m a t i o n . I f , however, i t i s analyzed which f a t t y acids occur 
f r e e , which are e s t e r i f i e d , or which are amide bound, we can o b t a i n a 
l o t of informa t i o n from these compounds i n terms of t h e i r b i o l o g i c a l 
o r i g i n and/or of e a r l y stage d i a g e n e t i c a l pathways. This k i n d of 
infor m a t i o n has been used to tra c e back the o r i g i n of a l c o h o l s and 
s t e r o l s i n s e v e r a l sediments (7). 

T o t a l p r o f i l e s . By a n a l y s i s of t o t a l e x t r a c t s , t o t a l hydrolyzates or 
t o t a l p y r o l y s i s products, e t c . without any pre s e p a r a t i o n , one can 
obt a i n so c a l l e d t o t a l p r o f i l e s . When gas chromatography or gas 
chromatography-mass spectrometry are a p p l i e d f o r these kinds of 
analyses, we can study t o t a l p r o f i l e s of l i p i d compounds which are 
amenable by GC. However  monitoring f r a c t i o n s of sedimentary organic 
matter can a l s o be performe
spectroscopic techniques
and GC-MS p r o f i l e s of l i p i d f r a c t i o n s obtained from sediments. The 
p r o f i l e s might be considered as b i r d ' s eye views of the sedimentary 
organic matter. One can compare r e l a t i v e concentrations of i n d i v i d u a l 
compounds or cla s s e s of compounds d i r e c t l y , and by using the above 
mentioned information contents c h a r a c t e r i z e the o r i g i n and/or 
diagenesis of the sediment i n terms of r e l a t i v e c o n t r i b u t i o n s from 
d i f f e r e n t groups of organisms such as higher p l a n t s vs. dino-
f l a g e l l a t e s vs. coccolithophores vs. b a c t e r i a . Furthermore, i f one 
observes i n these t o t a l p r o f i l e s s i m i l a r or even i d e n t i c a l 
d i s t r i b u t i o n patterns of d i f f e r e n t c l a s s e s of compounds, a 
c o r r e l a t i o n between these compound cl a s s e s must e x i s t , due to e i t h e r 
the occurrence of s i m i l a r patterns i n c e r t a i n groups of organisms or 
due to d i s t i n c t d i a g e n e t i c pathways by which one c l a s s of compounds i s 
transformed to another compound c l a s s without a f f e c t i n g the 
d i s t r i b u t i o n p a t t e r n s . In t h i s way i n d i v i d u a l molecules or 
d i s t r i b u t i o n patterns which do not contain much informa t i o n as such 
are becoming information c a r r i e r s of some importance. No examples of 
t h i s l i n e of informa t i o n are reported i n the l i t e r a t u r e . 

I n t h i s paper a number of examples w i l l be given to i l l u s t r a t e the 
above mentioned concept. For that purpose f i r s t a c r i t i c a l e v a l u a t i o n 
of a s e l e c t e d p a r t of our work i n D e l f t from the l a s t f i v e or s i x 
years i s presented. Subsequently the r e s u l t s of some ongoing research 
w i l l be discussed to f u r t h e r i l l u s t r a t e the a p p l i c a t i o n of organic 
molecule inform a t i o n expressed i n modes of occurrence and as t o t a l 
p r o f i l e s of organic compounds from sediments. F i n a l l y the f i n d i n g of 
new organic sulphur compounds and t h e i r p o s s i b l e s i g n i f i c a n c e s are 
reported. In t h i s r e p o r t , mainly data from recent and subrecent 
sediments are discussed. Although some a t t e n t i o n w i l l be given to 
carbohydrates, the m a j o r i t y of the organic molecules considered here 
are l i p i d s . I t should be noted that t h i s paper i s not at a l l meant to 
give a complete review of organic i n f o r m a t i o n c a r r i e r s i n sediments; 
the i n v e s t i g a t i o n s discussed are s e l e c t e d from our work at D e l f t to 
i l l u s t r a t e the above mentioned concept. 
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Results and D i s c u s s i o n 

Table I summarizes some of the sediments of which samples have been 
analyzed or are being analyzed i n our group. Results obtained from 
e x t r a c t s of these sediment samples are discussed i n t h i s paper. 

Table I . Sediments I n v e s t i g a t e d 

Sample Age L o c a t i o n 

1. Solar Lake 0 - 2500 y r . BP North S i n a i 
2. Gavish Sabkha very recent South S i n a i 
3. S a r s i n a 6 χ 10 6 y r . 

225 χ 10 3 y r . 
North Apennines 

4. Sapropel S 7 

6 χ 10 6 y r . 
225 χ 10 3 y r . Eastern Mediterranean 

5. Black Sea Unit 1 0 - 3000 y r . BP Black Sea 
6. Black Sea Unit 2 3000 - 7000 y r . BP Black Sea 
7. L i v e l l o B o n a r e l l i Cretaceous C e n t r a l Apennines 
8. Sapropels Ver
9. DSDP 362 Pleistocene/Miocen
10. Namibian Shelf 1000 - 2500 y r . BP o f f S.W.-Africa 
11. Rozel P o i n t O i l Miocene Utah 
12. Wadden Sea Very recent The Netherlands 

Figure 2 shows t h e i r geographical p o s i t i o n , except f o r the Rozel 
P o i n t o i l which comes from the U i n t a b a s i n i n Utah, USA, and the mud 
samples from the Dutch Wadden Sea. The occurrence and p o s s i b l e 
s i g n i f i c a n c e of s e v e r a l s u i t e s of organic compounds i s o l a t e d from a 
number of recent sediments have been reported by us over the l a s t 
years. F i r s t l y , r e s u l t s of t h i s work w i l l be c r i t i c a l l y evaluated and 
secondly, a few new compounds s e r i e s and a n a l y t i c a l approaches are 
discussed. 

Midchain ketones and s t e r o l e thers. Figure 3 shows the upper part of 
a T o t a l Ion Current (TIC) trace obtained from a TLC f r a c t i o n of an 
e x t r a c t of the Namibian Shelf diatomaceous ooze. Long midchain 
ketones and s t e r o l e t h e r s together w i t h a s e r i e s of wax esters were 
shown to be present i n t h i s f r a c t i o n (9). The s t e r o l e t h e r s are 
composed of common A 5 - s t e r o l moieties and Ce and Cg a l k y l m o i e t i e s ( I ) . 

I 

Although these compounds are encountered i n s e v e r a l other sediments 
(10), t h e i r unique s t r u c t u r a l i n f o r m a t i o n cannot be v a l i d a t e d since 
these compounds are not (yet) discovered by the n a t u r a l product 
chemists i n l i v i n g systems. The reported occurrence of c h o l e s t e r y l 
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hexadecyl ether i n bovine c a r d i a c muscle (11) i n d i c a t e s that s t e r o l -
ethers as such occur i n nature. Long-chain ketones as such are known 
to occur i n p l a n t waxes (12). I n pla n t s they are b i o s y n t h e s i z e d v i a 
the corresponding hydrocarbons and the d i s t r i b u t i o n patterns of the 
hydrocarbons and mid-chain ketones i n p l a n t s are therefore very 
s i m i l a r and are c h a r a c t e r i z e d by a strong odd over even predominance. 
The mid-chain ketones present i n t h i s sediment e x t r a c t do not at a l l 
r e f l e c t the hydrocarbon p a t t e r n and do have a strong even over odd 
predominance ( I I ) . 

0 | M - N | < 2 ; C 3 1 - C I | 3 ; C 3 M M 2 

CH3-(CH3)m-C.(CH2)n-CH3 H 

Thus a pl a n t c u t i c l e o r i g i n i s h i g h l y u n l i k e l y . T h e i r d i s t r i b u t i o n 
p a t t e r n to some extent mimic
i n d i c a t e a common b i o l o g i c a
g e n e t i c a l r e l a t i o n s h i p seems l e s s l i k e l y . Since i n the Namibian Shelf 
sediment sample i n v e s t i g a t e d v i r t u a l l y no organic compounds are 
encountered which are derived from t e r r e s t r i a l organisms, both the 
s t e r o l e t h e r s and the long mid chain ketones probably o r i g i n a t e from 
a group of marine organisms. At t h i s moment nothing i s known or can 
be s a i d about the g e o l o g i c a l f a t e of these compounds. 

Alkan-1,15-diols and alkan-15-one-l-ols. The occurrence of long chain 
1,15-diols ( I I I ) and alkan-15-one-l-ols (IV) have been reported i n 
the s t e r o l and s t a n o l f r a c t i o n s of Black Sea Unit I and Unit I I 
sediment e x t r a c t s f o r the f i r s t time (13). 

OH 0 

CH3-(CH2)m-C-(CH2)13-CH20H C ^ - i C H ^ - C - i C H ^ - C ^ O H 
H 

I X I M = M , 15, 16 ; C 3 0 (Ν = M ) I V 

The upper part of two GC-traces are shown i n Figure 4. Although these 
and s i m i l a r compounds have been reported to occur i n other sediments 
ever since (14), as yet nothing can be s a i d f i r m l y about t h e i r 
b i o l o g i c a l o r i g i n . The i d e n t i c a l d i s t r i b u t i o n patterns of the d i o l s 
and k e t o - o l s p o i n t to a t i g h t biochemical r e l a t i o n s h i p i n the source 
organisms whatever they are, although i n t h i s case a d i a g e n e t i c a l 
r e l a t i o n s h i p v i a a p a r t i a l r e d u c t i o n or o x i d a t i o n cannot f u l l y be 
excluded. 

Although i t i s very l i k e l y that due to t h e i r s p e c i f i c 
s t r u c t u r e s and t y p i c a l d i s t r i b u t i o n patterns the mid-chain ketones, 
the s t e r o l e t h e r s and the long chain 1,15-diols and k e t o - o l s have a 
high info r m a t i o n content and occur as such i n l i v i n g s p e c i e s , we are 
completely unable to use t h i s i nformation at t h i s moment since we do 
not know what organisms they r e f l e c t and what the g e o l o g i c a l f a t e of 
these compounds i s . 
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Figure 4. Upper part of GC-traces obtained f o r two s t e r o l 
f r a c t i o n s i s o l a t e d from Black Sea sediment e x t r a c t s . 
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A l k y l - and a l k e n - l - e n y l - d i a c y l g l y c e r i d e s . A l k y l - and a l k e n - l - e n y l -
d i a c y l g l y c e r i d e s (V, VI) were encountered i n both the t i s s u e s of the 
lugworm A r e n i c o l a marina and i n the i n t e r t i d a l f l a t sediment of the 
Wadden Sea (The Netherlands) where these lugworms l i v e (15). 

H 2Ç-0-C nH 2 n + 1 H 2 Ç -0-OC-C m H 2 f m l 

H C - O - C - R t H C - O - C - R I 

0 I 0 
H 2 C - 0 - C - R 2 H 2 C - 0 - C - R 2 

0 , j 

Ν = 12-20; M = 10-18 

Figure 5 shows the GC-trace of a TLC f r a c t i o n corresponding w i t h the 
a l k y l d i a c y l g l y c e r i d e s separated from a t o t a l e x t r a c t from the 
i n t e r t i d a l mud sediment. A f t e r TLC-separation the appropriate 
f r a c t i o n was hydrolysed and subsequently s i l y l a t e d before GC and 
GC-MS a n a l y s i s (15). The r e l a t i v e high abundance of i s o - , anteiso and 
mid chain-methyl branched s t r u c t u r e s i n the ether moieties supports a 
b a c t e r i a l o r i g i n . Whether b a c t e r i a b i o s y n t h e s i z e these compounds 
themselves or whether b a c t e r i a l l y produced f a t t y acids are 
incorporated by other organisms higher up i n the food c h a i n , cannot 
be concluded at t h i s moment. The g e o l o g i c a l f a t e of these compounds 
i s as yet completely unknown, although i t might be speculated that 
part of the a l k y l moieties released from more ancient sediments a f t e r 
BBr3 treatment o r i g i n a t e from these a l k y l g l y c e r i d e s (16). 

Very long chain d i - and t r i - u n s a t u r a t e d methyl and e t h y l ketones. 
The very long polyunsaturated methyl and ethylketones (VII) were 
f i r s t encountered i n high concentrations i n e x t r a c t s of Walvis Ridge 
sediments (17). 

ο 
H H H H II 

CH3-(CH2)13-C=C-(CH2)5-C=C-(CH2)5-C<-(CH2)n-C-CH3 

0 
H H H H II 

CH3-(CH2)1 3-C=C-(CH2)5-C=C-(CH2)5-C^C-(CH2)m-C-CH2-CH3 

Ν = 6, 7; M = 5, 6 V I I 

Late r on, t h e i r complete s t r u c t u r a l i d e n t i f i c a t i o n followed (3). 
Ever s i n c e , they have been encountered i n many sediment e x t r a c t s , 
sometimes together w i t h smaller amounts of the corresponding hydro
carbons and f a t t y acids (18). By mere l u c k , these compounds were a l s o 
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encountered i n the widespread coccolithophore E m i l i a n i a h u x l e y i (19). 
Therefore, these very long chain ketones i n sediments were thought to 
r e v e a l the presence of coccolithophores i n the o r i g i n a l environment 
of d e p o s i t i o n . When sediments are deposited underneath the calcium 
compensation depth (CCD) these molecules are then the only e n t i t i e s 
i n the sediment informing us about the o r i g i n a l presence of 
coccolithophores. However, a problem a r i s e s about the o r i g i n of these 
compounds since E m i l i a n i a h u x l e y i species f i r s t appeared i n the 
f o s s i l record about 250,000 years ago and many sediments which 
contain these ketones are much o l d e r . Recent f i n d i n g s (20) show that 
these ketones a l s o occur i n species of the I s o c h r y s i d a l e s , i n d i c a t i n g 
that they are not s t r i c t l y l i m i t e d to the true c o c c o l i t h o p h o r i d s . 
Although we at l e a s t have some u s e f u l ideas now where these 
sedimentary compounds come from, nothing at a l l i s known about t h e i r 
g e o l o g i c a l f a t e . 

Methoxy sugars, deoxy sugar
i n v e s t i g a t e d the occurrenc
sediments (21,22). By using the procedure sc h e m a t i c a l l y i n d i c a t e d i n 
the upper part of Figure 6, GC and GC-MS traces are obtained which 
r e v e a l peaks corresponding to a l d i t o l a c e t a t e s obtained from p o l y 
saccharides. The GC trace obtained from the deepest sample from a 
Solar Lake core (Figure 6) e x h i b i t s a number of major peaks derived 
from very common sugars which as f a r as t h e i r s t r u c t u r e s are 
concerned are not very i n f o r m a t i v e . The smaller peaks, however, 
re v e a l the presence of various methoxy- and deoxy sugars ( V I I I and 
I X ) , which are thought to o r i g i n a t e mainly from b a c t e r i a l l y produced 
polysaccharides. 

•0H 
HÇ 

H0-ÇH 
HÇ-OMe 
H Ç - 0 — 1 

HjC-OH 

3-0-ME-ARA (21) 

V I I I 

•OH 
HC^ 

OH 

HÇ-0H 
HO-CH 

H^-OH 
H C - 0 — 1 

CH 3 

6-DEOXY-GLU (26) 

IX 

HC-OH 

HC-OMe 
Ηέ-ΟΗ ι , 
Ç—0—1 

HÇ-0H 
CH 20H 

3-0-ME-HEPTOSE (60) 

X 
The heptoses (X) i n the upper pa r t of the t r a c e ( a f t e r "IS") r e v e a l 
the presence of heptoses which probably i n d i c a t e an o r i g i n from 
l i p o p o l y s a c c h a r i d e s (LPS) o c c u r r i n g i n gram-negative b a c t e r i a . This 
p o s s i b l e o r i g i n from LPS i s supported f u r t h e r by other experiments 
(see h e r e a f t e r ) . Almost nothing i s known about the g e o l o g i c a l f a t e of 
these s p e c i f i c sugars or about the polysaccharides i n general. This 
i s remarkable since polysaccharides seem to make up a major pa r t of 
the organic matter i n recent sediments (23). 
The examples given above f o r the a l k y l g l y c e r i d e s , the long chain 
unsaturated ketones and the s p e c i f i c sugar components show that i n 
these cases r e l a t i v e l y f i r m conclusions can be made about t h e i r biolog
i c a l o r i g i n , but as yet nothing i s known about t h e i r g e o l o g i c a l f a t e . 
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4-Methylsteroids. Although 4-methylstanols and 4-methylsteranes are 
known to occur i n recent and ancient sediments, f o r some time t h e i r 
o r i g i n was not very w e l l understood (24,25). However, a f t e r the 
s t r u c t u r a l e l u c i d a t i o n of the so c a l l e d "Black Sea S t e r o l " as 4a-
methyl-5a(H)-A 2 2-23,24-dimethyl-cholesten-33-ol ( d i n o s t e r o l , XI) i n 
ex t r a c t s from the Black Sea sapropel l a y e r (Unit I I ) an o r i g i n from 
d i n o f l a g e l l a t e s became obvious (2). 

Rx = H, CH3 ; R2 = H, CH3, C2H5 

X I I XI X I I I 

Ever s i n c e , d i n o s t e r o l and many other 4-methylsterols ( X I I ) , 
i n c l u d i n g 4-methylsteroidketones, have been encountered i n many 
sediments (8,26,10). The la r g e v a r i e t y of 4-methylsteroids 
encountered i n a Black Sea Unit I sediment and t h e i r modes of 
occurrence very s t r o n g l y support an o r i g i n from d i n o f l a g e l l a t e s due 
to the s t e a d i l y i n c r e a s i n g knowledge of s t e r o i d s o c c u r r i n g i n many 
species of d i n o f l a g e l l a t e s (8,27). There are good reasons to b e l i e v e 
that the r a t i o of d i n o s t e r o l to gorgosterols ( X I I I ) , c a l c u l a t e d from 
sediment e x t r a c t s can inform us about the r e l a t i v e amount of free and 
s y m b i o t i c a l l y l i v i n g d i n o f l a g e l l a t e s i n the d e p o s i t i o n a l environment 
(28). Because d i a g e n e t i c a l pathways of s t e r o i d s have been studied 
thoroughly (4_), i t can be concluded that 4-methyldiasterenes and 
-steranes present i n ancient sediments and o i l s represent the 
g e o l o g i c a l f a t e of these d i n o f l a g e l l a t e s t e r o l s . This i s , 
u n f o r t u n a t e l y , one of the few examples where we b e l i e v e that we 
understand both the o r i g i n and the f a t e of a group of sedimentary 
compounds. 

In the above discussed examples we have d e a l t w i t h sedimentary 
organic compounds which probably occur as such i n l i v i n g organisms. 
Hereafter s e v e r a l examples w i l l be discussed i n which i n f o r m a t i o n i s 
al s o obtained about d i a g e n e t i c pathways. 

P r i s t - l - e n e . Although p r i s t - 1 - e n e (XIV) does not occur i n e x t r a c t s of 
sediments, i t i s a major, sometimes the most abundant p y r o l y s i s 
product of organic matter i n immature sediments (29). 
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Very r e c e n t l y i t was demonstrated that tocopherol moieties i n kerogen 
are l i k e l y precursors of p r i s t - l - e n e (Figure 7) (30). This idea was 
supported by the f a c t that tocopherols are widely d i s t r i b u t e d i n 
photosynthetic t i s s u e s and that they a l s o occur as such i n s e v e r a l 
recent sediments (31). I t i s tempting to conclude that during 
" n a t u r a l p y r o l y s i s " the generated p r i s t e n e w i l l be transformed to the 
w e l l known component, p r i s t a n e , i n ancient sediments and o i l s . This 
example n i c e l y i l l u s t r a t e s that we have to be very c a r e f u l when we 
conclude that a c y c l i c i s o p r e n o i d hydrocarbons such as p r i s t a n e 
o r i g i n a t e from the c h l o r o p h y l l s i d e c h a i n , p h y t o l , based s o l e l y on 
s t r u c t u r a l s i m i l a r i t i e s . 

L o l i o l i d e s and d i h y d r o a c t i n i d i o l i d e . Although l o l i o l i d e s as such 
occur i n l i v i n g systems the r e c e n t l y discovered sedimentary 
l o l i o l i d e s (XV, XVI, XVII) i s o l a t e d from Namibian Shelf diatomaceous 
ooze are thought to be compounds which have been generated by very 
e a r l y stage d i a g e n e t i c a
of the water column (32)

DlH-ACT. IS0-L0L. LOL. 

XV XVI XVII 
The conversion suggested i n Figure 8 might proceed v i a the 5,8 
furanoxides reported e a r l i e r (33). Although the s t r u c t u r a l features 
inform us about a p o s s i b l e o r i g i n , nothing can be s a i d about 
subsequent transformation of these molecules upon i n c r e a s i n g 
maturation. 

A-nor-steranes and De-A-steranes. De-A-steroid ketones ( X V I I I ) , 
hydrocarbons (XIX) and A-norsteranes (XX) were shown to be present i n 
e x t r a c t s from Cretaceous black shales i n the North C e n t r a l 
Apennines (34,35). The De-A-steroidal compounds are thought to be 
i n d i c a t i v e of a d i a g e n e t i c a l pathway as shown i n Figure 9. A s i m i l a r 
pathway has been suggested f o r 3-oxy-triterpenoids (36). Although 
A-nor-steranes are not known to occur i n l i v i n g systems, some sponges 
can b i o s y n t h e s i z e 33-hydroxymethyl-A-norsteranes from d i e t a r y s t e r o l s 
(37). Therefore i t i s tempting to suggest that the A-nor-steranes 
o r i g i n a t e from c e r t a i n sponges and that t h e i r existance i n sediments 
i s the r e s u l t of a s p e c i f i c d i a g e n e t i c route (Figure 10). 

XVIII 

R2=H, CH3, C2H5 

XIX 
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Figure 7. Tocopherols as precursors f o r p r i s t e n e and p r i s t a n e

Figure 9. P o s s i b l e d i a g e n e t i c pathway f o r De-A-steroids. 

Figure 10. P o s s i b l e d i a g e n e t i c pathway f o r A-nor s t e r o i d a l 
hydrocarbons. 
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The above discussed l o l i o l i d e s , A-nor-steranes and De-A-steranes, are 
thought to c a r r y i n f o r m a t i o n about p a r t i c u l a r d i a g e n e t i c pathways 
sin c e i t i s assumed that these compounds do not r e f l e c t compounds 
which, as such, occur i n l i v i n g b i o t a  Once a c e r t a i n pathway i s 
proven, the precursor molecule
infor m a t i o n about the b i o l o g i c a

As mentioned i n the i n t r o d u c t i o n , the information content of 
sedimentary organic compounds can a l s o be expressed by t h e i r mode of 
occurrence. A general a n a l y t i c a l procedure was set up to d i s c r i m i n a t e 
l i p i d s which can be e x t r a c t e d as such, which are released a f t e r 
subsequent base treatment, and those which are released a f t e r 
subsequent a c i d treatment (Figure 11). Complex l i p i d s present i n the 
f i r s t e x t r a c t can be f u r t h e r studied a f t e r s a p o n i f i c a t i o n . The f i n a l 
residue can be i n v e s t i g a t e d by other chemical degradation r e a c t i o n s 
or by f l a s h p y r o l y s i s . E x t r a c t s obtained are not f u r t h e r separated 
but are d e r i v a t i z e d and analyzed by GC and GC-MS (38,39). Since 
b a c t e r i a l c o n t r i b u t i o n s to sediments are thought to be much more 
important than o r i g i n a l l y expected i n the organic geochemistry f i e l d 
(40), e x a c t l y the same procedure as sketched above was a p p l i e d to 
numerous b a c t e r i a and to s e v e r a l recent sediments (41). Results are 
shown here f o r the photosynthetic sulphur bacterium Rhodobacter 
s u l f i d o p h i l u s and f o r a Mediterranean sapropel ( S 7 , 250,000 y r . ) . 
Figure 12 shows the GC-traces of the d i r e c t l y e x t r a c t a b l e l i p i d s 
(-Free-), the l i p i d s r eleased a f t e r base treatment of the f i r s t 
residue (-0H~-) and the l i p i d s a f t e r a c i d treatment of the second 
residue (-H +-). Major compounds i n both the free and 0H~-fractions 
are the mono unsaturated and saturated C i e " and C i e - f a t t y acids and 
p h y t o l . In t h i s bacterium there obviously i s not very much d i f f e r e n c e 
between the f r e e and e s t e r i f i e d l i p i d s . The t h i r d GC-trace (-H +-), 
however, shows a completely d i f f e r e n t p a t t e r n . The major components 
are 3-hydroxy f a t t y acids representing a very p a r t i c u l a r d i s t r i b u t i o n 
p a t t e r n (CII+ .Q, ^20:1 an<* £22:0 a r e major components). The f a t t y a c i d 
composition i s a l s o d i f f e r e n t when compared w i t h the f i r s t and second 
e x t r a c t s . Besides the C 1 6 and CIQ f a t t y a c i d s , a , 3-unsaturated C ^ i 
and C20:2 f a t t y acids are encountered. An isomeric mixture of 
dihydroxy f a t t y acids i s a l s o present. 

This phenomenon was encountered i n a l l gram-negative and cyano-
b a c t e r i a i n v e s t i g a t e d . I n most cases, however, the 3-hydroxy f a t t y 
a c i d patterns are r e s t r i c t e d to C I Q , C 1 2 , Cm. and Ci6~components (41 ). 
The s e l e c t i v e r e l e a s e of the 3-hydroxy f a t t y acids upon a c i d 
treatment i n d i c a t e s that they are l i n k e d v i a amide bonds to complex 
substances. From numerous i n v e s t i g a t i o n s i t i s w e l l known that amide 
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Figure 11. A n a l y t i c a l procedure to d i s c r i m i n a t e l i p i d s by t h e i r 
mode of occurrence. 
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Figure 12. GC-traces of three d i f f e r e n t l i p i d f r a c t i o n s of 
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bound 3-hydroxy f a t t y acids occur i n b a c t e r i a l substances l i k e 
Lipopolysaccharides (LPS) and o r n i t h i n l i p i d s (42,43). The 
schematical drawing of a p a r t i a l LPS-structure and i t s occurrence i n 
the b a c t e r i a l c e l l (Figure 13) shows the presence of amide l i n k e d 3-
hydroxy f a t t y acids and e s t e r i f i e d f a t t y acids i n t h i s substance. 
In a separate study of Acinetobacter c a l c o a c e t i c u s i t was indeed 
demonstrated that 3-hydroxy f a t t y acids from LPS almost e x c l u s i v e l y 
occur i n the -H +- f r a c t i o n when the mentioned i s o l a t i o n procedure i s 
used (38). Using t h i s approach we have s t u d i e d s e v e r a l recent 
sediments. One study i s discussed here. The f r a c t i o n s "-Free-", 
"-Off"-" and ! I-H +- M were obtained from a 225,000 y r o l d Mediterranean 
sapropel and the GC-traces generated c o n t a i n a l l kinds of informa t i o n 
(Figure 14). F i r s t of a l l , 3-hydroxy f a t t y acids i n the C 1 2 - C 2 0 
range, i n c l u d i n g s t r a i g h t c h a i n - , i s o - and anteiso components, are 
almost e x c l u s i v e l y present i n the - H + - f r a c t i o n . Based upon t h e i r mode 
of occurrence (amide-bound), t h e i r d i s t r i b u t i o n p a t t e r n ( C 1 2 - C 2 0 ) a n c * 
s t r u c t u r a l features ( i s o
these compounds o r i g i n a t
and thus represent a b a c t e r i a l c o n t r i b u t i o n to the sedimentary 
organic matter. The almost e x c l u s i v e presence of p h y t o l i n the -0H~-
f r a c t i o n i n d i c a t e s that p h y t o l i s present i n an e s t e r i f i e d mode, 
probably as the phy t o l moiety i n c h l o r o p h y l l s . The C3o~diol and keto-
o l as w e l l as the very long unsaturated methyl- and ethyIketones 
("VLUK") occur as fr e e l i p i d s o n l y , which i s i n agreement w i t h t h e i r 
mode of occurrence n o t i c e d before i n sediments and organisms. The 
f a t t y acids show d i f f e r e n t d i s t r i b u t i o n patterns i n the three 
f r a c t i o n s i n d i c a t i n g that i n t h i s case, much inf o r m a t i o n i s hidden i n 
the mode of occurrence. 

Due to the GC and GC-MS analyses of whole e x t r a c t s without any 
f u r t h e r s e p a r a t i o n , s e v e r a l c l a s s e s of compounds w i t h t h e i r own 
d i s t r i b u t i o n patterns are v i s u a l i z e d simultaneously i n one gas 
chromatogram or t o t a l i o n current t r a c e . Comparison of these " t o t a l 
p r o f i l e s 1 1 obtained from organic compounds of d i f f e r e n t sediments, 
from organisms, from recognizable g e o l o g i c a l macrostructures, e t c . , 
i s another way by which inform a t i o n can be expressed. Figure 15 
i l l u s t r a t e s t h i s approach. E x t r a c t s were obtained from a 
Mediterranean sapropel ( S i , 8000 y r BP) and from f o s s i l oak c u t i c l e s 
(Miocene) a f t e r base treatment of both samples. Without s e p a r a t i o n , 
these e x t r a c t s were d e r i v a t i z e d and analyzed by GC and GC-MS. 
Comparison of the t o t a l p r o f i l e s shows that there i s a s t r i k i n g 
s i m i l a r i t y i n the n-alkane, the f a t t y a c i d and the a l c o h o l 
d i s t r i b u t i o n patterns and i n the a l k a n e / f a t t y a c i d / a l c o h o l r a t i o s 
w i t h i n the C 2 2 - C 3 2 chain length r e g i o n . Such a s i m i l a r i t y , which i s 
e a s i l y observed using t h i s " t o t a l p r o f i l e s " approach, i n d i c a t e s that 
a considerable part of the organic matter present i n the sapropel i s 
derived from p l a n t c u t i c l e s which have been f l u v i a l l y transported to 
t h i s marine sediment. I f t h i s reasoning i s c o r r e c t , the mechanism of 
sapropel formation, as proposed by R o s s i g n o l - S t r i c k (44), i s f i r m l y 
supported by these observations. 
F i n a l l y , some ongoing i n v e s t i g a t i o n s are discussed d e a l i n g w i t h the 
search f o r new info r m a t i o n c a r r i e r s among the organic compounds i n 
sediments. One way to search f o r new inf o r m a t i v e compounds i s to 
study organic compounds i s o l a t e d from sediments which are w e l l 
documented by other s c i e n t i f i c d i s c i p l i n e s . As an example, some 
r e s u l t s are shown from a Miocene sediment sample from the Northern 
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Figure 13. Schematical drawing of p a r t i a l L PS-structure. 
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Apennines which c o n s i s t s mainly of gypsum and marl lay e r s and which 
has been deposited under h y p e r s a l i n e c o n d i t i o n s 06). The gas 
chromatogram of the hydrocarbon f r a c t i o n (urea non adduct) of the 
marl i s shown i n Figure 16, Figure 17 shows the hydrocarbon f r a c t i o n 
of the gypsum l a y e r . A number of phenomena are observed. The phytane-
p r i s t a n e r a t i o i s very high (> 10) i n both samples and a small even 
over odd predominance of the n-alkanes i s noted i n the gypsum sample. 
Extended 

Al7(21) 
-hopenes are present i n the marl. The most abundant 

compounds i n the gypsum sample are 14α(Η),17α(H)- and 143(H),173(H)-
pregnanes and homopregnanes. Fur t h e r , a more or l e s s t y p i c a l p a t t e r n 
of α,3-norhopane, a,3-hopane and gammacerane i s present i n t h i s 
sample. Several of these phenomena have been n o t i c e d before (45) i n 
sediments which might have been deposited under h y p e r s a l i n e 
c o n d i t i o n s . Some features were a l s o observed i n a recent Sabkha 
environment (39). Table

Table I I . C h a r a c t e r i s t i c
Sedimentary Environments 

Phenomena; 
- phytane >> p r i s t a n e (phythenes; diphytanylethers) 
- i s o p r e n o i d and other thiophenes and t h i o l a n e s ? 
- pregnanes and homopregnanes 

ι ι 
- even-odd predominance n-alkanes 
- norhopane/hopane/gammacerane d i s t r i b u t i o n 1 — 
* c 3 0 ~ c 3 5 17(21) hopenes ù C 3 0 - C 3 5 hopanes 

O r i g i n ; 
h a l o p h y l i c ( a r c h a e ) b a c t e r i a ; photosynthetic sulphur b a c t e r i a ; 
cyanobacteria; sulphate reducing b a c t e r i a ; d u n a l i e l l a . 
(sabkha's; lagoons; " S o l a r Lake", e v a p o r i t i c b a s i n s ) . 

Further work i s necessary to b e t t e r understand and apply the obvious 
inform a t i o n present. For example, one wonders whether the high 
phytane/pristane r a t i o i s the r e s u l t of r e l a t i v e l y high amounts of 
phytenes and/or diphytanylethers present i n ( h a l o p h i l i c ) archae-
b a c t e r i a and i s not at a l l an i n d i c a t i o n f o r a n o x i c i t y (46,47). 

The i s o p r e n o i d thiophene compound shown i n Figure 16 has been 
observed i n other sediments a l s o (48). I n s p e c t i o n of the so c a l l e d 
aromatic hydrocarbon f r a c t i o n of the marl sample w i t h GC-FID, GC-FPD 
and GC-MS revealed the abundant presence of t h i s compound. Moreover, 
t h i s f r a c t i o n i s composed, f o r the most p a r t , of organic sulphur 
compounds, as can be judged from the GC-trace shown i n Figure 18. 
Other is o p r e n o i d thiophenes, short chain and long chain benzo-
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Figure 16. GC-trace of the hydrocarbon f r a c t i o n (non adduct) of 
the marl e x t r a c t of S a r s i n a sediment. 
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thiophenes are a l s o major compounds i n t h i s f r a c t i o n . At the moment 
we can only speculate about the o r i g i n of these new organic sulphur 
compounds. I t was shown by comparison w i t h a synthesized standard, 
that one of these i s o p r e n o i d thiophenes occurred as a s i n g l e s t e r e o 
isomer i n a Cariaco Trench sediment sample (48). Therefore, we assume 
that these compounds are formed during the very e a r l y stages of 
d i a g e n e s i s . Even a d i r e c t o r i g i n from organisms (sulphur reducing or 
o x i d i z i n g b a c t e r i a ) cannot be r u l e d out at t h i s stage. 

A f u r t h e r s e p a r a t i o n by column chromatography y i e l d e d various 
f r a c t i o n s of the S a r s i n a aromatic hydrocarbon f r a c t i o n . Homologous 
s e r i e s of n - a l k y l thiophenes w i t h p e c u l i a r d i s t r i b u t i o n patterns were 
observed by mass - chromatography generated a f t e r a n a l y s i s of a 
p a r t i c u l a r f r a c t i o n by GC-MS (see Figure 19). The Ci s u b s t i t u t e d n-
aIky1thiophenes (m/z = 111) e x e m p l i f i e d an i d e n t i c a l p a t t e r n as the 
n-alkane p a t t e r n ; a c l e a r odd/even predominance and C29 as the major 
component. The C 2 ~ s u b s t i t u t e d n - a l k y l thiophenes (m/z = 125) showed 
s i m i l a r patterns but i n t h i
and C30 i s now the major
the C 3 - and C ^ - s u b s t i t u t e d n - a l k y l thiophenes (m/z = 139 and 153 
r e s p e c t i v e l y ) traces are observed. Although t h i s k i n d of d i s t r i b u t i o n 
p a t t e r n i n f o r m a t i o n i s very c l e a r i n i t s e l f , the e x p l a n a t i o n has to 
await f u r t h e r s t u d i e s . The c h a r a c t e r i s t i c patterns i n d i c a t e , however, 
that an occurrence of compounds possessing long chain n - a l k y l 
thiophene moieties i n l i v i n g b i o t a i s not u n l i k e l y . 

Another s t r i k i n g d i s t r i b u t i o n p a t t e r n was observed f o r isomeric 
mixtures of n - a l k y l t h i o l a n e s observed i n a f r a c t i o n of Rozel P o i n t 
o i l . F igure 20 shows the GC-FPD tra c e of t h i s f r a c t i o n . Every major 
peak c o n s i s t s of numerous isomers ( d i f f e r e n t values f o r η an m but 
per peak η + m = constant) of these t h i o l a n e s . I t i s remarkable to 
see that the o v e r a l l d i s t r i b u t i o n p a t t e r n i s very s i m i l a r to f a t t y 
a c i d patterns i n young sediments. This might be another i n d i c a t i o n 
that these t h i o l a n e s are e i t h e r formed during e a r l y stages i n the 
diagenesis or that they are present as such or i n a f u n c t i o n a l i z e d 
form i n organisms. 

The above mentioned organic sulphur compounds represent new 
i n f o r m a t i o n but more work i s necessary to trace t h e i r o r i g i n . To 
summarize, i t can be s t a t e d that at t h i s moment our knowledge about 
the i n f o r m a t i o n content of sedimentary organic compounds i s 
i n c r e a s i n g s t e a d i l y . However, much more work i s necessary to b e t t e r 
understand the d i f f e r e n t ways by which the i n f o r m a t i o n contents are 
expressed before a l l i n f o r m a t i o n can be used e f f i c i e n t l y to 
r e c o n s t r u c t paleo-environments. To b e t t e r understand the i n f o r m a t i o n 
c a r r i e d by sedimentary organic molecules we have to tune our 
a n a l y t i c a l e x t r a c t i o n and i s o l a t i o n procedures i n such a way that 
modes of occurrences of l i p i d s and t o t a l l i p i d p r o f i l e s are o p t i m a l l y 
expressed without l o s i n g s t r u c t u r a l i n f o r m a t i o n of i n d i v i d u a l 
compounds or compound c l a s s d i s t r i b u t i o n p a t t e r n s . 
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Figure 19. Mass chromatograms showing the d i s t r i b u t i o n patterns 
of s e v e r a l groups of n-alkylthiophenes present i n a Sa r s i n a marl 
aromatic hydrocarbon f r a c t i o n . 
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Phenolic and Lignin Pyrolysis Products of Plants, 
Seston, and Sediment in a Georgia Estuary 

Jean K. Whelan1, Martha E. Tarafa1, and Evelyn B. Sherr2 

1Chemistry Department, Woods Hole Oceanographic Institution, Woods Hole, MA 02543 
2University of Georgia Marine Institute, Sapelo Island, GA 31327 

Phenolic and l ignin pyrolysis products measured in 
plants, seston, and sediment in a Georgia estuary 
together with isotopic data suggest that vascular 
plant material is present in estuarine organic matter 
pools. The pyrolysis products together with isotopic 
patterns of this
obtained from Spartina. The pyrolysis-GC-MS data 
also gave indications of changes in distribution of 
methoxy phenolic compounds in going from plant mater
ials to soils and seston, which could be due to 
either degradation processes or to a change in source 
in seston and sediments. These phenolic and methoxy-
phenolic pyrolysis products have generally not been 
detected to date in either surface or sub-surface 
deep ocean sediments from several areas of the world. 
The combination of isotopic data, together with lig
nin and higher plant pyrolysis products, appears to 
provide a useful method of determining plant sources 
of organic matter in estuaries. 

Determining the plant origins of organic matter in coastal waters 
and sediments is of interest to geochemists and to écologiste in 
answering specific questions regarding the sources and fates of 
carbon in these systems. For Georgia salt marsh estuaries, the 
i n i t i a l view was that most of the organic carbon present in the 
suspended material (seston) in the water column, as well as in the 
marsh soils and estuarine sediment, and which supported the estu
arine food web, was derived from production of the marsh cordgrass, 
Spartina alterniflora (1-2). This concept has had to be modified 
based on stable carbon isotope analysis (3-5). Although the dis
tinctive isotopic signature of Spartina Γ = -12 to -13 
° / 0 0 ) is present in the salt marsh soils and marsh animals, 
there is l i t t l e isotopic evidence for significant amounts of 
Spartina-derived organic matter in the seston and sediment of the 
open estuary. Instead, there appears to be a large background of 

0097-6156/ 86/ 0305-0062S06.00/ 0 
© 1986 American Chemical Society 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



4. W H ELAN ET AL. Phenolic and Lignin Pyrolysis Products 63 

organic carbon w i t h an i s o t o p i c composition ( δ 1 J C of -18 to 
-24°/ 0 0) depleted i n compared to that of S p a r t i n a . 
Stable carbon isotope a n a l y s i s alone, however, cannot be used to 
determine whether t h i s m a t e r i a l o r i g i n a t e s p r i m a r i l y from i n s i t u * 
phytoplankton production ( 6 1 3 C of -20 to -26°/ 0 0) or 
represents a mixture of a l g a l carbon and Sp a r t i n a d e t r i t u s w i t h 
t e r r e s t r i a l organic matter ( <$ of around -26°/ 0 0) coming 
i n t o the estuary v i a r i v e r f l o w ( 5 ) . 

I t i s apparent tha t other types of geochemical analyses must 
be combined w i t h s t a b l e isotope a n a l y s i s to c l a r i f y the sources of 
organic matter i n Georgia e s t u a r i e s and s i m i l a r c o a s t a l systems. 
Here we present p r e l i m i n a r y evidence th a t c h a r a c t e r i z a t i o n of 
higher plant and l i g n i n p y r o l y s i s and CuO o x i d a t i o n products i n 
the pools of organic carbon i n e s t u a r i e s can provide a d d i t i o n a l 
i n f o r m a t i o n concerning the r e l a t i v e importance of the p o t e n t i a l 
v a s c u l a r p l a n t c o n t r i b u t o r s t o these pools. L i g n i n i s produced 
only by vas c u l a r p l a n t s
more r e s i s t a n t to degradatio
other biopolymers ( 6 ) . When the complex polymer of l i g n i n i s 
chemically o x i d i z e d , a s e r i e s of methoxy phenol d e r i v a t i v e s are 
produced which are q u a n t i t a t i v e l y r e l a t e d to the amount and type 
of the c o n t r i b u t i o n v a s c u l a r p l a n t t i s s u e s ( 7 ) . A n a l y s i s of 
l i g n i n - d e r i v e d phenols v i a copper oxide o x i d a t i o n and subsequent 
gas chromatography has been used to t r a c e terrigenous m a t e r i a l i n 
the e s t u a r i e s and near shore s h e l f of the P a c i f i c and Gulf of 
Mexico coasts (6, 8-10). 

L i g n i n d e r i v a t i v e s have a l s o been analyzed q u a l i t a t i v e l y i n 
i s o l a t e d , s y n t h e t i c , and degraded l i g n i n s (11), as w e l l as i n 
peats (12) and i n sediments and p a r t i c u l a t e s v i a p y r o l y s i s - g a s 
chromatography-mass spectrometry (PGCMS) both i n Chesapeake Bay 
(13) and i n the Rhine d e l t a (14). A high c o r r e l a t i o n has been 
found between p y r o l y s i s products and the l i g n i n u n i t s from which 
they a r i s e (15-16). The technique i s a t t r a c t i v e because of the 
sm a l l amount of sample (50-100 mg dry weight) and the minimal 
sample prep a r a t i o n r e q u i r e d . This r e p o r t describes an a p p l i c a 
t i o n of PGCMS to the a n a l y s i s of l i g n i n and phenolic p y r o l y s i s 
products from v a s c u l a r p l a n t s , sediments, and seston i n the 
Georgia estuary. 

Methods 

Ground and sieved (1 mm to 52 mm p a r t i c l e s i z e ) dry samples were 
put i n t o a 2 m m i . d . χ 10 mm quartz tube, and h e l d i n place w i t h 
quartz wool. The tube was mounted i n a desorption probe and 
screwed i n t o the c o o l programmable i n t e r f a c e of a Chemical Data 
Systems (CDS) 820 G e o l o g i c a l Reaction System (17). The sample was 
heated from 250°C to 550°C a t 30°C per minute. V o l a t i l e C7-C28 
compounds formed during the p y r o l y s i s were c o l l e c t e d on the CDS 
820 System Tenax traps and then desorbed onto 1/8 i n c h o.d. χ 3 
i n c h Tenax t r a p s , p r e v i o u s l y heated overnight i n a helium stream 
at 280°C, which were then e i t h e r s t o r e d i n screw cap v i a l s ( i f the 
mass spectrum was to be run w i t h i n 24 hours) or sealed i n g l a s s 
ampules i n a n i t r o g e n atmosphere and fro z e n ( i f they had to be 
stor e d f o r longer time p e r i o d s ) . 
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Mass s p e c t r a l analyses were c a r r i e d out by desorbing the 
Tenax traps i n t o a GC mass spectrometer ( C a r l o Erba model 4160 GC 
equipped w i t h a cryogenic oven attachment connected t o a Finnigan 
4500 quadrupole mass spectrometer). The t r a p s were desorbed i n a 
helium stream v i a a heated desorptlon module which attached to the 
GC i n j e c t i o n p o r t . The GC oven was cooled to -20°C w h i l e the 
d e s o r p t i o n heater was heated to 280°C and then maintained a t that 
temperature f o r 15 min. The GC oven was then ramped to 40 °C and 
the J&W DB-5 (5% methyl phenyl s i l i c o n e bonded phase) fused s i l i c a 
c a p i l l a r y column (0.32 mm i . d . χ 30 mm long) was programmed from 
40°C to 280°C at 4°C per minute. Mass s p e c t r a were acquired using 
e l e c t r o n impact i o n i z a t i o n at 70 eV and were c o l l e c t e d v i a scanning 
from 40 to 350 amu at 1 second i n t e r v a l s . The GCMS system i s 
i n t e r f a c e d to a Finnigan Incos 2300 Data System which contains the 
NBS/EPA/NIH reference l i b r a r y of 31,000 s p e c t r a . Compounds were 
t e n t a t i v e l y i d e n t i f i e d u s i n g the forward search a l g o r i t h m i n c l u d e d 
w i t h the Incos system.
being c a r r i e d out by p y r o l y s i
F0M I n s t i t u t e AMOLF, K r u i s l a a n , The Netherlands. 

R e s u l t s and D i s c u s s i o n 

A t o t a l of 5 p l a n t , 2 seston, and 5 sediment samples from the 
Georgia estuary f o r which the s t a b l e carbon i s o t o p e composition 
had p r e v i o u s l y been determined were analyzed (see Table I ) . 

Table I . Stable carbon isotope compositions of the p l a n t , 
seston, and sediment samples from the Georgia estuary 

analyzed f o r l i g n i n p y r o l y s i s products 

6 1 3C, ° / 0 0 

Sample (P.D.B.)* 

P l a n t s : 
Cordgrass, S p a r t i n a a l t e r n i f l o r a 
Black rush, Juncus roemerlanus 
Sedge, Scirpus americanus 
Wild r i c e , Zizaneopsis m i l i a c e a e 
Mixed cypress & hardwood leaves 

Seston: 
Lower Altamaha R i v e r seston 
Doboy Sound seston 

Sediments : 
S p a r t i n a marsh creekbank 
S p a r t i n a marsh creekbed 
T i d a l creekbed o f f open estuary 
Mudflat a t mouth of Doboy Sound 

(Spar) -12.3 + 0.3 
(BR) -25.8 + 0.1 
(Sedg) -26.0 
(WR) -28.2 + 0.8 
(MCH) -24.0 

(R5) -27.5 
(DSS) -21.3 

( S - l l ) -19.2 + 0.4 
(S-12) -20.7 + 0.7 
(S-13) -19.7 
(S-15) -21.3 

* From (4-5) 
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P y r o l y s i s products t e n t a t i v e l y i d e n t i f i e d as phenols and methoxy 
phenols (see d i s c u s s i o n below) which appear to be d i a g n o s t i c of 
p a r t i c u l a r i n p u t s , are shown i n Figure 1. Some of these, p a r t i 
c u l a r l y the methoxyphenols, are almost c e r t a i n l y d e r i v e d from 
l i g n i n (11-16)· The approximate r e l a t i v e percentages of each, as 
shown i n Figures 2-4, were c a l c u l a t e d as f o l l o w s : A s p e c i f i c 
r e g i o n of the GCMS co n t a i n i n g the peaks of i n t e r e s t was examined 
i n each sample v i a mass scans, d i a g n o s t i c of p a r t i c u l a r compounds 
(determined v i a d e t a i l e d i d e n t i f i c a t i o n of a l l peaks i n the GC-mass 
spectrum), as shown i n Table I I . The height of the GC peak f o r a 

Table I I . Mass s p e c t r a l peaks d i a g n o s t i c of compounds 
i n Figure 1 ( l i s t e d i n decreasing order of 

i n t e n s i t y f o r each compound) 

Compound m/

A 151, 166, 123 
Β 151, 182, 108 
C 137, 180 
D 164, 149 
Ε 164, 149 
F 137, 105, 66 
G 152, 151 
H 164 
I 151, 166, 123 
J 164, 149 
Κ 194, 179 
L 194, 77, 179 
M 181, 196, 95 
Ν 58, 108, 178 
0 167, 182 
Ρ 107, 128, 152 
& Q2 137, 152, 122 
& R2 150, 135, 107 
S 91, 150, 135 
Τ 154, 139, 111, 93 
υ 137, 152 
V 168, 153 

p a r t i c u l a r mass chromatogram was then d i v i d e d by the a t t e n t u a t i o n 
of the reconstructed t o t a l i o n chromatogram (RIC) i n the same scan 
range and m u l t i p l i e d by 100. This procedure gives a rough estimate 
of the r e l a t i v e amount of each p y r o l y s i s product i n the sample as 
normalized to the strongest RIC peak (which g e n e r a l l y remained 
constant throughout the sample s e t ) i n the r e g i o n of the GCMS 
being examined. 

The proposed compound s t r u c t u r e s shown i n Figure 1 are based 
p a r t l y on mass-spectal computerized l i b r a r y searches as compared 
to the 31,000 compound NIH/NBS l i b r a r y . I t was a l s o assumed that 
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Figure 2. Levels of v a n i l l y l d e r i v a t i v e s i n p y r o l y s i s products 
of Georgia estuary samples. Sample code: R i v e r seston (>52 Pm) 
(RS); Doboy Sound seston ( >52 μπι) (DSS); sediment from open 
creekbed (S-13); sediment from t i d a l creek (marsh creekbank) 
( S - l l ) ; sediment from t i d a l creek (marsh creek bed) (S-12); 
sediment from open estuary (Doboy mudflat) (S-15); mixed 
cypress and hard-wood (MCH); swamp s o i l (SS); black rush (BR); 
sedge (sedg); w i l d r i c e (WR); and S p a r t i n a ( S p a r ) . See Figur e 
1 f o r compound i d e n t i f i c a t i o n . 
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the carbon skeletons of methoxy-phenolic p y r o l y s i s products are 
not d r a s t i c a l l y d i f f e r e n t from those found i n the parent l i g n i n 
(15-16, 18-19) and that s t r u c t u r e s of l i g n i n p y r o l y s i s products 
reported here are probably the same as those p r e v i o u s l y reported 
(11, 14). In a d d i t i o n , two of the samples analyzed i n t h i s work 
are a l s o being analyzed by p y r o l y s i s GCMS i n the l a b o r a t o r y of Dr. 
Jap Boon i n the Netherlands which w i l l a l l o w comparison of our mass 
spectra w i t h those of a u t h e n t i c standards. Because the bonded 
phase c a p i l l a r y GC columns being used i n both l a b o r a t o r i e s have 
the same l i q u i d phase ( J . Boon, p r i v a t e communication), i t was 
asumed i n the present work t h a t the r e l a t i v e order of GC e l u t i o n 
of isomeric p y r o l y s i s products was the same as i n Ref. (11) and i n 
other work of Saiz-Jimenez and de Leeuw (unpublished manuscript). 

The v a n i l l y l and s y r i n g y l p y r o l y s i s products shown i n Figure 
1 are probably c o r r e c t , although these s t r u c t u r e s w i l l have to be 
checked by comparison to a u t h e n t i c standards i n f u t u r e work. The 
mass s p e c t a l computer gav
than 900 out of a p o s s i b l
on the Incos data system) to the s t r u c t u r e s shown i n Figure 1 f o r 
compounds A-C, F, G, I , and M. The mass s p e c t r a f o r a l l of these 
compounds are f a i r l y unique, as shown i n Table I I . The computer 
i d e n t i f i e d compounds D, £ and H (which possessed almost i d e n t i c a l 
mass spectra) as propenyl v a n i l l y l compounds. The proposed s t r u c 
tures shown i n Figure 1 are based on the f a c t t h a t the parent 
l i g n i n contains only s t r a i g h t ( r a t h e r than branched) C3 chains 
bonded to the phenyl groups (18-19) and on the expected GC e l u t i o n 
order based on Réf. (11). A f o u r t h compound, J i n Figure 1, was 
a l s o i d e n t i f i e d by the computer as propenyl benzene. I t i s pro
posed th a t t h i s compound contains a h y d r o x y l or a l k o x y l group (o r 
some other e a s i l y e l i m i n a t e d group) bonded to a s t r a i g h t C3 s i d e 
chain which i s e l i m i n a t e d during e l e c t r o n impact fragmentation to 
produce a mass spectrum very s i m i l a r to t h a t of the corresponding 
o l e f i n (20). 

S i m i l a r arguments apply to the propenyl s y r i n g y l compounds Κ 
and L. Compounds Τ and V were i d e n t i f i e d by the mass s p e c t a l com
puter as 3, 4-dimethoxyphenol and trimethoxyphenol, r e s p e c t i v e l y . 
However, l i b r a r y s p e c t r a do not always c o n t a i n the c o r r e c t r e f e r 
ence isomers (11). In a d d i t i o n , because p y r o l y s i s product s t r u c 
tures Τ and V i n Figure 1 have been i d e n t i f i e d as abundant s y r i n g y l 
l i g n i n p y r o l y s i s products (11), and because isomers o f t e n g i v e very 
s i m i l a r mass spectra (20), we propose t h a t compounds Τ and V are 
a c t u a l l y the u n s u b s t i t u t e d and methyl s y r i n g y l d e r i v a t i v e s , 
r e s p e c t i v e l y . 

A number of other p y r o l y s i s products b e l i e v e d to be e i t h e r 
phenols or methoxyphenols der i v e d from higher p l a n t s were a l s o 
i d e n t i f i e d i n the sample s e t . I d e n t i f i c a t i o n of these, i n c l u d i n g 
Ν through Ρ and S i n Figure 4, are l e s s c e r t a i n than those d i s 
cussed above so t h a t s t r u c t u r e s are not proposed. Compounds Q l , 
Q2, and U, which produce very s i m i l a r mass s p e c t r a and, t h e r e f o r e , 
are proposed to be isomeric (20), were i d e n t i f i e d w i t h a h i g h 
degree of confidence by the mass spec computer as the d i p h e n o l i c 
s t r u c t u r e shown i n Figure 1. Compounds R l and R2, which a l s o 
appear to be i s o m e r i c , gave mass s p e c t r a very s i m i l a r (but not 
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i d e n t i c a l ) to thymol shown i n Figure 1. Therefore, we propose 
that these two compounds, which occurred w i d e l y i n the sample s e t , 
are terpene d e r i v a t i v e s r e l a t e d to thymol. 

Computerized GCMS data of other samples obtained from more 
marine sediments have a l s o been examined f o r the p o s s i b l e presence 
of l i g n i n - d e r i v e d p y r o l y s i s products (Whelan, unpublished d a t a ) . 
Three marine gorgonian ( c o r a l ) samples showed only t r a c e s of com
pound which might be G and of a d i a l k y l phenol. Marine copepods, 
two sediment samples from a sub-bottom depth of 788 m near the 
Canary I s l a n d s , a sediment sample from a sub-bottom depth of 564 m 
i n the Japan Trench, and two surface sediment samples from the Peru 
u p w e l l i n g r e g i o n a l l showed no t r a c e s of the p y r o l y s i s products 
shown i n Figures 1-4 (determined by c a r e f u l searches of mass 
chromatograms of the masses shown i n Table 1) w i t h the p o s s i b l e 
exception of compound U. The f a c t that these marine samples 
g e n e r a l l y do not produce these phenolic and methoxy phenolic 
compounds supports the
non-marine, most probabl

As shown i n Figure 1, three general groups of phenolic p y r o l y 
s i s products were found i n the samples analysed: v a n i l l y l phenols, 
s y r i n g y l phenols, and miscellaneous phenolic and methoxy compounds. 
The r e l a t i v e proportions of the i n d i v i d u a l products i n the v a r i o u s 
samples i n each of the three groups are presented r e s p e c t i v e l y i n 
Figures 2-4. 

The v a n i l l y l type of phenolic s t r u c t u r e i s produced i n the 
l i g n i n of a l l vascular p l a n t s (18-19). L e v e l s of v a n i l l y l p henolic 
p y r o l y s i s products were h i g h i n the p l a n t s , swamp s o i l , and i n 
seston i n the Altamaha R i v e r and i n Doboy Sounds (Figure 2 ) . I n 
three of the e s t u a r i n e sediment samples, however, these compounds 
were e i t h e r undetected or found i n only t r a c e amounts (Figure 2 ) . 
The a c e t y l d e r i v a t i v e , A, was concentrated i n swamp s o i l , i n r i v e r 
and e s t u a r i n e seston, and i n the S p a r t i n a creekbank sediment 
( S - l l ) . We p o s t u l a t e t h a t the seston and sediment have a s i g n i f i 
cant c o n t r i b u t i o n from swamp s o i l , or more l i k e l y a l l of these 
organic pools have a s i m i l a r p l a n t - d e r i v e d component which produces 
a higher p r o p o r t i o n of the a c e t y l s t r u c t u r e upon p y r o l y s i s . The 
l a t t e r hypothesis i s supported by the presence of the v a n i l l y l 
compound J i n s i g n i f i c a n t amounts only i n S p a r t i n a and i n the 
S p a r t i n a marsh creekbank sediment ( S - l l ) . The low or non-existent 
l e v e l s of t h i s compound i n the other samples suggests t h a t S p a r t i n a 
i s the major c o n t r i b u t o r of higher p l a n t carbon to marsh creekbank 
sediment. However, i f t h i s hypothesis i s c o r r e c t , i t i s d i f f i c u l t 
to see why the s y r i n g l products (K-M i n , Figure 3) should be 
present i n S p a r t i n a but missing i n Sediment S - l l . 

F i v e s y r i n g y l d e r i v a t i v e s (compounds K-M, T, and V, Figure 1) 
were detected among the p y r o l y s i s products ( F i g u r e s 2-4). S y r i n g y l 
phenols are a l s o c h a r a c t e r i s t i c of l l g n i n s , but occur i n q u a n t i t y 
only i n angiosperm p l a n t s C7; 18-19). Small amounts of three 
d i f f e r e n t a c e t y l and propenyl s y r i n g y l p y r o l y s i s products were 
produced by w i l d r i c e and sedge (Figure 3 ) , w h i l e only two of these 
s t r u c t u r e s were obtained from S p a r t i n a and the mixed cypress and 
hardwood t r e e l e a v e s . A much l a r g e r p r o p o r t i o n of the a c e t y l 
d e r i v a t i v e , compound M, was found i n swamp s o i l and Doboy Sound 
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seston, suggesting a common organic source f o r these two pools of 
organic matter. Somewhat el e v a t e d l e v e l s of these three s y r i n g y l 
compounds occurred i n r i v e r seston. The lower p r o p o r t i o n of com
pound M to L as compared to the Doboy Sound seston may I n d i c a t e a 
l e s s degraded or a d i f f e r e n t p l a n t source c o n t r i b u t i n g t o seston 
i n the r i v e r . The open estuary sediment samples, S-13 and S-15, 
had s y r i n g y l s t r u c t u r e s which probably came from p l a n t d e b r i s . I n 
c o n t r a s t , the creekbank sediment, which had abundant v a n i l l y l 
s t r u c t u r e s , showed onl y the u n s u b s t i t u t e d s y r i n g y l compound, T. 
The absence of other s y r i n g y l s t r u c t u r e s i n sediment S - l l i s some
what s u r p r i s i n g i f S p a r t i n a i s the main source of p l a n t m a t e r i a l to 
t h i s sediment, s i n c e two a d d i t i o n a l s y r i n g y l s t r u c t u r e s (L and M) 
were found among the S p a r t i n a p y r o l y s i s products. 

Figure 4 shows l e v e l s of other phenoxy and methoxy p y r o l y s i s 
products (N through S and U, some of which are shown i n Figure 1) 
which might be deriv e d from l i g n i n and/or other higher p l a n t 
m a t e r i a l . The s p e c i f i c i t
of higher p l a n t m a t e r i a
work. Ql and Q2 appear to be a c e t y l d i p h e n o l i c s t r u c t u r e s , w h i l e 
both R l and R2 were i d e n t i f i e d by the computer as r e l a t e d t o thymol 
(see Figure 1 ) . Both types of s t r u c t u r e s may be t y p i c a l of high e r 
p l a n t s , but are not n e c e s s a r i l y d e r i v e d from l i g n i n . Thymol ( R l 
and R2) i s a monoterpene which occurs w i d e l y i n higher p l a n t s (21). 

For the Georgia estuary samples, the p l a n t s , swamp s o i l , 
s eston, and sediment S - l l from the t i d a l creekbank a l l showed 
s i m i l a r d i s t r i b u t i o n s of compounds Q2 and R l . Compound 0 a l s o 
occurred as a p y r o l y s i s product i n these samples, w i t h the amount 
being more enriched i n sedge than i n the other p l a n t s . These com
pounds are e i t h e r absent or present i n lower l e v e l s i n the sp e c t r a 
of p y r o l y s i s products from the other sediment samples: S-13, S-12 
and S-15. The r e s u l t s are c o n s i s t e n t w i t h the v a n i l l y l product 
d i s t r i b u t i o n ( F i g u r e 2) and suggest t h a t these p y r o l y s i s products 
a l s o a r i s e from v a s c u l a r p l a n t s and t h a t there i s a s i g n i f i c a n t 
v a s c u l a r p l a n t c o n t r i b u t i o n to the seston and creekbank sediment. 
The s m a l l e r amounts of compounds 0, Q2, and R l i n the open estuary 
sediments i n d i c a t e e i t h e r a l e s s e r i n f l u e n c e or a more d i a g e n e t i c -
a l l y a l t e r e d higher p l a n t carbon. 

P y r o l y s i s products N, R2, P, S, U, and V, shown i n Figure 4, 
were more s p e c i f i c than those discussed above. Compound V was 
produced only by sedge, bla c k rush, mixed cypress and hardwood 
le a v e s , and i n sm a l l e r amounts, by swamp s o i l . The presence of 
t h i s compound i n sediment S-15, but not i n other seston or sediment 
samples, suggests the c o n t r i b u t i o n of s p e c i f i c higher p l a n t s to 
t h i s sediment sample. The occurrence of compound P, i n sediment 
S-15 and Doboy Sound seston, but not i n the higher p l a n t s analyzed 
or i n swamp s o i l may i n d i c a t e a f a i r l y s p e c i f i c marine precursor 
f o r t h i s p a r t i c u l a r p y r o l y s i s product. 

I n a d d i t i o n to the analyses of l i g n i n products by PGCMS as 
discussed here, one sample of e s t u a r i n e sediment, comparable to 
sample S-15, was analyzed f o r l i g n i n o x i d a t i o n products by the CuO 
o x i d a t i o n method (22). The d i s t r i b u t i o n of v a r i o u s types of 
phenolic compounds i n the sediment I s compared to that of S p a r t i n a 
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a l t e m i f l o r a and other types of p l a n t s p r e v i o u s l y analyzed w i t h the 
CuO method (7) i n Table I I I . 

Table I I I . Comparison of three l i g n i n parameters determined 
f o r an e s t u a r i n e sediment sample w i t h those of S p a r t i n a 

a l t e m i f l o r a and other v a s c u l a r p l a n t s . 
S/V m wt. r a t i o of s y r i n g y l to v a n i l l y l phenols; 
C/V s wt. r a t i o of cinnamyl to v a n i l l y l phenols; 

Co/Fe β wt. r a t i o of the cinnamylphenols p-coumaric 
a c i d and f e r u l i c a c i d . 

Sample S/V C/V Co/Fe 

Est u a r i n e sediment 1.24 0.46 2.89 
* S p a r t i n a a l t e m i f l o r a 1.1 1.0 0.84 
Other nonwoody angiosper
Angiosperm woods 
Gymnosperm nonwoody t i s s u e 0.02 0.49 5.0 
Gymnosperm woods 0 0 0 

* p l a n t data from Ref. 7. 

The l i g n i n signature i n t h i s sediment sample most c l o s e l y resembles 
t h a t of nonwoody angiosperm t i s s u e , but i t does not f i t w e l l w i t h 
the s p e c i f i c d i s t r i b u t i o n of l i g n i n phenols obtained f o r S p a r t i n a . 
This r e s u l t i s c o n s i s t e n t w i t h those obtained by PGCMS, even though 
the s p e c i f i c r e l a t i o n between o x i d a t i v e and p y r o l y t i c l i g n i n degra
d a t i o n products has not yet been determined. Thus, sediment S-15 
does not show the same p y r o l y s i s products as S p a r t i n a i n Figures 
2-4. The strongest p h e n o l i c p y r o l y s i s s i g n a l i n S-15 i s most l i k e 
those of swamp s o i l and Doboy Sound seston as shown i n Figure 3 
and c o n s i s t s of a r e l a t i v e l y s t r o n g s y r i n g y l component i n compari
son to other sediment samples. 

Se v e r a l sediment samples from the M i s s i s s i p p i Fan i n the Gulf 
of Mexico d i d show t r a c e s of compound U. These sediments should 
have been h e a v i l y i n f l u e n c e d by terrigenous organic matter. How
ever, i t i s not c u r r e n t l y known to what depths l i g n i n s s u r v i v e i n 
deep sea sediments ( 6 ) . I t has r e c e n t l y been shown t h a t v a n i l l y l 
and p-hydroxy l i g n i n are p a r t i a l l y preserved i n some b u r i e d woods 
f o r periods of up to 2500 years (23). We plan to reanalyze DSDP 
M i s s i s s i p p i Fan samples, along w i t h more hemipelagic types of 
marine sediments, i n f u t u r e work to look i n d e t a i l f o r the com
pounds i n Figure 1. 

Summary 

Determining the r e l a t i v e c o n t r i b u t i o n s of marine and t e r r e s t r i a l 
p l a n t organic carbon to the pools of organic matter i n c o a s t a l 
systems i s o f t e n d i f f i c u l t . I n Georgia s a l t marsh e s t u a r i e s , the 
major sources of organic matter are i n s i t u phytoplankton produc-
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t i o n , d e t r i t u s from the marsh grass S p a r t i n a a l t e m i f l o r a , and 
t e r r e s t r i a l p l a n t m a t e r i a l introduced by r i v e r flow. S t a b le carbon 
isotope s t u d i e s i n d i c a t e t h a t , although S p a r t i n a carbon i s present 
i n s a l t marsh sediment and to some extent i n sediment i n the open 
estuary, there i s a l a r g e background of ^ C - d e p l e t e d organic 
matter i n sediment and i n suspended p a r t i c u l a t e m a t e r i a l which 
could come e i t h e r from phytoplankton or from t e r r e s t r i a l m a t e r i a l . 
I n order to c l a r i f y the source of t h i s m a t e r i a l , samples of estua
r i n e v a s c u l a r p l a n t s , seston, and sediment were analysed f o r con
tent and composition of phenolic and methoxy phenolic p y r o l y s i s 
products by p y r o l y s i s and subsequent gas chromatography and mass 
spectrometry. Some or a l l of these products ( p a r t i c u l a r l y the 
methoxy phenols) are proposed to be d i a g n o s t i c l i g n i n p y r o l y s i s 
products. These products, which are not produced by more marine 
samples, appear to be d i a g n o s t i c of terr i g e n o u s p l a n t s . Based on 
these analyses, S p a r t i n a has a unique s i g n a t u r e which a l s o appeared 
i n a sample of surface
a S p a r t i n a marsh. Sedimen
open e s t u a r i n e s i t e s showed very l i t t l e of these p y r o l y s i s pro
ducts, and the composition d i d not match t h a t of S p a r t i n a . Suspen
ded m a t e r i a l i n the estuary had a stronger s i g n a l which resembled 
that of tr e e leaves and s o i l i n c o a s t a l freshwater swamps. Seston 
and some sediment i n the open estuary a l s o contained phenolic 
(probably n o n - l i g n i n ) p y r o l y s i s products which were not present i n 
the p l a n t s and which were probably of marine o r i g i n . One e s t u a r i n e 
sediment sample was independently analysed f o r l i g n i n CuO o x i d a t i o n 
products v i a gas chromatography. The composition of the l i g n i n 
present i n t h i s sample resembled t h a t of some non-woody angiosperm 
t i s s u e s from the swamp, but d i d not c l o s e l y match the l i g n i n 
products found f o r S p a r t i n a . I t appears that organic carbon 
derived from v a s c u l a r p l a n t s i s present i n e s t u a r i n e seston and 
sediment, but S p a r t i n a may not be the primary source f o r t h i s 
m a t e r i a l . 
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Characterization of Particulate Organic Matter 
From Sediments in the Estuary of the Rhine and 
from Offshore Dump Sites of Dredging Spoils 

Jaap J. Boon1, B. Brandt-de Boer1, Wim Genuit1, Jan Dallinga1, and E. Turkstra2 

1FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, 
The Netherlands 

2 D. B. W. RIZA, P.O. Box 17, Lelystad, The Netherlands 

Screening of estuarine and marine sediment samples by 
automated pyrolysis mass spectrometry combined with fac
tor-discriminant analysi
tion related to the geographical position and the sour
ces of the organic matter. The mass spectral data give 
preliminary information about the organic matter compo
sition. Analysis of the characteristic mass peaks m/z=86 
and 100 by PMSMS and PGCMS points to bacterial poly-
alkanoates in the mud fraction of the river sediments. 
These and other pyrolysis products show that sewage 
sludge with degraded lignocellulose material and bacte
rial biomass is an important source of particulate orga
nic matter in river sediment of this heavily populated 
area in the Netherlands. 

Extensive sedimentation of particulate matter from fluvial and marine 
origin takes place in the estuary of the Rhine, particularly in the 
harbors along the New Waterway, downstream from Rotterdam. Yearly 
about 20 million m̂  of this mud is dredged and dumped into the North 
Sea (1). As these sediments have trapped organic and inorganic pollu
tants such as Cr, Cu, Hg, Cd, Pb, Zn and Ni, a considerable pollutant 
load is imposed on the North Sea ecosystem either directly by the 
outflowing river water or indirectly by dredging and dumping (2). 

Detailed knowledge on the molecular level about the fate of the 
riverine particulate organic matter and its associated pollutant 
cocktail is still limited. The complex processes which occur in the 
mixing area between fluvial and marine water in the estuary, result 
in sediments with characteristics of aquatic and marine origin, mixed 
up or maybe even reacted with each other in some ways. When these se
diments are dredged and dumped offshore, the sedimentary material is 
exposed to open sea conditions with increased chances of resuspension 
and resedimentation and consequently a new diagenetic regime for the 
organic matter. 

In order to study aspects of the fate of these sediments, we 
have studied sedimentary particulate matter from sites in the estuary 
of the Rhine downstream from Rotterdam, from several dredging spoil 
dumpsites offshore (Loswal Noord), and from sediments of the Flemish 
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Banks i n the Southern North Sea. The organic composition of the mud 
f r a c t i o n from these sediments was i n v e s t i g a t e d by C u r i e - p o i n t pyro
l y s i s mass spectrometrie techniques, whereas metal content, % organic 
carbon, carbon i s o t o p e s , carbonate and mud content were determined se
p a r a t e l y on the same sediments. Although the a n a l y s i s of estuarine 
p a r t i c u l a t e s f o r the l a t t e r c h a r a c t e r i s t i c s i s widely known, the use
f u l n e s s of p y r o l y s i s methods f o r the c h a r a c t e r i z a t i o n of the organic 
matter f r a c t i o n s has been demonstrated only r e c e n t l y . The f a t e of 
sewage sludge i n the Boston harbor was traced w i t h thermal d i s t i l l a -
t i o n - p y r o l y s i s GCMS ( 3 ) . C o l l o i d a l matter i n Chesapeake Bay was cha
r a c t e r i z e d by stepwise" p y r o l y s i s GCMS ( 4 ) . The f a t e of organic mate
r i a l s and metals i n the r i v e r Rhine delïïâ and i n the IJsselmeer was 
i n v e s t i g a t e d by C u r i e - p o i n t p y r o l y s i s mass spectrometry and -GCMS 
(5) . P y r o l y s i s mass spectrometry was used f o r the e v a l u a t i o n of the 
organic matter i n the e s t u a r i e s of the Ems (6) and Gironde ( 7 ) . These 
studie s demonstrated a good c o r r e l a t i o n between PMS data, carbon 
isotopes and other v a r i a b l e s

The p y r o l y s i s method
f o r a general c h a r a c t e r i z a t i o n of the organic matter from the s e d i
ments. We describe here the r e s u l t s from screening of e s t u a r i n e and 
open sea sediment samples by automated p y r o l y s i s low voltage mass 
spectrometry combined wi t h f a c t o r - d i s c r i m i n a n t a n a l y s i s . C h a r a c t e r i s 
t i c mass peaks r e s u l t i n g from t h i s procedure were i n v e s t i g a t e d i n 
more d e t a i l by pyrolysis-tandem mass spectrometry and p y r o l y s i s -
p h o t o i o n i z a t i o n GCMS. 

Experimental 

Sampling and Sample P r e p a r a t i o n . Samples were c o l l e c t e d by a team 
from the Netherlands I n s t i t u t e f o r Sea Research (Texel) and R i j k s -
waterstaat (the M i n i s t r y of Transport and P u b l i c Works) by a boxcorer 
(North Sea s t a t i o n s ) and Van Veen grab (Rhine s t a t i o n s ) . Figure 1 
shows a map w i t h the sample l o c a t i o n s ( f o r d e t a i l s , see ( 8 ) ) . S e d i 
ment samples were taken from the boxcorer or the grab and immediately 
afterwards resuspended i n f i l t e r e d (0.45 ym) sea or r i v e r water; the 
suspension a f t e r s e t t l i n g of the sand f r a c t i o n was passed over a 50 
micron sieve to a Whatman GFF f i l t e r w i t h a diameter of 9 cm under 
gentle s u c t i o n . A f t e r f i l t r a t i o n the f i l t e r e d p a r t i c u l a t e matter was 
washed w i t h d e s t i l l e d water to remove sea s a l t s . The f i l t e r s w i t h 
t h e i r sediments were store d i n g l a s s p e t r i e dishes and f r o z e n . Gene
r a l l y f i v e boxcores (coded by l e t t e r ) were taken i n one sampling area 
(coded by number), whereas i n the Rhine estuary u s u a l l y three separa
te samples were grabbed i n d i f f e r e n t p a r t s of the r i v e r bed. Samples 
from the North Sea were taken between 22 and 24 November 1983. Sam
pl e s i n the New Waterway (Rhine estuary) were taken on 2 February 
1984. 

Samples f o r p y r o l y s i s a n a l y s i s were taken from the f i l t e r s and 
resuspended i n water immediately before a n a l y s i s . A l i q u o t s of these 
suspensions (about 50 micrograms of dry matter) were t r a n s f e r r e d to 
the ferromagnetic sample wires and d r i e d i n vacuo. Samples were ana
l y z e d immediately afterwards i n q u a d r u p l i c a t e . 

P y r o l y s i s Mass Spectrometry and M u l t i v a r i a n t Data A n a l y s i s . The au
tomated p y r o l y s i s mass spectrometer and the m u l t i v a r i a n t data analy
s i s by f a c t o r - d i s c r i m i n a n t a n a l y s i s (f.d.a.) procedure used have been 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ORGANIC MARINE GEOCHEMISTRY 

Figure 1. Discriminant f u n c t i o n score map of the p y r o l y s i s mass 
spectra of the sample s i t e s and t h e i r geographical p o s i t i o n along 
the New Waterway (Rhine estuary) and i n the North Sea. The numbers 
i n d i c a t e sampling areas, the l e t t e r codes sample s i t e s w i t h i n an 
area. 
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described r e c e n t l y ( 9 ) . The C u r i e - p o i n t temperature of the ferromag
n e t i c sample wires was 510°C. 

P y r o l y s i s Tandem Mass Spectrometry, D e t a i l s of the instrument have 
been described (10). P y r o l y s i s c o n d i t i o n s were s i m i l a r to those used 
f o r the PMS instrument. The p y r o l y s a t e was i o n i z e d at 70 eV and ions 
of i n t e r e s t were s e l e c t e d i n the f i r s t magnetic sector ( r e s o l u t i o n 
500). These ions were d i s s o c i a t e d by c o l l i s i o n w ith helium atoms (pres
sure 0.9 Pa), a c c e l e r a t e d at 15 kV and analyzed i n a second magnetic 
s e c t o r . Ions were detected by simultaneous i o n d e t e c t i o n u s i n g channel 
p l a t e s , a phosphor screen and a diode array camera. T o t a l a n a l y s i s 
time f o r each i o n i s 8 s. 

P y r o l y s i s P h o t o i o n i z a t i o n GCMS. D e t a i l s of the instrument have been 
described e a r l i e r (11). C u r i e point p y r o l y s i s was performed i n n i t r o 
gen which a l s o served as the c a r r i e r gas. P y r o l y s i s occurred d i r e c t l y 
i n f r o n t of the c a p i l l a r
chamber of the mass spectrometer
w i t h C P - S i l 5-CB (I.D.=0.32 mm, f i l m thickness: 1 micron) was used f o r 
the s e p a r a t i o n . The oven was programmed from 80-260 C a f t e r a p e r i o d 
at room temperature during p y r o l y s i s of the sample. Argon I resonance 
photons (11.6 and 11.8 eV) were used f o r i o n i z a t i o n of the GC e f 
f l u e n t . Ion source temperature was 150°C, Pressure i n the i o n source 
was 10~2 Torr and i n the vacuum chamber 10"^ Torr. The quadrupole was 
scanned at 1 scan/s over 30 to 235 amu. 

Resu l t s and D i s c u s s i o n 

Sampling Plan and Sediment Workup. A number of choices have been 
made i n design of the sampling program. Samples were taken i n l a t e 
autumn and winter i n order to minimize c o n t r i b u t i o n s of phytoplankton 
to the bottom sediments. I t was not p o s s i b l e to sample a l l m a t e r i a l s 
i n the same time frame. The open sea samples were taken by boxcoring 
to minimize l o s s of surface sediments during sampling. Generally the 
upper f i v e centimeters were used f o r the i s o l a t i o n of the f r a c t i o n 
smaller than 50 microns. Each sample area i n Figure 1 c o n s i s t e d of 
f i v e i n d i v i d u a l sample s i t e s which were separated by s e v e r a l m i l e s . 
This r e p l i c a t i o n was chosen f o r s t a t i s t i c a l reasons i n order to eva
lu a t e the r e p r o d u c i b i l i t y i n the composition of the organic matter of 
the sediments i n one area. Samples i n the r i v e r were taken on the 
l e f t s i d e , on the r i g h t side and i n the middle of the bedding f o r the 
same reasons. 

The separation of mud and sand was necessary f o r the p y r o l y s i s 
a n a l y s i s , which i s performed on suspended matter coated on a metal 
wire of 0.5 mm, and because sand p a r t i c l e s do not s t i c k to these 
sample c a r r i e r s . As the samples are continuously moved about i n the 
n a t u r a l environment, a resuspension procedure was thought to be a 
minor disturbance of the o r i g i n a l sediment. The washing procedure, i n 
which d e s t i l l e d water i s passed over the f i l t e r w i t h p a r t i c u l a t e mat
te r may however r e s u l t i n l o s s of s o l u b l e organic matter together 
w i t h the sea s a l t s . This measure has been a p p l i e d i n the e a r l i e r pro-
f i l l i n g s t u d i e s of e s t u a r i e s (6,7) wi t h PMS and no negative i n f l u e n c e 
on the r e s u l t s could be shown. The t e c h n i c a l advantage i s that the 
HC1 v o l a t i l i z e d from sea s a l t s during p y r o l y s i s a n a l y s i s i s m i n i 
mized and matrix e f f e c t s on the organic matter p y r o l y s i s p atterns 
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due to the presence of s a l t s i s avoided. I t i s c l e a r that i f d i f f e r 
ences are found i n the composition of the samples de s p i t e t h i s work
up, the organic matter c h a r a c t e r i s t i c s must be very s t a b l e and str o n g 
l y connected to the p a r t i c u l a t e matter f r a c t i o n . 

Screening by Automated P y r o l y s i s Mass Spectrometry. The t o t a l data 
f i l e a f t e r a n a l y s i s of a l l samples i n quadruplicate c o n s i s t e d of 172 
p y r o l y s i s mass sp e c t r a . A l l samples were s i g n i f i c a n t l y d i f f e r e n t from 
a procedural blank. In the t o t a l f i l e only the mud f r a c t i o n from s t a 
t i o n 7A ( a l l r e p l i c a t e s ) was s t r o n g l y d i f f e r e n t i n p y r o l y s i s mass 
spectrum from a l l other s p e c t r a . The p y r o l y s i s spectrum of 7A was 
very s i m i l a r to the spectrum of c e l l u l o s e . The c e l l u l o s e i n t h i s se
diment may have o r i g i n a t e d from the o u t f a l l sewer of The Hague c i t y , 
which e x i t s nearby. The carbon isotope δ of -25.44% 0 (8) p o i n t s 
to a nonmarine o r i g i n . A f t e r removal of the 7A analyses from the data 
f i l e , f a c t o r d i s c r i m i n a n t a n a l y s i s was performed again and a d i s c r i m i 
nant f u n c t i o n score map
distances between the sample
rences i n composition. Discriminan
of chemical substances, expressed i n mass peaks, which are used f o r an 
optimal d i f f e r e n t i a t i o n . The D-scores can be considered as the concen
t r a t i o n of these substances. P o s i t i v e and negative values are o b t a i n 
ed, because c o n c e n t r a t i o n i s expressed r e l a t i v e to the average concen
t r a t i o n i n a l l samples. About 50% and 15% of the c h a r a c t e r i s t i c v a r i a n 
ce i n the data f i l e was explained i n the f i r s t and second d i s c r i m i n a n t 
f u n c t i o n s r e s p e c t i v e l y . Instrument r e p l i c a t e s g e n e r a l l y f a l l i n the 
c e n t r o i d (the s t a t i o n number) on the map. 

I f we consider only the f i r s t D-function, a s t r i k i n g separation 
between most samples from the r i v e r and the marine s t a t i o n s becomes 
evident. Samples 20A, Β and ̂ c o l l e c t e d highest upstream near R o t t e r 
dam, were found to have the highest p o s i t i v e Dj scores, but a l l s t a 
t i o n s at 19, 18 and two of the three s t a t i o n s at 17 have p o s i t i v e 
D-j scores. Most of the s t a t i o n s from 16 at the mouth of the New Wa
terway near Hoek of Holland and a l l open sea s t a t i o n s have negative 
D̂  values. The s t a t i o n s w i t h negative D<| scores, are separated by the 
second d i s c r i m i n a n t f u n c t i o n i n t o a d i s t r i b u t i o n which seems to r e 
f l e c t t h e i r geographical p o s i t i o n i n the sea as w e l l : s t r o n g l y p o s i 
t i v e values were found f o r a number of Flemish Bank s t a t i o n s , s trong
l y negative values were found f o r most s t a t i o n s north of the Loswal 
Noord area. A c l u s t e r r e l a t i n g to the dredging s p o i l dumpsite Loswal 
Noord (1A-E, 2A-E, 3A-E and 4A-E), some s t a t i o n s from north of t h i s 
area (6D,7D) and some s t a t i o n s from the r i v e r mouth at Hoek of Holland 
(16A,B,D and 17A) and s t a t i o n 9B (Flemish Banks) represent samples 
which cannot be d i s c r i m i n a t e d f u r t h e r . I t i s s t r i k i n g that the sam
ples from area 9, 6 and 7 are p o o r l y r e p r o d u c i b l e which p o i n t s to r e 
l a t i v e l y strong d i f f e r e n c e s i n composition of the bottom sediments. 
The samples from the Loswal Noord area a l l p l o t on top of each other, 
which i m p l i e s a common f a c t o r i n a l l those samples. I t i s of i n t e r e s t 
to note that the dredging area i n the mouth of the New Waterway i s 
near s t a t i o n 16, which p l o t s i n the c l u s t e r of samples from the 
dredging s p o i l dump s i t e s . 

Chemical I n t e r p r e t a t i o n of the PMS Data. T r a n s l a t i o n of the mass 
s p e c t r a l i n f o r m a t i o n i n t o chemical information i s t e n t a t i v e unless 
MSMS or GCMS i s used f o r the i d e n t i f i c a t i o n of mass peaks. P y r o l y s i s 
mass spectra and the d i s c r i m i n a n t f u n c t i o n s pectra r e s u l t i n g from the 
numerical a n a l y s i s of a PMS data f i l e can be i n t e r p r e t e d t e n t a t i v e l y 
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by comparison wi t h standards and reference m a t e r i a l s (12)· On t h i s ba
s i s , the zero point spectrum i n Figure 2, which represents the mass 
peaks common to a l l s p e c t r a , shows information from alkanes and a l k e -
nes, l i g n i n s , carbohydrates and proteinaceous m a t e r i a l , although the 
c h a r a c t e r i s t i c s f o r the l a t t e r substances are not so prominent as i n 
s o i l organic matter and humic f r a c t i o n s (12). The mass peaks f o r HC1 
(m/z 36 and 38) are of low i n t e n s i t y whicTT"indicates that the washing 
procedure has removed most of the i n t e r f e r i n g s a l t s . The mass peaks 
at m/z 34 (H2S), 48 (CH3SH) and 64 (SO2 and/or S 2) p o i n t to the e x i s 
tence of sulphur compounds i n the mud f r a c t i o n . 

Figure 3 presents the reconstructed mass spectrum of the f i r s t 
d i s c r i m i n a n t f u n c t i o n which separated the r i v e r and marine s t a t i o n s i n 
the D<|D2-map of Figure 1. The p o s i t i v e D-function describes the cova-
r i a n t mass peaks with higher i n t e n s i t i e s with respect to the zero 
point spectrum. A l l sample spectra with such c h a r a c t e r i s t i c s w i l l have 
p o s i t i v e score values. This spectrum i s a r e p r e s e n t a t i o n of the charac
t e r i s t i c s of r i v e r i n e m a t e r i a l
Figure 3 i s i n d i c a t i v e o
shows a number of mass peaks i n d i c a t i v e f o r carbohydrates, l i g n i n and 
proteinaceous m a t e r i a l (12). The mass peak m/z=86 and 100 are uncommon 
and a s p e c i a l c h a r a c t e r i s T i c of these f l u v i a l samples. I t can be spe
c u l a t e d to be the molecular i o n of ( a l k y l ) t h i a d i a z o l e (a metal b i n d i n g 
p o l l u t a n t ) , however a c y c l i c ketone, short chain a l c o h o l or unsatura
ted a c i d are a l s o p o s s i b i l i t i e s . These mass peaks were chosen f o r 
f u r t h e r study because of t h e i r r a r e occurrence and t h e i r high d i s c r i 
minating power i n the f a c t o r - d i s c r i m i n a n t a n a l y s i s . 

The D"J" shows a number of c h a r a c t e r i s t i c s r e l a t e d to sea s a l t s 
such as the mass peaks m/z 36 and 38 from HC1 generated from c h l o r i 
des, m/z 50 and 52 from CH3CI and m/z 142 from CH3I. I t i s not c l e a r 
how the methyl-chloride and - i o d i d e are formed but they are very com
mon i n p y r o l y s a t e s of marine samples (_13) . The mass peaks m/z 95, 96, 
109 and 110 are from f u r f u r a l and m e t h y l f u r f u r a l , which are generated 
under sea s a l t c o n d i t i o n s from carbohydrates (Jj+) . The mass peaks m/z 
67, 81 and 79 are presumably from p y r r o l e , methylpyrrole and p y r i d i n e . 

Tandem Mass Spectrometry of Mass 86 and 100. The sample from s t a t i o n 
20C near Rotterdam was chosen f o r a d e t a i l e d a n a l y s i s of peaks 86 and 
100 because these peaks are r e l a t i v e l y abundant i n the PMS spectrum of 
the sediment (see Figure 5 ) . Figure 4A shows the c o l l i s i o n induced 
d i s s o c i a t i o n spectrum of mass 86, obtained by i o n i z a t i o n of the pyro-
l y z a t e at 70 eV. This high voltage was chosen f o r reasons of increased 
s e n s i t i v i t y . CID spectra of unknowns may be compared q u a l i t a t i v e l y 
w ith e l e c t r o n impact mass spectra taken at 50 eV (15,16). Based on 
t h i s comparison using the EPA/NIH Mass S p e c t r a l Data Base, we conclude 
that m/z 86 cannot be the molecular i o n of t h i a d i a z o l e , however 2-
butenoic a c i d i s a good p o s s i b i l i t y . The CID spectrum of t h i s compound 
has been st u d i e d using the same instrument (17) . I t s spectrum has r e 
l a t i v e l y abundant fragments at m/z=38 (10.5%), 39 (29.3%), 40 (8.3%), 
41 (11.4%), 42 (5.3%), 45 (8.2%) and 68 (2.7%). However, the presence 
of a r e l a t i v e l y abundant mass 43, 57 and 58 cannot be explained on the 
b a s i s of t h i s compound. We assume that other compounds wit h a molecu
l a r i on or fragment i o n at 86 are present i n the i o n i z e d p y r o l y s a t e . 
The CID spectrum of mass 100 (Figure 4B) shows a s e r i e s of peaks at 
43, 57, 71, which p o i n t s to a saturated hydrocarbon. A CID peak at 82 
( l o s s of water) and peaks at 39 and 45, point to a small c o n t r i b u t i o n 
of an unsaturated a c i d . This CID spectrum i s most l i k e l y not from one 
compound. These MSMS data are i n s u f f i c i e n t f o r a d e f i n i t e i d e n t i f i c a -
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Figure 3. Reconstructed mass spectra of the f i r s t d i s c r i m i n a n t 
f u n c t i o n c a l c u l a t e d f o r a f i l e c o n s i s t i n g of p y r o l y s i s mass spec
t r a of sediments from sample s i t e s shown i n the d i s c r i m i n a n t func
t i o n score map i n Figure 1. 
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Figure 4. P y r o l y s i s tandem mass spectra f o r mass peak m/z 86 (A) 
and 100 (B) s e l e c t e d from the p y r o l y s a t e of sample 20C c o l l e c t e d 
i n the New Waterway, 
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t i o n of both mass peaks, but c l e a r l y i n d i c a t e i t that s e v e r a l com
pounds of moderate p o l a r i t y are c o n t r i b u t i n g to these peaks. I t should 
be p o s s i b l e to separate them by gas chromatography. The technique of 
p y r o l y s i s GCPIMS was used f o r sep a r a t i on and low voltage i o n i z a t i o n of 
the compounds. 

P y r o l y s i s GC-Photoionization-MS. Genuit and Boon (1) have shown i n a 
PGCPIMS study of amylose that a cumulative PI spectrum (a summation 
of a l l GCMS scans) i o n i z e d w i t h argon I resonance photons i s f a i r l y 
s i m i l a r to the low voltage (15 eV) e l e c t r o n impact spectrum. The ad
vantage of t h i s approach compared to the d i r e c t i n t r o d u c t i o n of the 
whole p y r o l y s a t e i n t o the low voltage EI mass spectrometer i s that 
mass peaks can be searched i n the GCMS data f i l e and the complete mass 
spectrum of a compound can be r e t r i e v e d . Figure 5 shows the 15 eV PMS 
and the argon I photon PI-PMS of sediment sample 20 C. There i s a good 
resemblance between both s p e c t r a , although alkane fragment ions such 
as m/z: 43, 57, 71, 83, 85
se i n the EI spectrum. I
mass peak. 

Figure 6 shows the mass chromatograms of m/z=68, 86 and 100 i n 
the GCMS data f i l e of t h i s sample. The most abundant compound (e) w i t h 
m/z=86 and fragment i o n at m/z=68 was i d e n t i f i e d as 2,3-butenoic a c i d 
(a f r o n t i n g peak i n the chromatogram due to i t s f r e e a c i d group)· An 
isomer ( c i s ? ) w i t h a shorter r e t e n t i o n time (d) has the same spectrum. 
The compounds a, b and c were r e s p e c t i v e l y b i - a c e t y l , 2-methylbutanal 
and 3-methylbutanal. The spectrum of b i a c e t y l shows a very intense 
fragment i o n at m/z 43, whereas the methylbutanals have strong f r a g 
ment ions at 57 and 58. This e x p l a i n s the CID peaks mentioned above, 
which could not be accounted f o r i n the MSMS of peak 86. The mass chro-
matogram at m/z=100 p o i n t s to a compound at scan 550, which was i d e n t i 
f i e d as a pentenoic a c i d . The other s i g n a l s i n the m/z=100 trace are 
n o i s e . No c o n t r i b u t i o n s from alkanes to t h i s mass peak could be detec
ted i n t h i s data f i l e , but the response f o r alkanes i n the p h o t o i o n i -
z a t i o n mass spectrometer i s very poor. A n a l y s i s of t h i s sample w i t h 
GCMS at 70 eV confirmed the presence of alkanes i n the sample (13). 

Studies on the bulk p y r o l y s i s of polyhydroxybutyric a c i d from 
B a c i l l i and of b a c t e r i a l polyalkanoates have shown the formation of 
2,3-butenoic a c i d and 2,3-pentenoic a c i d ( 1_8) . The presence of 
2,3-butenoic acids and pentenoic a c i d i n the p y r o l y s a t e of the p a r t i 
c u l a t e matter from sample 20C i s i n t e r p r e t e d as an i n d i c a t i o n of 
polyhydroxy-alkanoates i n the sample. These mixed p o l y e s t e r s of hy
droxy a c i d s w i t h 4, 5 and sometimes 6 carbon atoms are e s p e c i a l l y 
abundant i n a c t i v a t e d sludges (19). The occurrence of m/z 86 and 100 
as abundant mass peaks i n the s p e c t r a of the f l u v i a l m a t e r i a l and as 
very c h a r a c t e r i s t i c peaks i n the d i s c r i m i n a n t f u n c t i o n spectrum i n 
d i c a t e s that a s i g n i f i c a n t amount of the mud f r a c t i o n may c o n s i s t of 
sewage d e b r i s . This impression was confirmed by i d e n t i f i c a t i o n of a 
number of other p y r o l y s i s products i n the data f i l e . 

F igure 7 shows a number of p y r o l y s i s products which were i d e n t i 
f i e d w i t h PPIGCMS. The i d e n t i t y and molecular ions of a number of 
major peaks i n the TIC have been marked i n the chromatogram. The 
g u a i a c o l (m/z=124), hydroxystyrene (m/z=120) and methoxyhydroxysty
rène (m/z=150) are the p y r o l y s i s products of a monocotyledon l i g n i n 
(20). Hydroxyacetic aldehyde, hydroxypropanone, f u r f u r a l and 5-methyl-
f u r f u r a l are p y r o l y s i s products of carbohydrates ( J A ) , but the ab-
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lOOi 

Figure 5. P y r o l y s i s 15 eV e l e c t r o n impact mass spectrum (A) and 
p y r o l y s i s argon I p h o t o i o n i z a t i o n mass spectrum (B) of sample 20C 
c o l l e c t e d i n the New Waterway. P y r o l y s i s wire temperature= 510°C. 
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T I C 
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Figure 6. T o t a l i on current and mass chromatogram f o r m/z 68, 86 
and 100 from the py-gc-PI-ms data f i l e of sample 20C. 
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sence of levoglucosan and r e l a t e d c y c l i c compounds may i n d i c a t e that 
no i n t a c t polysaccharides are present. Methanethiol (m/z=48), methyl-
propanal (m/z=72, scan 205), the methylbutunals (m/z=86), p y r r o l e 
(m/z=67), phenol (m/z=94), p - c r e s o l (m/z=108, scan 905), i n d o l e (m/z= 
117), methyl-indole (m/z=131), phenylcyanoethane (m/z=131, scan 1270) 
and the unknowns at m/z=99 (scan 940) and m/z=167 (scan 1275) are py
r o l y s i s products from p r o t e i n s ( 13.,.21,22) · The acetamide (m/z=59) has 
been proposed as a marker f o r b a c t e r i a l c e l l w a l l s (23) , although i t 
has been observed as a p y r o l y s i s product of g l y c i n e (24). The m/z=144 
(scan 1140) i s the molecular i o n of a f r e e octanoic a c i d . A l l these 
compounds i n the pyr o l y s a t e a l s o i n d i c a t e that the p a r t i c u l a t e matter 
f r a c t i o n sampled at s i t e 20C must be considered as a sewage sludge 
w i t h degraded l i g n o c e l l u l o s e m a t e r i a l from p l a n t s and abundant i n 
b a c t e r i a l biomass. I t i s remarkable that the b a c t e r i a l markers remain 
v i s i b l e i n most of the samples from the New Waterway. Their presence 
i n the most r e c e n t l y dumped dredging s p o i l s i n sample area 4 (Loswal 
Noord) i s i n d i c a t e d i n
Loswal Noord samples, bu

The r e l a t i v e abundance of b a c t e r i a l biomass as w e l l as the redu
c i n g sulphur (expressed as methanethiol i n the PMS), may play an im
portant r o l e i n the bi n d i n g of metals i n t h i s sediment, which has 
high concentrations of Zn (900 ppm) , Cu (135 ppm) , Pb (200 ppm) , Cd 
(9 ppm) and Hg (4 ppm) ( 8 ) . The strong adsorption of f o r example cad
mium to suspended matter has been shown (25) , as w e l l as the incorpo
r a t i o n of va r i o u s metals i n t o b a c t e r i a l c e l l w a l l s (26) . P r e l i m i n a r y 
r e s u l t s from c a n o n i c a l c o r r e l a t i o n a n a l y s i s of metal data, % organic 
carbon, mud content and the PMS. data f i l e have shown a strong c o r r e 
l a t i o n of Zn, Cu, Pb, Cr, Hg and Cd w i t h the b a c t e r i a l c h a r a c t e r i s 
t i c s found i n the r i v e r i n e samples (27) . Understanding of the f a t e of 
t h i s organic matter may help to understand the f a t e of c e r t a i n e n v i 
ronmental p o l l u t a n t s . 
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6 
Origin of Organic Matter in North American Basin 
Cretaceous Black Shales 

Rosanne M. Joyce and Edward S. Van Vleet 

Department of Marine Science, University of South Florida, St. Petersburg, FL 33701 

The expansion of the oxygen minimum zone in the 
incipient North Atlantic during the Upper Cretaceous 
enhanced the preservation of sedimentary organic 
matter. Organic carbon values ranging from 1.7 to 
13.7% and the proportions of unbound lipid to total 
lipid content (>70%) support this premise. A present 
point of contentio
matter-rich Upper Cretaceous deep-sea sediments. 
With eustatic sea level transgression and flooding of 
continental lowlands, transport of terrigenous 
organic matter into the North American basin may have 
increased. Analyses of Upper Cretaceous sediments 
from DSDP Site 603B, lower continental rise east of 
Cape Hatteras, indicate that the organic matter was 
continentally derived. δ13C values of -23.5 to 
-27.1o/oo, C/N ratios of 32 to 72, and l ip id class 
maxima of unbound alkanes (C31 and C29), unbound 
fatty acids (C30 and C28) and bound fatty acids (C28, 
C26 and C24) provide supportive evidence for the 
terrigenous nature of the organic matter. 

The Upper Cretaceous has been described as a period of many 
important global events. Enhanced sea-floor spreading (up to 18 
cm/yr) at many mid-ocean ridge systems led to a reduction in ocean 
basin volume (D particularly in the restricted, incipient North 
Atlantic. Sea level transgressed, surpassing present levels by as 
much as 350 m 02). As latitudinal temperature gradients 
diminished, deep-water circulation in the oceans waned. In the 
North Atlantic basin (3), stagnation and consequent expansion of 
the oxygen minimum zone to the deep-sea floor may account for the 
observed preservation of thick organic matter -r ich sequences in 
mid-Cretaceous sediments (}}Γ§_)· T n e sluggish deep-water 
circulation which favored anoxic expansion may have also reduced 
nutrient recycling to surface waters, decreasing f e r t i l i t y and 
productivity in the euphotic zone of the open-ocean (7). 
Paleofertil ity estimates derived from organic carbon accumulation 
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r a t e s of mid-Cretaceous deep-sea deposits suggest that primary 
p r o d u c t i v i t y was as much as an order of magnitude lower than 
p r o d u c t i v i t y measured i n today fs oceans (8). I f these scenarios 
are c o r r e c t , increased input of t e r r e s t r i a l " o r g a n i c matter from the 
prograding c o n t i n e n t a l s h e l f ( 9 ) , coupled w i t h reduced sea-surface 
p r o d u c t i v i t y , would produce an obvious t e r r e s t r i a l i n f l u e n c e on the 
sedimentary organic matter deposited on the c o n t i n e n t a l s h e l f and 
slope. 

A l t e r n a t i v e l y , Jenkyns (9) proposed that with the extension of 
the s u b a e r i a l continent, terrigenous run-off not only enhanced 
primary p r o d u c t i v i t y i n s h e l f surface waters by i n c r e a s i n g n u t r i e n t 
a v a i l a b i l i t y , but a l s o increased the d e p o s i t i o n of terrigenous 
organic matter i n the marine environment. In c o n s i d e r a t i o n of 
these s c e n a r i o s , both marine organic matter and terrigenous organic 
matter may have been important components of the sediment. 

The goals of the present study are to assess the l o c a l extent 
of anoxia on the lowe
during s p e c i f i c i n t e r v a l
r e l a t i v e c o n t r i b u t i o n s to the bulk organic matter by marine and 
terrigenous sources, and to determine the extent of m i c r o b i a l 
a l t e r a t i o n ^ Of s p e c i f i c l i p i d c l a s s e s . The above assessments are 
based on 6 C, organic carbon/organic n i t r o g e n r a t i o s , and analyses 
of s e l e c t e d l i p i d c l a s s e s of Upper Cretaceous black shale and 
v a r i e g a t e d claystone samples from DSDP S i t e 603B. 

Experimental Methods 

Sediment was d r i l l e d from DSDP S i t e 603B (lower c o n t i n e n t a l r i s e , 
43J5 km east of Cape Hatteras, water depth 4643 m, l a t i t u d e 
35 29.71'N, longitude 70°01.71·Ε) by the D/V Glomar Challenger 
(Figure 1 ) . Subsurface sampling depths ranged from 1081 t o 1146 m 
(Table I ) . Based on the evidence of sharp basal contacts and 
graded s i l t s , i t i s presumed that the sediments were t u r b i d i t i c a l l y 
emplaced t o S i t e 603B (10). 

Table I . S i t e d e s c r i p t i o n of DSDP S i t e 603B lower c o n t i n e n t a l 
r i s e , U.S. east coast (10). 

Core 29 33 Ρ Ρ 36 
S e c t i o n (cm) 1(48-53) CC(1-8) 1(13-116) 2(136-139) 1(39-43) 
Depth (m) 1050 1127 1128 1130 1146 
L i t h o l o g y variegated black carbonaceous claystones*" " 

claystone 
Age Coniacian-

Santonian 
84-89 Ma a 89-91 Ma 91-98 Ma 

a m i l l i o n s of years 

Unbound l i p i d was e x t r a c t e d by r e f l u x i n g sediment i n 
methanol/toluene/H 0 f o r three hours f o l l o w i n g s o n i c a t i o n ( 6^. 
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Figure 1. Lo c a t i o n map w i t h physiographic features of the North 
American B a s i n , and l o c a t i o n of DSDP S i t e 603 and other DSDP 
d r i l l s i t e s i n the North A t l a n t i c Ocean. Bathymetry a f t e r 
Uchupi, 1971 (10). 
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A f t e r p a r t i t i o n i n g and hexane e x t r a c t i o n , the unbound l i p i d e x t r a c t 
was concentrated to near dryness and d i l u t e d to a known volume. 
A l i q u o t s of unbound l i p i d were p a r t i t i o n e d employing a modified 
s e r i a l - e l u t i o n column chromatography procedure (J5, VI_) t o i s o l a t e 
a l i p h a t i c hydrocarbons and f a t t y a c i d s . Fatty acids were 
methylated (12) and p u r i f i e d by t h i n - l a y e r chromatography (6). 
Bound l i p i d was e x t r a c t e d by r e f l u x i n g r e s i d u a l sediment i n 0.5N 
KOH i n methanol/toluene/H 20 and then separated, d e r i v i t i z e d and 
p u r i f i e d to obtain the bound l i p i d c l a s s e s . A l i q u o t s of unbound 
and bound t o t a l l i p i d were measured g r a v i m e t r i c a l l y a f t e r drying to 
constant weight. 

I d e n t i f i c a t i o n and q u a n t i t a t i v e determinations of l i p i d 
compounds were made by s p l i t l e s s i n j e c t i o n c a p i l l a r y gas-^liquid 
chromatography (GC). Samples were analyzed on a Hewlett-Packard 
5880A FID gas chromatograph equipped w i t h a 15 m χ 0.2 mm i . d . DB-5 
fused s i l i c a c a p i l l a r y column, temperature programmed from 90 to 
255°C at 4°C/min. using
were i d e n t i f i e d by compariso
authentic standards and confirmed by combined h i g h - r e s o l u t i o n gas 
chromatography-mass spectrometry 06). Q u a n t i f i c a t i o n of i n d i v i d u a l 
c o n s t i t u e n t s was based on r e l a t i v e percents of i n t e g r a t e d peak 
areas ext r a p o l a t e d to g r a v i m e t r i c a l l y determined t o t a l l i p i d 
f r a c t i o n weights. A n a l y t i c a l v a r i a t i o n of sample r e p l i c a t e s 
q u a n t i f i e d by GC g e n e r a l l y ranges from ±10 to 37$ (13-1*0. 

Stable carbon isotopes were analyzed on a Finnigan MAT 250 
isotope r a t i o mass spectrometer according t o the procedure of C r a i g 
(15). R e s u l t s are reported r e l a t i v e to the Chicago PDB standard i n 
terms of δ C defined as: 

Γ l 3 c / 1 2 c Ί 

L standard _ J 
(15). Average a n a l y t i c a l v a r i a b i l i t y of sample preparation and 
s t a b l e carbon isotope r a t i o a n a l y s i s i s ±0.2$ (J_6). A Carlo-Erba 
Model 1106 Elemental Analyzer was employed to determine percent 
organic carbon and n i t r o g e n i n each sediment sample. A n a l y t i c a l 
v a r i a t i o n of sample a n a l y s i s i s ±20$ (17). 

Results and Dis c u s s i o n 
13 

T o t a l organic carbon (TOC), δ C, and t o t a l l i p i d data are 
summarized i n Table I I (more d e t a i l e d r e s u l t s can be found i n 
Joyce [ 6 ] ) . T o t a l organic carbon was highest i n the 
Cenomanian-Turonian black shale samples, with ranges from 3.4$ to 
13.7$. The Coniacian-Santonian variegated claystone had the lowest 
T0C (1.7$) i n the sample s e t . TOC i n Core 34-1 represents one of 
the highest values measured i n sediments sampled from the North 
American b a s i n . Conditions i n the near-shore environment and lower 
c o n t i n e n t a l r i s e f o l l o w i n g t u r b i d i t i c emplacement of these 
sediments must have favored organic matter p r e s e r v a t i o n s i n c e 
values >0.6$ TOC are not t y p i c a l of deep-sea sediments (18). 
Although an environment e n t i r e l y depleted i n oxygen i s not a 
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r e q u i s i t e f o r black shale formation 0_8), the unbioturbated nature 
of the sediments i n the present study suggests that an 
oxygen-stressed system p r e v a i l e d during t h e i r d e p o s i t i o n and 
b u r i a l . 

Table I I . Organic geochemical data, DSDP S i t e 603B lower 
c o n t i n e n t a l r i s e , U.S. east coast. 

Core 29-1 33-CC 34-1 34-2 36-1 
1050 1127 1128 1130 1146 
1.7 3.4 13.7 4.8 3.9 

72.0 38.6 43.8 40.0 32.0 
24.7 -24.7 -23.6 -23.5 -27.1 
0.3 0.7 3.3 1.4 1.9 
1.5 2.2 2.4 2.8 4.8 

T0C a ($) 
C/N r a t i o 0 

y5C (°/oo) 
T o t a l l i p i d (mg/g) 
L i p i d i n TOC ($) 
Bound l i p i d ($ of 

t o t a l l i p i d ) 

a b t o t a l organic carbon; organic carbon to organic n i t r o g e n atomic 
r a t i o 

Unbound l i p i d s , compounds which are g e n e r a l l y more l a b i l e than 
t h e i r bound counterparts 09.), represented the greatest p r o p o r t i o n 
of t o t a l l i p i d i n each sediment sample. More than 80? of the t o t a l 
l i p i d was unbound i n the black shales; Core 34-1 had the highest 
p r o p o r t i o n of unbound l i p i d (94?) as w e l l as the highest 
concentration of T0C (13.7$) and t o t a l l i p i d (3.3 mg/g). 
Conversely, the variegated claystone (Core 29-1) had the lowest 
p r o p o r t i o n of unbound l i p i d (73$), T0C (1.7$) and t o t a l l i p i d (0 . 3 
mg/g). L i p i d concentration and the pr o p o r t i o n of unbound to bound 
l i p i d may be coupled with the o x i d a t i o n p o t e n t i a l . During the 
Cenomanin-Turonian, black shale d e p o s i t i o n and/or formation 
probably occurred under c o n d i t i o n s of reduced o x i d i z i n g p o t e n t i a l , 
and that of the Coniacian-Santonian v a r i e g a t e d claystone during 
e l e v a t e d o x i d a t i o n p o t e n t i a l c o n d i t i o n s . 

The percentage of l i p i d i n TOC increased w i t h depth (1.5 to 
4 .8$). Dean et a l . (20) have r e l a t e d increases i n l i p i d content to 
enhanced methanogenic b a c t e r i a l a c t i v i t y , a process that may have 
produced l i g h t e r δ C values. Work by Pauly (2Λ) has shown that 
the input of a r c h a e b a c t e r i a l l i p i d s to these sediment samples i s 
very low (<0.1 yg/g). This f i n d i n g suggests that the increase i n 
lipid/TOC r a t i o with depth i n the present study may not be due to 
t h i s type of input. The trend i n i n c r e a s i n g l i p i d w ith depth does 
not c o i n c i d e w i t h the trend i n δ C values. As discussed above, 
l i p i d content i n these sediments i s probably r e l a t e d to the 
o x i d a t i o n p o t e n t i a l and not to b a c t e r i a l biomass. 

The provenance of sedimentary organic matter i n the present 
study appears to be p r i m a r i l y t e r r i g e n o u s , δ C values of -23.5 t o 
-27.1 /oo i n the sample set f a l l w i t h i n the i s o t o p i c range of 
terrigenous organic matter. G e n e r a l l y , δ C values ranging from 
•̂ 23 to -33 /oo are found i n t e r r e s t r i a l p l a n t s u t i l i z i n g the 
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Calvin-Benson photosynthetic pathway, a maximum 1 D C f r a c t i o n a t i o n 
mechanism. Most warm water marine phytoplankton have δ C values 
between -17 and ~22°/oo (22). As g l o b a l temperatures were thought 
to have been warm and e q u i t a b l e during the mid-Cretaceous ( 3 ) , warm 
water phytoplankton probably dominated waters of the North A t l a n t i c 
and had s t a b l e carbon isotope values t y p i c a l of warm water 
organisms. 

R e c e n t l y , a point of contention has a r i s e n concerning the use 
of δ C as a source i n d i c a t o r f o r mid-Cretaceous i n p u t s . Dean et 

. (20) |pave suggested that the magnitude of f r a c t i o n a t i o n between 
C and C by photosynthetic organisms occupying mid-Cretaceous 

oceans may not have been the same as i n today 1 s oceans. 
Atmospheric C0 2 l e v e l s may have been as much as an order of 
magnitude greater than present day l e v e l s , according to the model 
developed by Berner et a l . (23). This c o n d i t i o n would s h i f t 
oceanic bicarbonate t o i s o t o p i c a l l y l i g h t e r values. The e f f e c t s of 
i s o t o p i c a l l y l i g h t e r d i s s o l v e
a s s i m i l a t i o n by phytoplankto
(24). I t was found that the extent of C/ C d i s c r i m i n a t i o n among 
species was v a r i a b l e and not a l l values f e l l w i t h i n the terrigenous 
i s o t o p i c ranae. Although Dean et a l . (20) proposed that no 
systematic Ĉ enrichment occurred i n phytoplankton compared to 
t e r r e s t r i a l p l a n ts during the mid-Cretaceous, δ C values of -23.5 
t o -27.1 /oo observed i n the present study are c o i n c i d e n t with 
data from elemental and l i p i d analyses and i n d i c a t e t h a t , at l e a s t 
at S i t e 603B, the Upper Cretaceous organic m a t t e r - r i c h deposits are 
p r i m a r i l y of c o n t i n e n t a l o r i g i n . 

S h i f t s i n i s o t o p i c s i g n a l s were observed i n the a n a l y s i s of 
these Upper Cretaceous sediments. The l i g h t e s t i s o t o p i c value was 
measured i n the o l d e s t sample (603B-36-1; -27.1 °/oo). 603B-34-2 
and 603B-34-1 were i s o t o p i c a l l y heavier (-23.5 t o -23.6 °/oo) and 
603B-33-CC and 603B-29-1 were again l i g h t e r (-24.7 °/oo). A 
s i m p l i s t i c i n t e r p r e t a t i o n of t h i s f l u c t u a t i o n i s the v a r i a b l e 
mixing of marine and terrigenous organic matter. I s o t o p i c a l l y 
l i g h t e r values represent smaller c o n t r i b u t i o n s by marine organic 
matter, whereas heavier values i n d i c a t e a greater marine inpu t . 

The trend toward l i g h t e r i s o t o p i c values from the upper 
Cenomanian (603B-34-2) to the Santonian (603B-29-1) may a l s o 
i n d i c a t e improvement i n the oceanic water mass c i r c u l a t i o n . In 
oceanic water masses where c i r c u l a t i o n i s diminished, d e n s i t y 
s t r a t i f i c a t i o n prevents mixing of "X enriched surface water with 

C depleted bottom waters. The surface enrichment of C produces 
a ? h e a v i e r T phytoplankton community (25). Deposition and 
p r e s e r v a t i o n of phytoplankton d e t r i t u s would leave a heavier 
i s o t o p i c s i g n a l i n the sedimentary organic matter. A l t e r n a t i v e l y , 
the rangQj^of values observed i n t h i s study may a l s o represent 
n a t u r a l δ C v a r i a t i o n s i n species composition. 

Elemental analyses provided supportive data f o r the o r i g i n of 
the sedimentary organic matter. R e m i n e r a l i z a t i o n of n i t r o g e n i n 
marine organic matter produces C/N r a t i o s between 10 and 15 (26). 
C/N r a t i o s >15 i n terrigenous organic matter r e s u l t from the 
paucity of nitrogenous compounds i n higher p l a n t l i g n i n and 
c e l l u l o s e (2J_). C/N r a t i o s of sediment samples from DSDP S i t e 603B 
ranged from 32 to 72. These values may represent nitrogen-poor, 
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t e r r e s t r i a l l y - d e r i v e d plant d e t r i t u s . I f the sedimentary organic 
matter had been marine-derived and h i g h l y reworked, values c l o s e r 
to 15 would be expected. 

In the a n a l y s i s of s e l e c t e d l i p i d f r a c t i o n s , i t was shown that 
the unbound non-*aromatic hydrocarbons comprised < 12% of the t o t a l 
e x t r a c t a b l e l i p i d (Table I I I ) . Concentrations of the n-alkanes 
corresponded to those measured i n organic m a t t e r - r i c h Cretaceous 
claystones from the northwestern A t l a n t i c (4_). and C^, the 
most f r e q u e n t l y observed alkanes i n higher plant waxes^ (28), 
dominated the alkane d i s t r i b u t i o n s i n the present study (Figure 2 ) . 
Alkane maxima at C have been noted i n a number of other deep-sea 
environments i n c l u d i n g DSDP S i t e 532B, Walvis Ridge (6) and S i t e 
386, Northwest A t l a n t i c (,29). C ? Q / C i 7 r a t i o s > > 1 w e r e c o n s i s t e n t 
with the c o n t i n e n t a l plant wax input i n f e r r e d from the 
above-described alkane d i s t r i b u t i o n s (Table I I I ) . The s h o r t - c h a i n 
alkanes ^]7~co\) a r e described by an odd-carbon/even-carbon 
predominance (Crap)(30
c o n t i n e n t a l l y - d e r i v e d i n p u t s
abundant than the longer-chain counterparts and l a c k odd-carbon 
preference (3j_) · The longer-chain compounds (C -C_ ) were 
odd-carbon predominated (OEPs >1.7) and are t y p i c a l or t e r r e s t r i a l 
organic matter i n p u t s . Strong odd-^carbon preferences i n the 
long-chain alkane d i s t r i b u t i o n s i n d i c a t e e a r l y stages of maturation 
(32). In a h i g h l y evolved mature f r a c t i o n , longer-chain alkanes 
would no longer be dominated by odd^carbon compounds. The 
s u b s t a n t i a l area of the unresolved complex mixtures may represent 
branched and c y c l i c compounds generated by long-term geochemical 
processes Ç20, 33). 

Bound a l i p h a t i c hydrocarbons comprised <7% of the s a p o n i f i a b l e 
l i p i d (<1 t o 15 yg/g). Unbound/bound r a t i o s of <1 to 67 of t h i s 
hydrocarbon f r a c t i o n , with the exception of 603B-29-1, agree with 
values reported i n other s t u d i e s (34, 37). Bound alkane 
d i s t r i b u t i o n s were dominated by C or C p p (Figure 3) . Even-^carbon 
predominance of alkanes i s an anomaly, but d i s t r i b u t i o n s s i m i l a r to 
those i n the present study have been observed i n other North 
A t l a n t i c deep-sea sediments (29). The source of these compounds, 
however, i s unknown. 

F a t t y acids comprised 7^29% of the unbound l i p i d e x t r a c t 
(55-370 yg/g; Table I V ) . 603B-33-CC, 603B-34-1 and 603B-36-1 had 
f a t t y a c i d d i s t r i b u t i o n s which maximized at C , and C 1 8 and 
603B-29-1 and 603B-34-2 at C and C 2 Q, r e s p e c t i v e l y . Dominance of 
these s h o r t - c h a i n a c i d s i n the presence of t h e i r long-chain 
counterparts suggests that the s h o r t - c h a i n acids were not u t i l i z e d 
as r e a d i l y as the s h o r t - c h a i n non^*aromatic hydrocarbons. Input of 
these compounds may have also been subsequent to sediment 
d e p o s i t i o n , p o s s i b l y through m i c r o b i a l a c t i v i t y (Figure 4 ) . 
Monoenoic f a t t y a cids were detected i n the black shale samples 
(603B-34-1 and 603B-36-1) but branched f a t t y a c i d s were observed i n 
a l l of the sediments analyzed. A l t e r a t i o n or r e m i n e r a l i z a t i o n of 
the monoenoic compounds, compared to the branched a c i d s , may have 
occurred more r e a d i l y . 

The bound f a t t y a c i d component i n the t o t a l l i p i d e x t r a c t 
was one t o three orders of magnitude l e s s than the unbound f a t t y 
a c i d f r a c t i o n . This r e l a t i o n s h i p produced unbound/bound r a t i o s 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ORGANIC MARINE GEOCHEMISTRY 

Table I I I , Gravimetric and gas chromatographic data on unbound and 
non-aromatic hydrocarbon f r a c t i o n s , DSDP Site 603B lower continental 

r i s e , U.S. east coast. 

Core 
29-1 a 

Core Core Core Core 
L i p i d f r a c t i o n s 

Core 
29-1 a 33-CC D 34-1 C 34-2° 36-1° 

Unbound non-aromatic HC d 
Ug/g dry sediment 4 27 336 44 134 
% of unbound l i p i d 2 ( 3 ) 11(15) 4(5) 8(4) 
<C9- (*) <C9- (*) 

u n i d e n t i f i e d (%) 6 44 40 47 20 
UCMr (?) 
OEP 8 (C -C ) 
OEP (c ' ;-c*') 
c /c 
pr?staXe/phytane 

87 47 54 46 74 UCMr (?) 
OEP 8 (C -C ) 
OEP (c ' ;-c*') 
c /c 
pr?staXe/phytane 

1.0 0.1 0.9 0.4 0.7 
UCMr (?) 
OEP 8 (C -C ) 
OEP (c ' ;-c*') 
c /c 
pr?staXe/phytane 

8.0 2.2 2.0 1.7 5.8 

UCMr (?) 
OEP 8 (C -C ) 
OEP (c ' ;-c*') 
c /c 
pr?staXe/phytane 

21 
1.0 

17 
0.8 

33 
0.4 

50 
0.3 

4 
0.5 

Bound non-aromatic HC 
Ug/g dry sediment 5 <1 5 15 3 
j of bound l i p i d 7 <1 3 6 2 
unbound/bound r a t i o <1 27 67 3 4 
< c 2 5 (?) 
>C~ (?) 

13 16 15 19 7 < c 2 5 (?) 
>C~ (?) 7 11 2 4 2 
u n i d e n t i f i e d (?) 11 49 54 45 70 
U C M ; ( Î ) 
OEP g (c - c 5 1 ) 
OEP ( c ' ; - c , ) 
S u / S ? 

69 24 2 9 h 32 22 U C M ; ( Î ) 
OEP g (c - c 5 1 ) 
OEP ( c ' ; - c , ) 
S u / S ? 

<0.1 0.1 NC h NC NC 
0.6 1 

U C M ; ( Î ) 
OEP g (c - c 5 1 ) 
OEP ( c ' ; - c , ) 
S u / S ? 

1.7 0.8 0.3 1.1 
NC 

0.6 1 

U C M ; ( Î ) 
OEP g (c - c 5 1 ) 
OEP ( c ' ; - c , ) 
S u / S ? NC NC NC NC NC 

e 5 r e p l i c a t e s ; 4 r e p l i c a t e s ; °3 r e p l i c a t e s ; hydrocarbons; 
standard d e v i a t i o n ; unresolved complex mixture; godd-even 

predominance; not c a l c u l a t e d , i n s u f f i c i e n t data; OEP ( C 0 0 - C o A ) 
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Figure 2. Carbon number d i s t r i b u t i o n s and r e l a t i v e abundances 
of unbound a l i p h a t i c hydrocarbons normalized to the most 
abundant hydrocarbon, DSDP S i t e 603B lower c o n t i n e n t a l r i s e , 
U.S. east coast. 
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Figure 3. Carbon number d i s t r i b u t i o n s and r e l a t i v e abundances 
of bound a l i p h a t i c hydrocarbons normalized to the most abundant 
hydrocarbon, DSDP S i t e 603E lower c o n t i n e n t a l r i s e , U.S. east 
coast. 
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Figure 4. Carbon number d i s t r i b u t i o n s and r e l a t i v e abundances 
of unbound f a t t y a c i d s normalized to the most abundant f a t t y 
a c i d , DSDP S i t e 603B lower c o n t i n e n t a l r i s e , U.S. east coast. 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



102 ORGANIC MARINE GEOCHEMISTRY 

» 1 . The greater p r o p o r t i o n of the unbound f a t t y a c i d f r a c t i o n 
compared to the bound f r a c t i o n c o i n c i d e s with s i m i l a r proportions 
f o r t o t a l l i p i d and non-*aromatic hydrocarbons. F a t t y a c i d s 
comprised <1—14% of the bound l i p i d e x t r a c t , values equivalent to 
<1-10 ug/g. A summary of gas chromatographic data i s presented i n 
Table IV. 

Greater r e l a t i v e abundances of compounds C^u " C- 2 (with the 
exception of 603B-34-1) and C 6 and C.g (with the exception of 
6038-34-2)(Figure 5 ) , coupled with greater r e l a t i v e percentages of 
monoenoic and branched f a t t y a c i d s , suggest that the p r e s e r v a t i o n 
of compounds i n the bound f a t t y a c i d f r a c t i o n was enhanced r e l a t i v e 
to the those i n unbound f r a c t i o n . L i p o p h i l i c humic-like m a t e r i a l 
and/or c l a y - m i n e r a l binding may have reduced the r e a c t i v i t y of 
these compounds (37). The longer chain a c i d s probably represent 
components of terrigenous organic matter whereas the short-chain 
a c i d s are probably components r e s u l t i n g from m i c r o b i a l a c t i v i t y . 

Bound and unbound
ge n e r a l l y predominated
preference, both i n the s h o r t - c h a i n and long-chain range, i s not 
uncommmon f o r f a t t y a c i d s i n ancient sediments. Both the Devonian 
Antrim shale and the Soudan shale have shown s i m i l a r even-carbon 
preferences although the r e s p e c t i v e n*alkane f r a c t i o n s lacked 
odd-carbon preference. 

Summary 

The world-wide d i s t r i b u t i o n of organic m a t t e r - r i c h Upper Cretaceous 
sediments has prompted a number of organic geochemical 
i n v e s t i g a t i o n s to study t h e i r o r i g i n . Sediments of Upper 
Cretaceous age sampled from the lower c o n t i n e n t a l r i s e east of 
North America (DSDP S i t e 603B) were c h a r a c t e r i z e d by δ C values 
ranging from -23 t o -27°/oo and C/N r a t i o s from 32 t o 72. Although 
DSDP S i t e 603B was, and has been, a deep-sea environment, 
c o n t i n e n t a l provenance of the organic matter was i n f e r r e d from the 
r e s u l t s of TOC and s e l e c t e d l i p i d analyses. The t e r r i g e n o u s nature 
of the organic matter i n these Upper Cretaceous sediment samples 
supports previous g e o l o g i c a l data of i t ' s t u r b i d i t i c emplacement to 
S i t e 603B. Unbound alkanes C^and C^ , unbound f a t t y a c i d s C 2 g and 
C- , and bound f a t t y acids (τΛ, C A and C 2 Q d i s t r i b u t i o n maxima 
i n a i c a t e that plant waxes were important components i n the l i p i d 
m a t e r i a l . Organic-richness (1.7 t o 13.7%) and the r e l a t i v e l y l a r g e 
proportions of unbound l i p i d compared to the bound l i p i d support 
the theory that anoxia p r e v a i l e d i n the deep-sea during the time 
i n t e r v a l s represented by these sediments, p a r t i c u l a r l y during black 
shale d e p o s i t i o n . The l i m i t e d c o n t r i b u t i o n of marine organic 
matter i n the sediments examined i n d i c a t e s that sea-surface 
f e r t i l i t y was probably not any higher than i n today's oceans. 
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Table IV. Gravimetric and gas chromatographic data on unbound and 
bound fatty acid f r a c t i o n s , DSDP S i t e 603B lower continental r i s e , 

U.S. east coast. 

Core Core core Core Core 
L i p i d f r a c t i o n s 29-1 33-CC 34-1 34-2 36-1 

Unbound f a t t y a c i d s 
Ug/g dry sediment 55 122 213 NDa 370 
% of unbound l i p i d 29 18 7 ND 22 
<C_ ( i ) 
>c22 ( , ) 

anteiso (%) 

<C_ ( i ) 
>c22 ( , ) 

anteiso (%) £> 1 1 0 1 
monoenoic (?) 0 0 t r 0 1 
u n i d e n t i f i e d ($) 45 38 28 40 20 
UCMC (%) 44 50 38 58 78 
EOP ( C 1 f i - C p n ) a 

Bounâ faéty a c i d s 

NC e 2.4 6.4 NC NC EOP ( C 1 f i - C p n ) a 

Bounâ faéty a c i d s 

1.6 2.1 1.7 2.1 NC 
EOP ( C 1 f i - C p n ) a 

Bounâ faéty a c i d s 
NC 0.5 0.7 NC NC 

EOP ( C 1 f i - C p n ) a 

Bounâ faéty a c i d s 
Ug/g dry sediment <1 7 10 10 3 
% of bound l i p i d <1 14 5 4 2 
unbound/bound r a t i o 55 17 21 NC 123 
<C_ (ί) 
>C2P { % ) 

7 2 14 1 4 <C_ (ί) 
>C2P { % ) 22 5 9 7 
anteis o (%) <1 1 <1 0 <1 
monoenoic (%) 7 3 6 1 2 
u n i d e n t i f i e d (?) 34 38 59 38 46 
UCM (%) 30 52 15 51 40 
EOP (C^-C ) 

C 2 6 / C 1 6 

6.8 5.8 22.1 NC NC EOP (C^-C ) 

C 2 6 / C 1 6 
2.2 2.9 2.4 2.5 3.1 

EOP (C^-C ) 

C 2 6 / C 1 6 0.7 2.2 0.1 6.3 0.4 

a n o t detected^ b t r a c e ; °unresolved complex mixture; even-odd 
predominance; not c a l c u l a t e d , i n s u f f i c i e n t data 
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Figure 5. Carbon number d i s t r i b u t i o n s and r e l a t i v e abundances 
of bound f a t t y a c i d s normalized to the most abundant f a t t y a c i d , 
DSDP S i t e 603B lower c o n t i n e n t a l r i s e , U.S. east coast. 
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7 
The Biogeochemistry of Chlorophyll 

J. William Louda and Earl W. Baker 

Organic Geochemistry Group, Florida Atlantic University, Boca Raton, FL 33431 

In this paper we attempt a first approximation of 
chlorophyll diagenesis, stressing the generation of 
DPEP-series geoporphyrins. Samples analyzed include 
viable and dead unialgal cultures, sediment traps, 
surface to near-surface (0-2m) sediments and long 
cores (5-1,000m) obtained from DSDP/IPOD and industry. 
Results reveal that chlorophyll(-a) loses Mg and phytol 
through the action
trophic recycling in the water column and surface sedi
ments. Following deposition these 'pheo-pigments' 
undergo the competing reactions of allomerization, 
yielding purpurin and chlorin acids in oxic conditions, 
or loss of the 10-carbomethoxy moiety, forming pyro
-phorbides in anoxic settings. These key reactions 
appear to fate subsequent diagenesis to either pigment 
destruction or fossi l ization, respectively. DPEP
-series geoporphyrins are thought to be the result of 
the stepwise defunctionalization and aromatization of 
the pyro-phorbide type precursors. The phenomenology 
of chlorophyll geochemistry and tentative identifica
tion of several intermediates are described. 

The present study is based on the assumption that geoporphyrins 
are the diagenetic products of biotic tetrapyrrole pigments. 
This we take as a reasonable premise, given the structural com
plexity of this class of biomarkers (see Figure 1), and was con
cluded years ago by the late Professor Alfred Treibs (1-5). 
However, the development of strong precursor-product relation
ships in organic geochemistry requires not only statement of 
plausible end-members (e.g. chlorophyl1-a and DPEP-series geo
porphyrins) but must include description of the intervening 
reactions and intermediate structures. 

These investigations, albeit preliminary, are designed to 
ultimately f i l l the existing gaps in knowledge between biotic 
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structures (6-8) and the growing data base of product (v iz . geo
porphyrins) structures (9-17). 

Experimental 

Samples. Unialgal cultures of the diatom Synedra sp. were 
purchased from Carolina Biological Supply. Sediment trap samples 
and near surface sediments (0-2m) from the Peruvian upwelling 
region, col lected during Cruise 73 Leg 2 of the R/V Knorr, were 
provided by Woods Hole Océanographie I n s t i t u t i o n (18-19). Near-
surface sediments from the Guaymas Basin i n the Gulf of C a l i f o r 
n i a , col lected by the R/V Washington Leg 3-1978, were provided 
by Scripps I n s t i t u t e of Oceanography (20). Sediments and sapro-
pel from Big Soda Lake (Nevada, U.S.A.. 21_) and Mangrove Lake 
(Bermuda. 24) were obtained from the United State Geological 
Survey. Deeply buried (e.g. 15-1000 m., sub-bottom) marine 
sediments were obtained from the DSDP/IP0D program, Leg 64 
(20-23). An immature marin
Miocene. 24·) was provided by Mobil Research and Development. 

Except for viable diatoms, a l l samples were frozen upon 
c o l l e c t i o n and maintained so u n t i l extraction. 
Solvents, Extraction and Separation of Pigments. A l l solvents 
were freshly glass d i s t i l l e d and ethers were freed of peroxides 
over highly activated (0% H2O) basic alumina. A l l procedures 
were i n dim yellow l i g h t and extracts/isolates maintained frozen 
under N2, whenever possible. Chromatographic separation u t i 
l i z e d microcrystal l ine c e l l u l o s e , Sephadex LH-20, and s i l i c a gel 
in normal and reverse phase modes. Extraction and chromatogra
phy i s detai led elsewhere (20). 
P u r i f i c a t i o n and I d e n t i f i c a t i o n of Isolates. In the case of 
extremely immature samples containing bacteriophytin-a (e.g. 
Big Soda Lake, Mangrove Lake), i n t e r f e r i n g carotenols were 
removed via phase separation into 90% aqueous methanol (25-26). 

Low-pressure high-performance liquid-chromatography (LPHLC, 
Ace-Glass) using 13-24 s i l i c a in normal (Whatman #LPS-1) and 
C-18 reverse phase (Whatman #LRP-1) modes was employed for 
f i n a l pigment p u r i f i c a t i o n and co-chromatographic t e s t s . Iso-
c r a c t i c elution employed methanol/acetone/water (90:5:5, v/v/v) 
for pheophorbide free acids and methanol/acetone (95:5 v/v) for 
pheophytins during RP-LPHPLC. The presence of more than trace 
(ca 0 . 5 - 1.0%) water in the reverse phase mode lead to exceed
ingly long elution times (> 1 nr.) with phytylated pigments. 
This fact served as a t e s t for the presence of the phytyl 
ester. Non-polar pigments, pheophytins and decarboxylated 
species, were p u r i f i e d over normal phase s i l i c a with increas
ing percentages of acetone in petroleum ether. 

Mass spectrometry was performed on a DuPont #21-491B i n s t r u 
ment operated at the lowest i o n i z i n g voltage (e.g. 4.5-12.0 eV, 
40-60 A) possible per sample. 

Electronic absorption spectra were recorded on a Perkin-
Elmer 575 instrument cal ibrated with hoi mi urn oxide. The absorp
t i o n spectra of native pigments, sodium borohydride reduction 
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products (27-28), and the copper chelates of each (20) were com
pared to numerous authentic chlorophyll derivatives"Tstandards) 
i n order to c l a s s i f y the chromophore and i t s auxochromes. 

Results and Discussion 

Previously we have divided tetrapyrrole diagenesis into e a r l y - , 
middle-and late-stages (4-5). These d i v i s i o n s encompass the 
defunctionalization of dihydroporphyrins (e.g. phorbides), aro-
matization and chelat ion, in that order. The geoporphyrins formed 
during mid-and late-diagenesis are therefore free-base and metal 1o-
(e.g. N i ; , V = 0) porphyrins, respectively. Since t h i s study 
deals primarily with early-diagenesis, the following section is 
presented only to reveal the nature of these i n i t i a l l y formed 
geoporphyrins. 
Products of Diagenesis, Immature Geoporphyrins. The progress of 
the tetrapyrrole diageneti
defined stages (4-5) ca
ble to i s o l a t e more than one pigment type (e.g. free-base and 
metallo-porphyrins) from the same stratum. Shown in Figure 2 are 
the mass spectral histograms, or carbon-number d i s t r i b u t i o n , of 
(a) the defunctionalized phorbides ( i . e . 7,8-dihyroDPEP-series), 
(b) the free-base DPEP series and (c) the nickel DPEP-series 
isolated from a Miocene/Pliocene marine shale of C a l i f o r n i a . 
While not t o t a l l y i d e n t i c a l , maxima at C31 and the ranges of 
pseudohomologs (C27 to C34) reveal t h e i r s i m i l a r o r i g i n . Past 
studies (4,5,29) have shown that the DPEP- series can be 
geochemically generated with C30, C31, or C32 maxima. These 
pigments, DPEP-series porphyrins with a l imited carbon number 
range, represent early diagenetic end products. 

The metalloporphyrins ( v i z . n i c k e l , vanadyl) c h a r a c t e r i s t i c 
of catagenesis appear to form via p a r a l l e l diagenesis with the 
exceptions of the degree of a l k y l a t i o n and the immediate organic 
environment. That i s , carbon-numbers up to C40, C50 and beyond 
exist in the vanadyl porphyrins (5,30-33) and these pigments 
appear to ar ise from an inextractable organically bound state 
(4,29,34,35). An example of the series and carbon-number d i s t r i 
bution of the vanadyl porphyrins from a 'moderately mature' 
petroleum i s given as Figure 3. The complexity of geoporphyrin 
arrays becomes evident upon examination of Figure 3. That i s , 
since t h i s spectrum was averaged from low voltage (4.5eV) scans 
y i e l d i n g only parent ions, at least twenty-nine compounds (14 
DPEP and 15 ETIO), not counting isomers which are known to exist 
(13-15,9-12), must be present. Re-examination of Figure 2 reveals 
that t h i s spreading of carbon number d i s t r i b u t i o n s amongst the 
tetrapyrroles probably begins early in the diagenesis of these 
pigments and occurs within the free or solvent-extractable species 
(e.g.Ni porphyrins), as well as the presumably bound forms thought 
to y i e l d the vanadyl pigments. The maturational aspects of metallo
porphyrins are covered elsewhere (6-7). Phytoplankton cultures 
(Synedra, Bacillariophyceae) and water-column detr itus (sediment 
trap samples) were analyzed in order to describe the pre-deposit-
ional a l t e r a t i o n of chlorophyll and therein type the immediate 
precursor complement to early diagenesis. 
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a)PHORBIDES.DPEPsehes: 
( R I N G - Ε PRESENT)/C# 

R1 R2 
2 7 _ 

R3 
10 

R4 
9 

Pheophytin-a 
PPa 
Ρ Pa-allomer 
7E7DP-PYRO-PPa 
9-OD-7E7DP-PYRO-PPa 
MESO-PYRO-PPa 
DOMPPa 
DPE(78dideH) 
DPEP(7,8dkJeH) 
BacteriopheoptTytin-

(3/Wihydro

V Pr-phy K C O O C H 3 =0 
V Pr H .COOCH3 =0 
V Pr H Q C O O C H 3 =0 
V Ε Η, Η =0 
V Ε K H Η,ΟΗ 
Ε Pr Η, Η =0 
Ε Pr Η,Η Η,Η 
Ε Pr Η,Η Η,Η 
Ε Ε Η,Η Η,Η 

flCHLORI NS.ETIO-series: 
( R I N G - Ε ABSENT)/C# 

R1 R2 
2 7 

R3 R4 
6 

PUR PURIN-18 
PURPURIN- 7 
CHLORIN-e6 
CHLORIN-p6 
ETKDPORPHYRIN-III 

(78dideH) 

V Pr 0 = C — Ο — O O 
V Pr COCOOH COOH 
V Pr CH^COOH COOH 
V Pr COOH COOH 
E E H E 

Figure 1. Structures of tetrapyrrole pigments mentioned in text. 
Code: V=vinyl; E=ethyl; Pr=propionic a c i d ; Phy=phytol (as phytyl 
e s t e r ) ; DP=despropio-; PD=oxydeoxo; pp-a=pheophorbide-a ; D0MPP-a= 
deoxomesopyropheophorbi de-a; DPE=deoxophyl1oerythri η ; DPEP=deoxo-
phylloerythroetioporphyrin (cf. ^ 9 ]_). 

2 6 2 8 3 0 3 2 3 4 
C A R B O N N U M B E R 

Figure 2. Mass spectral histograms of tetrapyrrole pigments 
c h a r a c t e r i s t i c of mid-/late-diagenesis. (a) free-base 7,8-dihy-
dro-DPEP-series; (b) free-base DPEP-series; and (c) nickel DPEP 
(ETIO- omitted)-series. Sample; Pliocene/Miocene shale of marine 
o r i g i n ( c f . 24). 
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Phytoplankton Cultures. A viable unialgal culture of the diatom 
Synedra sp. was s p l i t into 2 al iquotes. The f i r s t portion 
(VIABLE") was extracted immediately and analyzed. The second 
part ("DEAD") was purged with nitrogen, sealed and stored in the 
dark at room temperature (20-22°C) for 2 months before analysis. 

The electronic spectra of the crude extracts of "VIABLE" and 
"DEAD" diatoms, given as Figure 4, reveals the t o t a l conversion 
of chlorophyl l -a to 1pheopigments1 through the loss of Mg. That 
i s , Soret absorption has shifted hypsochromically (429 to 411 nm) 
i n concert with a bathchromic s h i f t (663 to 667 nm) in the posit ion 
of band I ('red') absorption. Chromatographic analyses revealed 
that 94+% of the a-series pigments in the "VIABLE" diatoms was 
chlorophyl l -a. This pigment was below detectable l i m i t s (<1%) in 
the "DEAD" diatoms. In the l a t t e r , a-series pigments consisted of 
pheophytin-a (66%), pheophorbide-a (32%) and chlorophyl1ide-a (2%). 

A more rapid destruction of chlorophyl1-a series pigments, 
r e l a t i v e to c h l o r o p h y l l - c
'a'/ V value was foun
7:1 ("DEAD") upon senescence and death. 

Except f o r the slower demise of chlorophyl1-c, the a l t e r 
ation of chlorophyl l -a during senescence and death can be a t t r i b 
uted to c e l l u l a r decompartmentalization and resultant action of 
c e l l u l a r acids (Mg-loss) and enzymes (e.g chlorophyllase, phytol 
l o s s , 36). The r e l a t i v e amounts of pheophytin-a versus pheo
phorbide-a result ing from senescence-death has been shown to be 
species s p e c i f i c and i s related to chlorophyllase a c t i v i t y (37). 
Sediment Trap Samples. The a l t e r a t i o n of chlorophyll due to 
senescence/death phenomena, described above, y i e l d a certain suite 
of pigments. Such arrays, dominated by pheophytin-a, might be 
expected to form the precursor complement in sediments deposited 
in an environment free of consumers. Such i s obviously not the 
case in nature. Since the vast majority (e.g. 95-99%) of primary 
production serves as fodder in marine food webs (38) we must con
sider heterotrophic a l t e r a t i o n of d e t r i t a l tetrapyrrole pigments. 

Sediment trap samples from the Peruvian upwelling system 
(18-19) were analyzed for chlorophyll der ivat ives. These samples 
were col lected at the base of the euphotic zone (FST-16, Z=ll m) 
and about 25 m beneath the major pycnocline and zone of remineral-
azation (FST-17, Z=53 m). Both samples were lyophi l ized (39) and 
any intact chlorophyl l -a was converted to pheophytin-a. However, 
on-board hydrographie data ( i . e . fo/fa. cf . 18) allowed back 
correction to in s i t u chlorophyll/pheopigment relat ionships. 

Table 1 i s the compilation of pigment data obtained from 
analyses of the sediment trap samples. The data reveal, from the 
increase in the r e l a t i v e amounts of pheophytin-a and pheophor
bide-a, a large degree of Mg and Mg plus phytol l o s s , respective
l y . The deeper sample, upon microscopic examination, was found 
to contain a majority of broken, r e l a t i v e to i n t a c t , phytoplank
ton c e l l s (diatom dominated) occurring mainly in fecal p e l l e t s . 
Thus, the change in the d i s t r i b u t i o n of tetrapyrrole pigments, 
occurring with depth in the water column, reveals the combined 
effects of senescence/death and p r é d a t i o n . The l a t t e r i s evidenced 
by the increase in pheophorbide-a r e l a t i v e to pheophytin-a (37,40). 
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2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0 4 2 
C A R B O N N U M B E R 

Figure 3. Mass spectral histogram of vanadyl porphyrins isolated 
from a marine sou reed petroleu
ferous; 3.1%S; 2 3 . 1 ° A P I )
E t i o - s e r i e s . 

3 5 0 
ι — ι — ι — ι — ι 1— ι — ι — ι — ι —Γ 

5 5 0 7 5 0 3 5 0 5 5 0 
W A V E L E N G T H , η m 

7 5 0 

Figure 4, Electronic absorption spectra, in acetone, of the 
crude extracts of the diatom Synedra sp. (a) extracted fresh 
("VIABLE") and (b) following dark anoxic storage for 2 months 
("DEAD"). 
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Table I. Tetrapyrrole pigments present in sediment-trap samples 
from the Peruvian upwelling s y s t e m . ν a ) 

= 11 m 
Molar Percentage(°) 

= 53 m Pigment Ζ = = 11 m Ζ = = 53 m 
Chlorophyll-a 75 20 

(46) Pheophytin-a <2 (77) 26 (46) 
Pheophorbide-a 12 (12) 42 (42) 
Purpurins <2 (<2) 2 ( 2) 
Chlorin acids 4 ( 4) 4 ( 4) 
Chlorophyll-c 
..... .. ..ι-, ir. . f „ , - o r I n 

4 ( 4) 6 ( 6) 

b. Back - correct to on-site hydrographie values (18). 
Parenthesized values are 'as-analyzed.' 

Minor amounts of purpuri
oxidative pigment destruction in marine (5,20,28) and t e r r e s t r i a l 
(41) ecosystems, were also found. These most l i k e l y reside in 
broken d e t r i t a l c e l l s exposed to oxygen. Further study i s required 
to c l a r i f y destructive pathways. 

'Chlorophyll-c, a known component of the diatoms and relatives 
(6,7,37), was i d e n t i f i e d in both samples (Table I ) . The presence 
of 'chlorophyll-c' in marine destr itus i s expected, however, to 
date, i t s absence i n marine sediments col lected below the euphotic 
zone (5,20,28,42) i s enigmatic. That i s , whether 'cholorophyll-c' 
i s destroyed, complexed into unrecognizable macro-molecular forms 
or in other ways altered remains to be shown. 

The rapid a l t e r a t i o n of chlorophyl l -a as phytoplankton leave 
the euphotic zone may well be expected to continue as passage 
through additional l i n k s in the food chain occurs. Thus, the det
r i t a l forms of c h l o r o p h y l l - a , available to sedimentary diagenesis 
should contain a dominance of pheophorbide-a. 
Sedimentary Chlorophyll Derivatives. In order to unravel the bio-
geochemistry of chlorophyl l , a variety of deposit!onal environ
ments, each representing potent ial ly d i f ferent f o s s i l i z e d counter
parts, require study. Though the present investigation stresses 
marine sediments, col lected well beneath the photic zone in order 
to divorce d e t r i t a l from viable photoautotrophic material , photic 
zone sapropels and peats have also been examined. 
Marine Surface Sediments.. (0-2m) sediments beneath the highly 
productive upwelling regions in the Gulf of C a l i f o r n i a and off the 
coast of Peru were chromatographically separated (see "Experimen
t a l " ) into (a) pheophytins, (b) pheophorbides ( v i z . mono carboxy-
l i c acids) and (c) c h l o r i n acids ( i . e . d i - / t r i - a c i d s ) . Table II 
contains the result of these preliminary analyses and includes the 
concentration of pigments, present depositional environment and 
sample depth. 

In general, pheophorbides and chlor in acids have become the 
dominant tetrapyrrole pigments in surface sediments, r e l a t i v e to 
upper water column d e t r i t u s . The averaged values for the r e l a t i o n -
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ship of pheophytins/pheophorbides/chlorin acids, given in Table I I , 
are found to be 18/47/34 or 39/37/24 for sediments deposited 
through oxic or anoxic bottom waters, respectively. The overall 
increase of pheophorbides plus c h l o r i n acids, r e l a t i v e to water 
column detr i tus or anoxically deposited sediments, i s taken as a 
r e f l e c t i o n of the prolonged effects of aerobic heterotrophy during 
oxic deposition. That i s , benthic fauna, as well as zooplankton, 
appear able to remove phytol from sedimentary tetrapyrroles. 

O v e r a l l , these marine sediments appear to contain about 30% 
pheophytins, 40% pheophorbides and 30% purpurin plus c h l o r i n acids 
at the onset of diagenesis. This, of course, i s only a rough 
1 rule-of-thumb. 1 

Photic Zone Anoxia. In environments such as meromictic lakes and 
peat bogs the oxy- and chemo-clines impinge the photic zone. In 
these cases, anoxigenic photosynthetic bacteria (e.g. Thiorhodacea, 
Athiorhodacea) contribute not only to overall productivity (5,37,38 
but also to the supply of tetrapyrrole pigments i n resultant s e d i 
ments. That bacteriochlorophyll -
sediments, an i n t u i t i v e conclusion, i s shown through the analyses 
of Mangrove Lake (Bermuda) sapropel and sediments from Big Soda 
Lake (Nevada). 

Bacteriopheophytin-a has been isolated from both sets of 
samples, as well as from a South F l o r i d a freshwater peat accumula
t i o n (43). Figure 5 i s the electronic absorption spectrum of 
bacteriopheophytin-a, and i t s 'dioxy-dideoxo' derivative obtained 
by borohydride reduction. The unique chromophores and resultant 
spectra of the bacteriochlorophyll -a derivative makes i n i t i a l 
estimation of the r e l a t i v e amounts of higher plant and bacterial 
chlorophylls quite easy. As an example, Figure 5b i s the spectrum 
of a crude extract of sapropel from Mangrove Lake. In t h i s case, 
the r a t i o of chlorophyl l -a to bacteriochlorophyll-a derivatives 
as the pheophytins, i s approximately 1.3:1. Large amounts of 
bacterial carotenoids are also i n evidence from t h e i r character
i s t i c absorption maxima in the blue (ca.420-500nm) region. 

The main point of t h i s simple study i s t h a t , in cases such as 
peat/coal and aquatic sapropel/'paper shale' accumulations, u l t i 
mate geoporphyrin ( i . e . DPEP-series) precursors beside chlorophyl l -a 
need to be considered. In order to mold bacteriochlorophyl l -a into 
current modified 'Treib's scheme' diagenesis (3-5) only the removal 
of the 3,4-dihydro and 2-acetyl features are required. That i s , an 
aromatization and reduction/dehydration. 
Tetrapyrrole Diagenesis; Increasing Sediment Depth, Age and Temper
ature. Organic-rich diatomaceous oozes recovered within the oxygen 
minimum (OMZ) of the northeast slope of the Guaymas Basin (Gulf of 
C a l i f o r n i a , DSDP/IPOD Leg 64-Site 479. 23) have been found to 
contain a wide range of chlorophyll derivatives which, with depth, 
cover the entire period of early diagenesis (20). 
Pigments as a Portion of Total Organic Carbon. The value obtained 
through the d i v i s i o n of tetrapyrrole pigment concentration, in yg-
sediment dry weight, by the percent organic carbon of the host 
sediment we have defined as the 'Pigment Y ield Index,' or PYI (44). 
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The plot of PYI versus sub-bottom depth for S i t e 479, including a 
box-core sample as a surface sediment reference, i s shown in 
Figure 6. The actual trend, dotted, reveals a series of a l t e r n a t 
ing highs and lows down to about 200 m, sub-bottom. This most 
l i k e l y represents corresponding increases and decreases in product
i v i t y and the severity of bottom water anoxia ( i . e . paleoenviron-
ment). However, by smoothing the curve we obtain what we suggest 
i s the trend one might f ind for a hypothetical depositional envi
ronment which i s constant through time. 

Rapid pigment loss occurs within the f i r s t 50 meters of 
b u r i a l , after which the rate of loss slows and eventually ceases 
(Figure 6 ) . During the rapid loss period of early diagenesis i t 
appears that defunctionalization and destructive reactions are 
competitive as purpurin and c h l o r i n acids, in addition to phor
bides, are present. Later and deeper, defunctionalization of the 
surviving phorbides continues u n t i l the pigments attain a higher 
degree of s t a b i l i t y through aromatization, y i e l d i n g porphyrins of 
the DPEP-series (cf. Figur
phorbide and chlor in acids into proto-kerogen may occur during the 
e a r l i e r periods of pigment loss from the bitumen f r a c t i o n , though 
l i t t l e data beyond phenomenological insight (4-5,20,29,34-35) 
exists to support t h i s supposition. 
Individual Tetrapyrrole Character ist ic of Early Diagenesis. It 
should be noted that the "ident i f icat ions' of individual pigments 
given below are only tentat ive. That i s , characterization i s based 
only upon chromatographic mobi l i ty , e lectronic spectroscopy, 
derivat izat ions with sodium borohydride and copper and comparisons 
to authentic pigments treated in l i k e manner. As such, s t r u c t u r a l -
proof i s not claimed and resultant geochemical reaction scenarious 
are given only for the chromophore of each pigment type. That i s , 
t h i s study investigates only diagenetic defunctionalization and 
offers no insight as to alkyl substituents, beyond inference. 
Pheophytin-a as an i n i t i a l i s o l a t e , exhibited the electronic 
spectrum given as Figure 7. Reaction with borohydride was found to 
y i e l d the t y p i c a l 9-oxy-deoxo derivative as well (Figure 6, dashed 
l i n e ) . However, upon submitting pheophytin-a to LPHPLC, 2 forms of 
t h i s pigment, neither identical to the authentic compound, were 
found. That i s , as shown i n Figure 8, 'pheophytin-a,' from these 
sediments were found to exist on a more polar and less polar form, 
r e l a t i v e to the co-injected standard, and both yielded identical 
e lectronic spectra (cf. Figure 7 ) . Chromatographic mobil i ty , 
including comparison to authentic pheophytin-a, and i t s 'allomer' 
( i . e . 10-oxy-pheophytin-a) shows that the more mobile form ('PP-al') 
may be pyro-pheophytin-a while the more polar form ('PP-a2') i s most 
l i k e l y the allomer ( i . e . 10-oxy-pheophytin-a 20). In some cases, 
such as sample 64-481-8-2 (Figure 8 ) , small amounts of "true" 
pheophytin-a are present. 
Meso-Pheophorbides. A compound, or s e r i e s , exhibit ing the e l e c t -
ronic spectrum ( a l t . chromophore) of meso-pyropheophorbide-a has 
been isolated from S i t e 479 sediments recovered between 72 and 
246 meters (15-31°C 23) sub-bottom (20). Figure 9a i s the e l e c 
tronic spectra of the native pigment and i t s borohydride reduction 
product. Reaction of each with copper (II) yielded the m é t a l l o -
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3 5 0 5 5 0 
W A V E L E N G T H , n m 

Figure 5. E lectronic absorption spectra, (a) bacteriopheo-
phytin-a(sol id) and the dioxy-dideoxo derivative (dashed) 
obtained following reduction with sodium borohydride; and 
(b) the crude extract of Mangrove Lake (Bermuda) sapropel. 

P Y.I 

Figure 6. Plot of the 'pigment y i e l d index' (PYI) versus 
depth of burial f o r DSDP/IPOD S i t e 479 in the northeastern 
Guaymas basin slope, Gulf of C a l i f o r n i a (cf. 20). 
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Figure 7. E lectronic absorption spectra of pheophytin-a(solid) 
and the 9-oxy=deoxo derivative obtained following reduction with 
borohydride, (dashed) Isolated from DSDP sample #64-479-5-3 (20). 

PPa2 

2 0 ' 4 0 ' 6'0 
T I M E , m i n . 

Figure 8. P a r t i a l LPHPLC chromatograms of "pheophytins-a." 
(a) Sample 64-481-8-2, (b) sample 64-479-3-2 (dashed = co-injected 
authentic pheophytin-a), and (c) p a r t i a l l y a i r - ' a l l o m e r i z e d ' 
authentic pheophytin-a. 
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meso-phorbide spectra given as Figure 9b. A l l of these spectra and 
reaction products are consistent with the chromophore of authentic 
meso-pyropheophorbide-a. The very non-polar nature of the native 
pigment leads us to propose that t h i s i s 7-R-7-despropio-meso-
pyropheophorbide-a (R=H,-CH3,-CH2CH3) generated by the 
reduction of the 2-vinyl-moiety and the decarboxylation of the 
corresponding phorbide a c i d . 
Oxydeoxomesopyropheophorbides. Pigments with the chromophore of 
the 9-oxy-deoxomesopheophorbides were isolated from the same strata 
as given above for the meso-pyropheophorbides. In these cases, the 
Soret(S) and band 1 (I) absorption maxima resemble authentic 9-oxy-
deoxo-mesopyropheophorbide-a (S=396.5,I=646.5nm), i t s Cu chelate 
(S=402.0, 1=614.5nm), and the pigment was t o t a l l y unreactive to 
borohydride. 

This compound, tentat ively 9-oxy-deoxo-mesopyropheophorbide-a, 
i s of interest as i t offers a clue as to the mode of loss of the 
9-ketone moiety inherite
appears that the 9-keto
then be dehydrated. If t h i s were to occur, the product would cont
ain a highly strained 6,y-cycloetheno moiety. Most l i k e l y , 
concerted or subsequent and rapid reduction would follow and result 
i n the common 6,Y-cycloethano type of i s o c y c l i c ring found in geo
porphyrins of the DPEP-series. 
Oxydeoxo-Viny1-Phorbides. Pigments exhibit ing band I absorption at 
651nm, and matching other physiochemical c h a r a c t e r i s t i c s of authen
t i c 9-oxydeoxo-pyropheophorbide-a, have been reported as being 
present i n the Gulf of C a l i f o r n i a sediment suite studied herein 
(20). Lack of s u f f i c i e n t material has precluded further study on 
these i s o l a t e s . 
Deoxomesopyropheophorbide-a and 7,8-Dihydro-DPEP. Sedimentary 
bitumen at or near a level of maturity such that free-base 
porphyrins are present or dominant also y i e l d tetrapyrroles with 
e l e c t r o n i c spectra c h a r a c t e r i s t i c of deoxomesopyropheophorbide-a 
(DOMPP-a). DOMPP-a i s i s o l a t e d , in the greatest amounts, from the 
non-polar chromatographic f r a c t i o n s , has an HCL# of c a . 5-7 and, 
thus, are decarboxylated (7-R-7-despropio:R=-H,-CH3,-CH2CH3) 
analogs. As such, an alternate semi-systematic name would be 
7,8-dihydro DPEP. 

Mass spectra of one such i s o l a t e (Figure 2) reveals that 
diagenetic dealkylation has occurred. That i s , at temperatures 
below that required for the tetrapyrrole aromatization reaction 
(e.g. 20-30°C. 4-5),thermal (v iz . catagenetic) dealkylation i s 
hardly l i k e l y . Thus, the presence of carbon numbers below C-32, 
the expected product of 'Treibs' Scheme' geochemistry ( 1 , 6 - 7 ) , 
most l i k e l y reveals methylene-equivalency losses related to 
defunctionalization during early diagenesis. The intervention of 
sedimentary bacterial infauna i s t h e o r e t i c a l l y possible and i s 
being studied. 

The electronic spectra of the native pigment (S=393,l=640nm), 
isolated from a Miocene shale of the Sisquoc formation ( C a l i f o r 
n i a . 24), and numerous diatomaceous oozes from the Gulf of C a l i -
fornia*"T20), and i t s copper chelate (S=395, I=606nm) match 
authentic DOMPP-a and CuDOMPP-a, respectively. 
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Generation of Chlorin and Purpurin Acids; Fating Functions. S e d i -
ments of known oxic deposition and/or redeposition have been found 
to be r e l a t i v e l y enriched i n the highly polar purpurin and chlor in 
poly-acids (5,20,28,44). 

The oxidative s c i s s i o n of the i s o c y c l i c ring on the nucleus of 
chlorophyll and i t s d e r i v a t i v e s , v i a al lomerization, consists of a 
series of well documented reactions (6-7) and leads to such 
products as c h l o r i n (e.g. -eA , -ee,-P6) and purpurin (e.g. 
- 7 , - 9 , - 1 8 ) carboxylic acids (cf. Figure 1 ) . 

Sediments from the north r i f t of the Guaymas Basin (DSDP/IPOD 
Leg 64, S i t e 481.20) y ielded 2 pigments of t h i s s e r i e s . Given as 
Figure 10 i s the "electronic spectra of purpurin-18 and c h l o r i n -
P6 i s o l a t e s from t h i s s i t e . Spectra, chromatographic behavior and 
r e a c t i v i t y towards borohydride match that of authentic pigments. 

As i t i s known that allomerization i s possible only with the 
phorbides which contain the 10-carbomethoxy group (45), we have 
proposed that competition between the formation of THomers (10-oxy-
phorbides) and the pyro-(10-H-10-decarbomethoxy
major branch point during very early diagenesis (4-5,20). That 
i s , the generation of allomerized pigments appears to lead to 
subsequent pathways which end in pigment destruction. Mechanisms 
of tetrapyrrole destruction i n sediments, beyond the purpurin-
c h l o r i n stages, are t o t a l l y unknown at present. Conversely, 
generation of the pyro-phorbides, e s s e n t i a l l y protecting the 
i s o c y c l i c ring from oxidation ( v i z . a l lomerizat ion), imparts a 
f i r s t level of s t a b i l i t y to these pigments. Subsequent diagenetic 
defunctionalization of the pyro-phorbide and aromatization then 
leads to the DPEP s e r i e s , as given i n previous sections. 
Possible Oxidation of the 2-Vinyl Moiety; 2-Acetyl (or Formyl) 
-2-Desvinyl-Pheophorbides. A f i r s t i n d i c a t i o n t n a t , aside from 
reduction, the vinyl moiety of chlorophyll derivatives might be 
altered stems from the i s o l a t i o n of a pigment we f i r s t c a l l e d 
"chlorin 686," a f t e r the spectral type and position of band I 
absorption. The electronic spectra of the native and borohydride 
reduced pigments are given as Figure 11. The hypsochromic s h i f t 
of 35.5nm ( i . e . 686.5-651.0 nm) i n the posit ion of band I absorp
t i o n i s on the same order as that found for the removal of the 
auxochrome effects of 2 conjugated carbonyl functions from authen
t i c test pigments (e.g. bacteriopheophytin-a, purpurin-18). These 
changes do not however mimic the removal of dicarbonyl conjugation 
from such pigments as pheophorbide-b. 

Thus, 2 conjugated carbonyl moieties appear to be present and 
are most l i k e l y located on rings I and V. That i s , on "opposite" 
side of the macrocycle. The bifurcated nature of the Soret absorp
t ion for the native pigment i s reminiscent of the 2 - a c e t y l - 2 -
desvinyl (46) and 2-formyl-2-desvinyl (47) derivatives of pheophy
t i n - a . Should phorbide "686" prove to contain either the 2-acetyl 
or 2-formyl moieties t h i s could e a s i l y and mistakenly we f e e l , i n f e r 
derivation from bacteriochlorophyl l -a or c h l o r o p h y l l - d , respect
i v e l y . As t h i s pigments(s) was isolated from deep-sea diatomaceous 
oozes, (Z=747m, DS0P/IP0D S i t e 479. 20,23) s i g n i f i c a n t input of 
e i t h e r purple photosynthetic bacteria or red algae, respectively, 
i s u n l i k e l y . Rather, we f e e l , that early diagenetic oxidation of 
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Figure 9. E lectronic absorption spectra of (a) decarboxylated 
mesopyropheophorbide(s)-a and (b) the oxy-deoxo-derivative ob
tained via borohydride reduction. Sample 64-479-13-1 (20). 

3 5 0 ~1 5 5 0 Γ 7 5 0 
W A V E L E N G T H n m 

Figure 10. E lectronic absorption spectra of purpurin-18 ( s o l i d ) 
and chlorin-p6 (dashed)-like compounds isolated from sample 64-
481A-2-2 (20). 
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the 2-vinyl moiety, with potential cleavage to a 2-methyl-2-desvinyl 
structure akin to 'Abelsonite' (Ni-2-methyl-2-desvinyl-DPEP. 16) 
formation, i s a more l i k e l y diagenetic pathway. 
Conclusion; Modified "Treibs' Scheme" Diagenesis of Chlorophyl l . 
The investigations reported here allow a f i r s t approximation of the 
diagenesis of chlorophyll to be formulated. The scheme presented as 
Figure 12 summarizes the proposed reaction sequences, and are, for 
now, r e s t r i c t e d to sedimentary environment. 

The losses of magnesium and phytol through the combined ef
fects of c e l l u l a r senescence and p r é d a t i o n ( i . e . aerobic hetero-
trophy) in the water column lead to pheophytin-a and pheophorbide-a 
becoming the primary chlorophyl l -a derivatives deposited in marine 
sedimentary environments. Though i t i s not known at present, the 
heterotrophic processes which cleave phytol more than l i k e l y also 
affect the 10-carbomethoxy group. Studies are underway to inves
t i g a t e the amounts of pyro-pheophorbides in water column detr itus 
and surface sediments. 

During very early diagenesi
column, 2 key competing or ' fat ing' reactions appear t o d i r e c t 
subsequent a l t e r a t i o n , i . e . allomerization versus loss of the 10-
carbomethoxy moiety. 

In the presence of oxygen, allomerization leads to the oxidat
ive s c i s s i o n of the i s o c y c l i c r i n g . Products found in oxidative 
environments include the purpurin and c h l o r i n acids (Figure 11). 
Tracing the down-hole fate of these compounds has proved f u t i l e , to 
date. That i s , in cases were oxidation dominates, such as in 
sediments low in metabolizable organics ( i . e . P h i l i p p i n e Sea. 
48-50), tetrapyrrole pigments disappear with depth. Thus, we can 
but surmise that the c h l o r i n acids are destroyed and y i e l d un
i d e n t i f i a b l e low molecular weight colorless compounds (LMWCC), 
Figure 12). It i s t h e o r e t i c a l l y possible to derive various ETI0-
series porphyrins from chlorin acids (5-7). However, no data yet 
exists to support t h i s alternate pathway. 

The loss of the 10-carbomethoxy moiety from the pheophorbides 
generates the pyropheophorbides and prevents allomerization (45). 
Based on the down-hole sequencing of pigments at DSDP/IPOD s i t e 
479 (20), and past p a r t i a l sequences (4-5,28-29,44), the generation 
of free-base geoporphyrins, at least of the DPEP-series, appears to 
fol low that given i n Figure 12. I t should be noted that tentative 
i d e n t i f i c a t i o n s have been made only for the decarboxylated species. 
However, an analogous series of these pigment types does appear to 
be present as the f ree-acid (v iz .7-propionic) analogs. Reduction of 
the 2-vinyl and 9-keto moieties has been found to occur i n the same 
strata and to be unconcerted. Early diagenesis thus y i e l d s meso-and 
9-oxydeoxo-pyropheophorbides, with or without the carboxylic acid 
moeity inherited from chlorophyl l . Reduction of either the 9-keto 
or 2-vinyl of these d e r i v a t i v e s , respectively, followed by dehy
dration and, ostensibly, rapid reduction y i e l d s the corresponding 
deoxomesopyropheorbide-a (DOMPPa). 

Following the generation of DOMPP-a, again as either the 
carboxylated or decarboxylated forms, increasing thermal stress 
leads to aromatization and y i e l d s DPE or DPEP, respectively. 
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Figure 11. Electronic absorption spectra of a probable dioxo-
phorbide before ('native,' s o l i d trace) and after (dashed trace) 
reduction with borohydride. Isolated from DSDP sample 64-479-5-3 
(20). 
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Figure 12. Proposed diagenesis of chlorophyl l -a der ivat ives. 
Code: MESO = 2-vinyl reduced to e t h y l ; PYRO = lacks C# 10 carbo-
methoxy group; 0D = 9-oxydeoxo; asterisk = possible 6,y-cyclo-
etheno intermediate; LMWCC = low molecular weight color less com
pounds (cf. Figure 1). 
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In conclusion, the early diagenesis of chlorophyl l -a deriva
t ives and the generation of the DPEP-series porphyrins roughly 
p a r a l l e l s the predictions which Professor Treibs made a half a 
century ago (1). Though certain inroads have been made, much i n 
the way of structural and mechanistic study remains. That i s , 
the generation of dealkylated species and the highly l i k e l y 
incorporation of tetrapyrroles into kerogen during early diage
nesis are a l l but unknown. 
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Structural Analysis of Aquatic Humic Substances 
by NMR Spectroscopy 

Andrew H . Gillam1 and Michael A. Wilson2 

1Institute of Offshore Engineering, Heriot-Watt University, Research Park, Riccarton, 
Edinburgh, EH14 4AS, Scotland 

2CSIRO Division of Fossil Fuels, P.O. Box 136, North Ryde, NSW 2113, Australia 

Recently developed techniques in NMR spectroscopy have 
been applied to the analysis of marine and estuarine 
organic material. For example, the advantages of 
dipolar dephasin
types of aliphatic and aromatic structural groups in 
these materials are demonstrated. It is shown that 
methoxy and amino acid carbon of similar chemical 
shift can be distinguished. Problems in quantifying 
the different functional groups in marine and estuarine 
organic material by NMR are discussed and specific 
examples are given in which nonquantitative data might 
be expected. 

It was not so long ago that water chemists were content to measure 
the amount of dissolved organic carbon in fresh, estuarine or marine 
waters. At best, a l l that was known of chemical structure was the 
concentration of trace, albeit important organic compounds. A l l 
that has now changed and the chemical structure of a l l the dissolved 
organic substances (humic substances) is being investigated at a 
detailed level. 

Although conventional functional group analysis and Fourier 
transform infra-red spectroscopy are providing useful information, 
new revelations concerning the chemical structure of these 
ubiquitous materials have been largely due to developments in 1H- and 
13C-NMR spectroscopy. Although some questions need to be answered 
concerning quantitation, major advances have been made in determining 
the aromaticity (fraction of carbon which is aromatic) and carbo
hydrate content of these substances by NMR. 

Recently, 'second generation1 (dipolar dephasing, two dimension
al NMR) 13C-NMR experiments have begun to appear in the coal science 
literature which are particularly applicable to humic substances. 
In this paper, some applications of these techniques to the study of 
the structure of organic materials from aquatic systems are 
demonstrated. These studies concentrate on: 1) obtaining additional 
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information on s t r u c t u r e , p a r t i c u l a r l y f u n c t i o n a l groups and 2) 
e s t a b l i s h i n g l i m i t s on q u a n t i t a t i o n . 

Experimental 

The l o c a t i o n and sampling methods of samples used i n t h i s work have 
been described elsewhere (1-5). 

1H- and 13C-NMR s o l u t i o n spectra were determined on a J e o l FX90Q 
spectrometer. The sample (~20 mg) was added to 0.5 cm^ of 
deuterium oxide. A few drops of 1 mol dm" 3 sodium deuteroxide were 
added u n t i l the sample d i s s o l v e d . 

lH-spectra were obtained at 89.99 MHz under homogated decoupling 
c o n d i t i o n s i n which the HOD peak produced by a d v e n t i t i o u s water 
i m p u r i t i e s and proton exchange was i r r a d i a t e d . The radiofrequency 
(RF) l e v e l of the HOD i r r a d i a t i o n was optimized f o r each sample, 
i . e . a s u f f i c i e n t RF l e v e l to reduce the HOD peak to zero was 
a p p l i e d but not enough t
i n the v i c i n i t y of the HO
45° pulse and 8K data were acquired using 1500 Hz s p e c t r a l width. 
A c q u i s i t i o n time was 2.727 s, w i t h a pulse delay of 2.0 s. Approx
imately 1000 scans were c o l l e c t e d f o r adequate s i g n a l to noise r a t i o . 
Chemical s h i f t s are quoted w i t h respect to i n t e r n a l t e t r a m e t h y l s i l a n e 
(TMS) but were measured w i t h respect to e x t e r n a l TMS. A c a p i l l a r y 
i n s e r t e d i n t o the sample tube was used as a reference. The values 
so obtained were co r r e c t e d by measuring the chemical s h i f t s of 
n-butanoic a c i d w i t h respect to both i n t e r n a l and e x t e r n a l TMS. 

S o l u t i o n 13C-NMR spectra were determined at 22.5 MHz. 8K data 
were c o l l e c t e d using a 7000 Hz s p e c t r a l width. A c q u i s i t i o n time was 
0.584 s. Pulse delays of 1.0 to 5.0 s were used w i t h , and without, 
i n v e r s e gated decoupling. Up to 60,000 scans were c o l l e c t e d . 

13C-cross p o l a r i z a t i o n magic angle spinning (CP-MAS) spectra 
were obtained on a Bruker CXP-100 instrument. A r o t o r c o n s i s t i n g of 
a b a r r e l of boron n i t r i d e and a base of Kel-F was used. Rotor speed 
was~3.8 kHz. Recycle time was v a r i e d from 0.3 to 1 s. A v a r i e t y 
of contact times from 0.5 to 3ms were employed. The Hartmann-Hahn 
c o n d i t i o n was set using a sample of hexamethylbenzene. Chemical 
s h i f t s were measured w i t h respect to e x t e r n a l hexamethylbenzene (by 
s t o r i n g the hexamethylbenzene spectrum i n another computer memory 
block) but are quoted w i t h respect to TMS. I t i s assumed that the 
chemical s h i f t s of hexamethylbenzene w i t h respect to TMS are the same 
i n s o l u t i o n as i n the s o l i d s t a t e . 

D i p o l a r dephasing experiments were performed by i n s e r t i n g a 
delay before data a c q u i s i t i o n i n which the decoupler was gated o f f . 
A 180° r e f o c u s s i n g pulse along the s p i n locked coordinate was 
i n s e r t e d midway i n the delay p e r i o d . F u l l d e t a i l s are given e l s e 
where (6) . 

In g eneral, data was worked up using l i n e broadening f a c t o r s of 
50 Hz or greater f o r 13C or 1Hz or l e s s f o r 1H. This i s 
p a r t i c u l a r l y important f o r s o l u t i o n 13C-spectra where s i g n a l to noise 
i s poor. 

S o l u t i o n versus s o l i d s t a t e NMR 

In p r i n c i p l e , s o l u t i o n or s o l i d s t a t e NMR can be used to study the 
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s t r u c t u r e of d i s s o l v e d organic carbon. Both methods have advantages 
and disadvantages. The main advantages of s o l u t i o n NMR are: 

1. some degree of e x t r a r e s o l u t i o n might be expected because of 
conformational freedom of the organic macromolecules; 

2. q u a n t i t a t i v e aspects are more f u l l y understood than f o r s o l i d 
s t a t e techniques. 

Advantages of the s o l i d s t a t e techniques are: 

1. increased s e n s i t i v i t y due to s i g n a l enhancement techniques, r a p i d 
r e l a x a t i o n , and the f a c t that a higher concentration of n u c l e i 
are between the poles of the magnet; 

2. no ambiguity concerning degradation by the solvents used f o r 
s o l u t i o n NMR. 

1H-NMR 

To o b t a i n a s o l i d s t a t e NMR spectrum i t i s necessary to remove i n t e r 
a c t i o n s from n u c l e i c l o s e l y bonded to the nucleus under i n v e s t i g a t 
i o n . For 13C-nuclei t h i s i s done through a combination of magic 
angle s p i n n i n g and high power proton decoupling techniques. In the 
l a t t e r case, the protons are i r r a d i a t e d c l o s e to t h e i r resonant 
frequency. To o b t a i n a high r e s o l u t i o n lH-spectrum of a s o l i d , 
high power decoupling techniques cannot be employed. Moreover, 
using magic angle spinning alone, the required spinning speeds are 
unobtainable. Thus, sp e c t r a obtained w i t h current technology are 
u n s a t i s f a c t o r y i n that they do not give h i g h r e s o l u t i o n i n f o r m a t i o n . 
Although m u l t i p l e pulse techniques may solve t h i s problem (7) , at 
present i t i s necessary to o b t a i n 1H-NMR spe c t r a of e s t u a r i n e and 
marine organic matter by s o l u t i o n techniques. This presents other 
d i f f i c u l t i e s mainly due to the high concentration of a d v e n t i t i o u s 
water. For example, even when deuterated solvents are used, only a 
broad f e a t u r e l e s s spectrum of water i s obtained unless a d d i t i o n a l 
techniques are employed. 

One method that has been s u c c e s s f u l i s to continuously gate and 
i r r a d i a t e the water peak so that these molecules cannot r e l a x and 
hence, give an NMR s i g n a l (Figure 1). Figure 1 a l s o shows spectra 
of marine, sea l o c h and t e r r e s t r i a l humic substances. The main 
a p p l i c a t i o n of 1H-NMR i s to estimate the proton a r o m a t i c i t y of the 
samples by i n t e g r a t i n g the 6-8 ppm regi o n against the r e s t of the 
spectrum, and secondly, to measure the amount of branching i n the 
a l i p h a t i c s t r u c t u r e s . The peak at < 0.9 ppm a r i s e s from methyl 
groups at the end of a l k y l chains and can be i n t e g r a t e d against the 
other a l i p h a t i c protons. I t should be appreciated that protons 
which exchange w i t h the solvent are not observed. 

13C-NMR 

T y p i c a l 13C-spectra f o r humic acids from a range of sources are 
shown i n Figures 2 and 3. Fi v e major regions of resonance can be 
recognised. These are 0-50 ppm ( a l k y l carbon), 50-108 ppm (carbo
hydrate, a l c o h o l , ether and the COOH oC-carbon of amino a c i d ) , 108-
160 ppm (aromatic carbon), 160-200 ppm ( c a r b o x y l i c , e s t e r , amide 
carbon) and 200-220 ppm (ketonic or aldehydic carbon). 
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Figure 1. H-NMR spectrum of humic a c i d (242 FIDs): (a) without 
i r r a d i a t i o n of water peak; (b) w i t h optimum i r r a d i a t i o n of water 
peak; (c) w i t h over i r r a d i a t i o n of water peak; (d) t e r r e s t r i a l 
humic a c i d (Levin) ( r e f n 4 ) ; (e) d i s s o l v e d marine humic a c i d 
( r e f n 1); ( f ) i n t r a c e l l u l a r a l g a l m a t e r i a l ( r e f n 1); (g) sea 
loc h sedimentary m a t e r i a l . (Reproduced w i t h permission from 
reference 4. Copyright 1983 B l a c k w e l l S c i e n t i f i c P u b l i c a t i o n s . ) 
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Figure 2. T y p i c a l 13C-NMR spec t r a of humic substances from 
va r i o u s sources. (a) t e r r e s t r i a l ( L e v i n ) ( s o l u t i o n ) ( r e f n 5); 
(b) t e r r e s t r i a l (Patua) ( s o l u t i o n ) ; (c) freshwater aquatic 
( s o l u t i o n ) ( r e f n 2 ) ; (d) d i s s o l v e d marine ( s o l i d s t a t e ) ( r e f n 1) 
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Recent developments i n high r e s o l u t i o n 13C-solid s t a t e NMR 
spectroscopy have demonstrated that a d d i t i o n a l i n f o r m a t i o n can be 
obtained i f the proton decoupler i s turned o f f f o r a short p e r i o d 
between i r r a d i a t i n g the n u c l e i i n the sample under i n v e s t i g a t i o n and 
observing t h e i r subsequent behaviour (8). I f the c o r r e c t p e r i o d of 
time i s l e f t , ( d i p o l a r dephasing p e r i o d ) , s pectra can be obtained 
from only methyl and non-protonated carbon. However, during the 
d i p o l a r dephasing p e r i o d the s i g n a l i n t e n s i t i e s of these resonances 
are al s o attenuated, a l b e i t at d i f f e r e n t r a t e s from t e r t i a r y and 
secondary carbons. Hence f o r q u a n t i t a t i v e a n a l y s i s of s t r u c t u r a l 
groups i n complex m a t e r i a l s such as d i s s o l v e d organic matter i n 
marine and e s t u a r i n e waters, knowledge of the decay constants f o r 
d i f f e r e n t s t r u c t u r a l groups i s e s s e n t i a l . 

To t h i s end, the d i p o l a r dephasing behaviour of a wide range of 
organic compounds has been e s t a b l i s h e d (9-12). Various types of 
carbons experience a wide range of 13C-1H i n t e r a c t i o n s . Carbons 
weakly coupled to protons
exponential law given b

I B=I°exp(-t,/Tp 

where 1° i s the s i g n a l i n t e n s i t y at zero time and T£ i s the 
exponential decay constant f o r the s i g n a l i n t e n s i t y . When the 
carbons are s t r o n g l y coupled to protons, e.g. methine and methylene 
carbons, the s i g n a l decay i s modulated by the strong 13C-1H coupling 
and the o v e r a l l decay of the s i g n a l i n the short time l i m i t i s b e t t e r 
described by the equation 

l A = l J U x p ( - t 2 / 2 T j 2 ) ( 2 ) 

Values of T' f o r v a r i o u s carbon types are l i s t e d i n Table I . In 
p r i n c i p l e , i t should be p o s s i b l e to i d e n t i f y a number of s t r u c t u r a l 
groups i n aquatic organics by t h e i r decay constants. 

Nevertheless, f o r a complex m a t e r i a l such as the organic matter 
i n marine and e s t u a r i n e waters, each resonance i s broad and a r i s e s 
from a number of s t r u c t u r a l groups. For example, i n the aromatic 
r e g i o n the broad s i g n a l i s due to CH and non-protonated carbon. 
In t h i s case s i g n a l decay w i l l be given by the sum of equations (1) 
and (2) as ( 3 ) . 

I = I A + l B = I ^ e x p ( - t 1
2 / 2 T 2

,
A
2 ) + I ^ e x p ( - t 1 / T 2

,
B ) ( 3 ) 

However, t h i s equation can be computer f i t t e d to give time constants 
T 2 A » T 2 B a n d l%Qn<* lA' F o r t h e a r o m a t i c resonance, ^ / ( I A + I Q ) 

i s a measure of trie f r a c t i o n of aromatic carbon which i s non-proton
ated and the time constants t e l l us which s t r u c t u r a l groups are 
present. 

T y p i c a l d i p o l a r dephased spectra of a sedimentary sea l o c h humic 
a c i d are shown i n Figure 4 as a f u n c t i o n of dephasing time. 
Comparison of Figure 4 w i t h Figure 3 c l e a r l y shows s u b s t a n t i a l l y more 
a l k y l and 0 - a l k y l carbon i s protonated than aromatic carbon s i n c e the 
s i g n a l from these two types of carbon are attenuated at long (40 /*s) 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ORGANIC MARINE GEOCHEMISTRY 

34-9 
I 

I 1 I I 
300 200 100 0 

Chemical s h i f t δ ( ppm ) 

13 
Figure 3. C-NMR ( s o l i d s t a t e ) spectra of sea l o c h sedimentary 
humic substances. (a) f u l v i c a c i d ; (b) humic a c i d . 

Table I . T y p i c a l T' Values f o r Various Carbon Types 

Carbon Type τ'2 (yus) 
CH 2 ( a c y c l i c ) 12-29 

( a l i c y c l i c ) 15-32 
CH 15-32 
CH3-R 50-121 
Methoxy 49 
Non-protonated sp^ 252 
Non-protonated s p ^ - a r y l 75-218 
Non-protonated sp^-COOH 122-126 
Protonated s p ^ - a r y l 15-22 
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dephasing times. Moreover TJ> values (20 /AS and 26 /ks) show that the 
resonances at 30 and 75 ppm a r i s e from protonated carbons. The 
resonance at 155 ppm has a long T 2 value (> 120 j*s) and i s more 
prominent i n the d i p o l a r dephased spectrum (Figure 4, fcl =40 JJS) 
showing that these carbons are non-protonated, i . e . oxygenated. This 
s i g n a l i s due to the presence of phenols or a r y l ether f u n c t i o n a l 
i t i e s . An approximate estimate of v a r i o u s protonated s t r u c t u r e s , 
using equation ( 3 ) , shows that 85% of the aromatic carbon i n the 
humic a c i d i s non-protonated. The corresponding f i g u r e f o r the 
f u l v i c a c i d sample i s 90%. 

The decay constant (T 2 = 26 jxs) f o r the resonance at 55 ppm i s 
considerably s h o r t e r than expected f o r methoxy groups but s i m i l a r to 
that expected f o r CH carbons i n amino a c i d s . Hence the r e s u l t s 
suggest a s u b s t a n t i a l c o n t r i b u t i o n of amino a c i d carbon to the 
sample. In c o n t r a s t , we have observed r e l a t i v e l y long decay 
constants ( T 2 - 60 j*s) f o r resonances at s i m i l a r chemical s h i f t s i n 
t e r r e s t r i a l organic m a t e r i a l
methoxy groups. 

Table I I i l l u s t r a t e s the types of s t r u c t u r e s which may be 
d i s t i n g u i s h e d from each other by d i p o l a r dephasing experiments on 
humic substances. C l e a r l y , methine and methyl, protonated aromatic 
and non-protonated aromatic, ketone and aldehyde, k e t a l and a c e t a l 
carbons and a l s o protonated o l e f i n i c and non-protonated o l e f i n i c 
carbon can be d i s t i n g u i s h e d . Examples of the use of the method 
(6, 13), are shown i n Figure 5. 

Q u a n t i t a t i o n 

The question of how q u a n t i t a t i v e l y NMR measurements on macromolecules 
such as those comprising organic matter i n c o a l s , sediments and s o i l s 
can be i n t e r p r e t e d , i s a matter of continuing debate. S i m i l a r 
c o n s i d e r a t i o n s are a p p l i c a b l e to s t u d i e s on aquatic organic samples. 

S o l u t i o n NMR 

There i s general agreement about the problems of measurement by 
s o l u t i o n NMR. To determine whether data i s q u a n t i t a t i v e , i t i s 
necessary to determine the magnitude of the s p i n - s p i n (T 2) and s p i n -
l a t t i c e (T^) r e l a x a t i o n times of the sample. The s p i n - l a t t i c e 
r e l a x a t i o n time constants of carbon i n organic substances can be as 
short as 0.1 msec or as long as 1,000 sec. U n f o r t u n a t e l y , short 
pulse delays of 1 sec or l e s s must be employed when o b t a i n i n g ISC-
spectra of humic substances because l a r g e numbers of t r a n s i e n t s 
(scans) must be c o l l e c t e d w i t h s i g n a l averaging to o b t a i n reasonable 
s i g n a l to noise r a t i o s . Thus, i t i s not always p o s s i b l e to al l o w 
n u c l e i to f u l l y r e l a x between pulses and t h i s can cause problems 
when attempting to estimate the proportions of v a r i o u s carbon types 
i n humic e x t r a c t s by NMR. The use of short pulse delays may lead to 
an over e s t i m a t i o n of r a p i d l y r e l a x i n g f u n c t i o n a l groups and an under 
e s t i m a t i o n of slowly r e l a x i n g f u n c t i o n a l groups. 

Because a l a r g e number of t r a n s i e n t s are needed to o b t a i n even 
a n o n q u a n t i t a t i v e 13C-spectrum of humic substances i n s o l u t i o n , the 
time needed f o r measurement of r e l a x a t i o n times can be p r o h i b i t i v e . 
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Chemical shift Ô [ppm) 

Figure 4. E f f e c t of v a r y i n g d i p o l a r dephasing time on s i g n a l 
i n t e n s i t y from sea l o c h sedimentary humic a c i d . 

Table I I . D i f f e r e n t i a t i o n of F u n c t i o n a l Groups i n Organic M a t e r i a l 
i n T e r r e s t r i a l and Aquatic Environments 

by D i p o l a r Dephasing 

Chemical S h i f t S t r u c t u r e 
0-30 ppm 
50-60 ppm 
100-108 ppm 
110-160 ppm 

200-220 ppm 

methyl groups from methine and methylene 
amino a c i d CH carbon from methoxy 
a c e t a l from k e t a l 
protonated from non-protonated aromatics, 
protonated from non-protonated o l e f i n s 
aldehyde from ketone 
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Figure 5. E f f e c t of d i p o l a r dephasing on s i g n a l i n t e n s i t i e s 
from v a r i o u s carbons i n ( a ) , (b) peat and ( c ) , (d) decayed pine 
leaves. The methoxy (55 ppm) and methyl (20 ppm) s i g n a l s i n 
conventional spectrum (a) are r e t a i n e d a f t e r 40 ys d i p o l a r 
dephasing (spectrum b ) . Also a c e t a l resonance (102 ppm) (spect
rum a) i s l o s t a f t e r d i p o l a r dephasing i n (spectrum b ) . In 
decayed pine l e a f s p e c t r a , k e t a l resonance (105 ppm) i n convent
i o n a l spectrum (c) i s r e t a i n e d a f t e r 40 ys d i p o l a r dephasing, 
spectrum (d). (Reproduced w i t h permission from reference 6, 
Copyright 1983 Pergamon Press.) 
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However, a number of authors have been concerned whether the area of 
the resonances i n 13C-solution NMR spectra ascribed to aromatic p l u s 
o l e f i n i c carbon ( f a ) , can be i n t e g r a t e d q u a n t i t a t i v e l y . Hence, 
experiments have been c a r r i e d out i n which the pulse delay between 
t r a n s i e n t s i s v a r i e d (1,2,5,14). The e f f e c t of pulse delay on 
f a appears to be q u i t e s m a l l , which suggests that most carbons i n the 
sample r e l a x at s i m i l a r r a t e s . Nevertheless, i t i s c l e a r that 
s i g n a l i n t e n s i t y increases r a p i d l y w i t h i n c r e a s i n g pulse delay and at 
pulse delays (£1 sec) normally used to o b t a i n 13C-spectra of humic 
substances, n u c l e i have not f u l l y r e l a x ed and carboxyl carbon i s 
underestimated. 

In samples r e l a x i n g through nuclear-nuclear d i p o l e - d i p o l e 
mechanisms, another source of e r r o r i n q u a n t i t a t i v e 13C-NMR i s the 
nuclear Overhauser e f f e c t . This a r i s e s i n double resonance 
experiments when one nucleus ( i n t h i s case Ï-H) i s i r r a d i a t e d to 
s i m p l i f y the spectrum w h i l e another ( i n t h i s case l^C) i s observed. 
The s i g n a l from the observe
that of the s i g n a l from a
Overhauser enhancements (*l) have been measured on humic substances 
(2, 14). The enhancements, w h i l e not l a r g e , are s i g n i f i c a n t and 
suggest that s u b s t a n t i a l numbers of humic substances can r e l a x 
through nuclear-nuclear d i p o l e - d i p o l e mechanisms. D i f f e r e n t 
f u n c t i o n a l groups i n molecules r e l a x by d i f f e r e n t mechanisms, so they 
w i l l experience d i f f e r e n t N.O.E.'s. Indeed 13C experiments on humic 
substances obtained so f a r i n d i c a t e that N.O.E.'s f o r carboxyl 
carbons are d i f f e r e n t so that i r r a d i a t i n g protons causes problems 
(1_,_2>5_>}Λ) . For s o i l humic m a t e r i a l s t h i s has l i t t l e e f f e c t on 
a r o m a t i c i t y measurements but i n aquatic m a t e r i a l s the car b o x y l 
content can c o n s t i t u t e n e a r l y one quarter of the t o t a l carbon ( 2 ) . 
Hence to o b t a i n spectra of these samples, i t i s necessary to t u r n o f f 
the proton i r r a d i a t i o n during the delay p e r i o d between pulses to 
reduce N.O.E. This i s commonly termed i n v e r s e gated decoupling. 

Further complications i n q u a n t i f y i n g data can occur because of 
unusually short r e l a x a t i o n times. In the c l o s e p r o x i m i t y of para
magnetic i o n s , r e l a x a t i o n can be extremely f a s t . In e f f e c t , i f T 2 

i s extremely s h o r t , the nucleus w i l l not be observed. One way of 
avoiding t h i s p o s s i b l e source of e r r o r i s to déminéralise humic 
substances. Nevertheless, the i n t r i n s i c organic f r e e r a d i c a l s may 
a s s i s t r e l a x a t i o n of c e r t a i n s t r u c t u r e s i n humic substances. I f the 
r a d i c a l s are s u f f i c i e n t l y d e l o c a l i s e d , t h i s may a f f e c t q u a n t i t a t i o n . 

S o l i d s t a t e NMR 

S o l i d s t a t e 13C-NMR spe c t r a of humic substances are u s u a l l y obtained 
by cross p o l a r i z a t i o n techniques (15). I n t h i s method, r e l a x a t i o n 
occurs at almost the proton T^ r a t e , r a t h e r than the carbon Τχ r a t e 
which can be slower by a f a c t o r of 100. Hence, i n p r i n c i p l e , the 
problems of long carbon T js i n s o l u t i o n are overcome by o b t a i n i n g the 
spectrum i n the s o l i d s t a t e . However, s o l i d s t a t e T j s are 
i n t r i n s i c a l l y much longer than i n s o l u t i o n and hence i t i s p o s s i b l e 
that some molecules are not observed because now the proton Tjs are 
too long. These species are normally s m a l l p o l y c y c l i c aromatics 
(12), although, f o r t u n a t e l y , when these m a t e r i a l s are coordinated 
together as polymers, Τ,(H) i s reduced. I t can be expected that 
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Τ,(H) problems i n q u a n t i t a t i o n can be r e s t r i c t e d to low molecular 
weight m a t e r i a l ( < 1000). 

There are s e v e r a l other problems associated w i t h q u a n t i t a t i o n 
using cross p o l a r i z a t i o n techniques. In determining the a r o m a t i c i t y 
of humic substances, cross p o l a r i z a t i o n i s achieved by applying r . f . 
magnetic f i e l d s at the resonant frequency of both 13C and 1H n u c l e i . 
By a d j u s t i n g t h e i r r e l a t i v e i n t e n s i t i e s , contact between the two 
populations i s e s t a b l i s h e d and cross p o l a r i z a t i o n occurs between 
protons and carbons. However, the decay of p o l a r i z a t i o n of the 
p o p u l a t i o n of n u c l e i occurs at a r a t e determined by a time constant 
Τ, (H) which i s independent of the r a t e of cross p o l a r i z a t i o n . 

During the cross p o l a r i z a t i o n process magnetization i s t r a n s 
f e r r e d from protons to carbons according to the strength of the C-H 
d i p o l e i n t e r a c t i o n , at a r a t e governed by a second time constant 
T C H« I f Τ, (H) i s smaller than the time needed f o r the most weakly 
coupled carbons to cross p o l a r i z e , these s i g n a l s w i l l be reduced i n 
i n t e n s i t y and i n the extrem
noise. Several l a b o r a t o r i e
to e l u c i d a t e the magnitude of t h i s problem (16-18). The r a t e of 
cross p o l a r i z a t i o n depends on the p r o x i m i t y of protons to carbons and 
on molecular motion. Hence carbons remote from protons may not be 
observed. Alemany et a l . (17,18) have suggested that a s e r i o u s 
r e d u c t i o n i n i n t e n s i t y i s obtained when carbons are four bonds 
removed from protons. I t i s d i f f i c u l t to imagine such s t r u c t u r e s 
c o n s t i t u t i n g more than a minor p r o p o r t i o n of the carbon i n humic 
substances. 

Of more concern f o r humic substances than the e f f e c t of long 
Tç H

fs i s the v a r i a b l e nature of T^p(H)* Paramagnetic ions are of 
p a r t i c u l a r concern s i n c e they may a s s i s t r e l a x a t i o n and g r e a t l y 
shorten T^p(H)'s i n t h e i r immediate v i c i n i t y . 

We have measured average (<>) T.p(H) and TQ H'S of humic 
m a t e r i a l s (6) through cross p o l a r i z a t i o n experiments. Whereas the 
<T > f s f o r a l i p h a t i c and aromatic carbons are of the order of 50 
and 300 μβ r e s p e c t i v e l y , <T^p(H)> f s are much greater and range 
between 3.5 and 7 ms. Although encouraging, these r e s u l t s do not 
demonstrate that q u a n t i t a t i v e data are obtained. In r i g i d s o l i d s , 
p o l a r i z a t i o n d i f f u s i o n between protons u s u a l l y operates to average 
T^p(H) value s . However, i n a complex mixture l i k e humic substances, 
a number of T^p(H) 1 s may e x i s t . Indeed we have been able to 
demonstrate l a c k of s p i n d i f f u s i o n i n some humic substances (6). 

A method of checking whether a l l protons i n a sample have 
T^p(H)'s long enough f o r carbons to cross p o l a r i z e , i s to measure the 
T, (H) fs independently of carbon and d i r e c t l y through protons. Data 
o r P t h i s s o r t i s presented i n Table I I I . The s h o r t e s t T^ (H) can be 
as small as 0.15 ms. C l e a r l y these protons w i l l not be i b l e to 
t r a n s f e r p o l a r i z a t i o n q u a n t i t a t i v e l y to carbons. Whether these 
protons are associated w i t h organic as w e l l as in o r g a n i c matter has, 
however, yet to be e s t a b l i s h e d . This i s important because i t i s 
only the o r g a n i c a l l y bound protons which may i n f l u e n c e a r o m a t i c i t y 
measurements. 

One way to check whether the cross p o l a r i z a t i o n method i s 
r e s p o n s i b l e f o r i n t r o d u c i n g e r r o r s i n a r o m a t i c i t y measurements, i s to 
perform experiments using s i n g l e pulse e x c i t a t i o n i n much the same 
way as s o l u t i o n NMR measurements are made. This method i s time 
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consuming and u n s u i t a b l e f o r r o u t i n e measurements because long 
delays are needed between pulses i n s o l i d s to ensure complete 
r e l a x a t i o n of 13C n u c l e i . There i s als o a considerably lower s i g n a l 
to noise r a t i o compared w i t h cross p o l a r i z a t i o n experiments of equal 
number of t r a n s i e n t s . S i n g l e pulse experiments have been reported 
by Hatcher (19) to be co n s i s t e n t w i t h cross p o l a r i z a t i o n experiments. 
Moreover, data obtained by s o l u t i o n and s o l i d s t a t e NMR i s s i m i l a r 
(1,3,19). 

Table I I I . R e l a x a t i o n Data f o r Some Humic M a t e r i a l s 

Substrate 

Time Constant 
(ms) 

Snares 
Isl a n d 
Peat 

Maungatua 
S o i l 

Decayed 
Pine 

L i t t e r 
T^H through protons^ 

% f a s t decaying 
component 

TipH through carbon 
TjH through protons* 5 

% f a s t decaying 
component 

T^H through carbon 

0.15 

88 
6.3 
510 
0 

100 
112 

a) Samples d r i e d at 100°C before study 
b) Results obrained by Dr J . Kalman 

1.1 

60 
4.4 
96 
2.5 

56 
10 

0.63 

50 
6.9 
380 
46 

35 
43 

Conclusions 

I t i s c l e a r that c a u t i o n should be taken when q u a n t i t a t i v e l y i n t e r 
p r e t i n g 13C-spectra of humic substances, i n c l u d i n g aquatic humic 
substances, unless an i n depth study of r e l a x a t i o n i s undertaken. 
Unfortunately these s t u d i e s are not r o u t i n e . I t has been 
e s t a b l i s h e d that c e r t a i n s t r u c t u r e s may cause problems i n q u a n t i t 
a t i o n . These are: 

a) i n s o l u t i o n : 
1. molecules w i t h carbons having long T^ fs. These are 

i n v a r i a b l y non-protonated carbons; 
2. molecules w i t h carbons w i t h very short T2*s. These are 

those carbons bonded to paramagnetic ions or i n t r i n s i c f r e e 
e l e c t r o n s . 

b) i n the s o l i d s t a t e : 
1. molecules w i t h carbons w i t h long T^'s and long T^(H) fs, 

e.g. p o l y c y c l i c hydrocarbons which nave carbons remote from 
protons; 

2. molecules w i t h protons w i t h short T± ( H ) f s . These are 
molecules w i t h protons bonded t o , o r ^ c l o s e t o , paramagnetic 
ions. 
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I f the p r o v i s o 1 s above are met, d i p o l a r dephasing methods provide 
u s e f u l q u a n t i t a t i v e i n f o r m a t i o n on methoxy, aldehyde, ketone and 
protonated and non-protonated aromatic and o l e f i n i c carbon content. 

Literature Cited 

1. Wilson, M.A.; Gillam, A.H.; Collin P.J. Chem. Geol. 1983, 40, 
187. 

2. Wilson, M.A.; Barron, P.F.; Gillam, A.H. Geochim Cosmochim. 
Acta. 1981, 45, 1743. 

3. Gillam, A.H.; Wilson, M.A. Org. Geochem. 1985, 8, 15. 
4. Wilson, M.A.; Collin, P.J.; Tate, K.R. J. Soil Sci. 1983, 34, 

297. 
5. Newman, R.H.; Tate, K.R.; Barron, P.F.; Wilson, M.A. J. Soil 

Sci. 1980, 31, 623. 
6. Wilson, M.A.; Pugmire  R.J.; Grant  D.M  Org  Geochem  1983

5, 121. 
7. Gerstein, B.C. Phil
8. Opella, S.J.; Frey, M.H. J. Amer. Chem. Soc. 1979, 101, 5854. 
9. Alemany, L.B.; Grant, D.M.; Alger, T.D.; Pugmire, R.J. 

J. Amer. Chem. Soc. 1983, 105, 6697. 
10. Wilson, M.A.; Pugmire, R.J. Trends Anal. Chem. 1984, 3, 

144-147. 
11. Murphy, P.D.; Cassady, T.J.; Gerstein, B.C. Fuel 1982, 61, 

1230. 
12. Wilson, M.A.; Vassallo, A.M.; Collin, P.J.; Rottendorf H. 

Anal. Chem. 1984, 56, 433. 
13. Wilson, M.A.; Vassallo, A.M.; Russell, N.J. Org. Geochem. 

1984, 7, 161. 
14. Newman, R.J.; Tate, K.R. J. Soil Sci. 1984, 35, 47. 
15. Pines, Α.; Gibby, M.G.; Waugh, J.S. J . Chem. Phys. 1973, 

59, 569. 
16. Wemmer, D.W.; Pines, Α.; Whitehurst, D.D. Phil. Trans. R. Soc. 

London 1981, A300, 15. 
17. Alemany, L.B.; Grant, D.M.; Pugmire, R.J.; Alger, T.D.; Zilm, 

K.W. J. Amer. Chem. Soc. 1983, 105, 2133. 
18. Alemany, L.B.; Grant, D.M.; Pugmire, R.J.; Alger, T.D.; Zilm, 

K.W. J. Amer. Chem. Soc. 1983, 105, 2142. 
19. Hatcher, P.G.; Breger, I.Α.; Dennis, L.W.; Maciel, G.E. 

In: "Aquatic and Terrestrial Humic Materials"; R.F. Christman; 
E.T. Gjessing, Eds., Ann Arbor, Michigan, 1983, pp.46-48. 

RECEIVED November 19, 1985 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



9 
Structural Interrelationships among Humic Substances 
in Marine and Estuarine Sediments 
As Delineated by Cross-Polarization/Magic Angle Spinning 13C NMR 

Patrick G. Hatcher and William H. Orem 

U.S. Geological Survey, Reston, VA 22092 

Nuclear magnetic resonance studies of the structural 
composition of humic substances in marine and estuarine 
sediments have provided a wealth of informat ion 
regarding the mode of formation for these macromolecular 
organic substances
are highly aliphatic in nature. The aliphatic structures 
are thought to be derived from macromolecular residues 
of algae and other micro-organisms and have a high 
degree of branching and cross-linking. Fulvic acids, the 
most soluble of the humic substances, are generally 
unlike their less soluble counterparts, humic acids and 
humin, in that they appear to be mostly composed of 
carbohydrates and/or polyuronic acids. The in te r re l a 
tionships among fulv ic acids, humic acids, and humin in 
a variety of marine and estuarine sediments suggests 
that humin is the parent material from which humic and 
fulv ic acids are formed. The pathway for this formation 
appears to be oxidative, either chemical or biological 
oxidation. Fu lv i c acids are metabolic products of 
bacter ia l degradation of plant remains, whereas humic 
acids appear to be oxidized structural equivalents of 
the macromolecular i n s o l u b l e humin in sediments 
receiving most of their contibutions from algal or mic
rob ia l biomass. This humin probably originates from 
primary macromolecular structures in algae and/or 
bacteria and is concentrated in sediments by a process 
of selective preservation during early diagenesis. Humin 
from some coastal marine and estuarine sediments appears 
to contain a significant proportion of refractory, coal
- l ike materials. In these sediments, humic acids bear no 
structural relationship to the humin. 

The use of nuclear magnetic resonance spectroscopy for structural 
studies of humic substances has become commonplace since some of the 

This chapter not subject to U.S. copyright. 
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e a r l y work of V i l a and others (1), Stuermer and Payne (2), W i l s o n and 
Goh 03), and H a t c h e r and o t h e r s (4). These e a r l y s t u d i e s r e l i e d on 
s o l u t i o n 1H and 1 3 C NMR to d e r i v e s t r u c t u r a l information on humic 
substances, p r i m a r i l y humic and f u l v i c a c i d s , that are s o l u b l e i n a 
s u i t a b l e s o l v e n t , u s u a l l y 0.5 Ν NaOD. The development of a technique 
t h a t was c a p a b l e of examining s o l i d s , s o l i d - s t a t e ^ C NMR u s i n g 
c r o s s p o l a r i z a t i o n w i t h m a g i c - a n g l e s p i n n i n g (CPMAS), p r o v i d e d an 
opportunity to not o n l y examine s o l u b l e humic substances but a l s o the 
i n s o l u b l e humin (5.-JL) and whole s o i l (9-11). Such a c a p a b i l i t y has 
f o r the f i r s t time a l l o w e d f o r d i r e c t chemical s t r u c t u r a l comparisons 
between the v a r i o u s humic f r a c t i o n s i n marine and e s t u a r i n e s e d i 
ments. Some of these comparisons were made e a r l i e r f o r marine s e d i 
ments (6). This paper provides new data f o r e s t u a r i n e sediments and 
attempts to provide a more complete a n a l y s i s of the s t r u c t u r a l i n t e r 
r e l a t i o n s h i p s . 

S o l i d - s t a t e ^C NMR i s the method of choice i n t h i s study f o r a 
number of reasons. F i r s t
a l l o w i n g i n t e r c o m p a r i s o n
i n s o l u b l e humin. We f e l t i t important that humin be comparatively 
examined because our previous studies (7_, 8) have suggested that t h i s 
humic f r a c t i o n may be the precursor from which humic acids o r i g i n a t e . 
Second, the CPMAS technique i s more s e n s i t i v e and provides a spectrum 
we f e e l i s more r e p r e s e n t a t i v e of carbon s t r u c t u r e s than s o l u t i o n 1 JC 
NMR. F i n a l l y , the s t r u c t u r a l information obtained by NMR i s f a r more 
u s e f u l f o r i n t e r c o m p a r i s o n purposes th a n t h a t o b t a i n e d from many 
o t h e r o r g a n i c g e o c h e m i c a l methods such as i n f r a r e d s p e c t r o s c o p y , 
p y r o l y s i s / g a s chromatography/mass spectrometry (Py/GC/MS), elemental 
a n a l y s i s , and others. The s p e c t r a l data provides a s t r i k i n g v i s u a l 
p r e s e n t a t i o n that enables r a p i d s t r u c t u r a l i n t e r c o m p a r i s o n s among 
humic f r a c t i o n s . Though the data cannot provide d e t a i l e d d i s c r i m i n a 
t i o n at the m o l e c u l a r l e v e l l i k e Py/GC/MS and s i m i l a r techniques, 
major s t r u c t u r a l d i f f e r e n c e s are r e a d i l y d i s c e r n a b l e w i t h NMR. When 
used i n combination w i t h other o r g a n i c g e o c h e m i c a l t e c h n i q u e s , C 
NMR becomes a powerful t o o l f o r chemical s t r u c t u r a l determinations. 

Humic and f u l v i c a c i d s as w e l l as humin were i s o l a t e d from the 
samples d e s c r i b e d i n T a b l e I by s t a n d a r d methods (6_). I n s h o r t , 
humic and f u l v i c acids are extracted w i t h 0.5 Ν NaOH under Humic 
a c i d s are p r o t o n a t e d on an i o n exchange r e s i n , p r e c i p i t a t e d by 
a c i d i f y i n g t o pH 2, s e p a r a t e d by c e n t r i f u g a t i o n , and l y o p h i l y z e d . 
The s o l u b l e f u l v i c a c i d s are c o n c e n t r a t e d by u l t r a f i l t r a t i o n and 
l y o p h i l y z e d . Humin, the r e s i d u e a f t e r t r e a t m e n t w i t h NaOH, i s 
t r e a t e d w i t h c o n c e n t r a t e d HC1:HF t o remove a l a r g e p o r t i o n of the 
m i n e r a l m a t t e r and h y d r o l y z a b l e s u b s t a n c e s such as p r o t e i n s and 
polysaccharides· 

D r i e d humic su b s t a n c e s were a n a l y z e d by p l a c i n g them i n a 
b u l l e t - t y p e r o t o r machined from Kel-F. CPMAS 1 3 C NMR spectra were 
obtained on a Chemagnetics CMC 100S/200L spectrometer operating at a 
f i e l d s t r e n g t h of 2.35 T e s l a . A p p r o x i m a t e l y 10,000 - 50,000 scans 
were o b t a i n e d w i t h a 1 s d e l a y and 1 ms c o n t a c t time. S p i n n i n g 
speeds of 3 to 3.5 kHz were achieved to minimize spinning sidebands. 

Methods 
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Table I . Sample l o c a t i o n s and d e s c r i p t i o n s 

Sample Name Loc a t i o n and D e s c r i p t i o n 

Mangrove Lake Samples c o l l e c t e d i n Mangrove Lake, 
Bermuda, a s m a l l marine l a k e l o c a t e d on 
the northeastern corner of the i s l a n d . 
A core (5.5m i n depth) of the orga n i c -

Potomac R i v e r ( f l u v i a l ) Sample of humic a c i d was obtained from 
G. Diachenko (U.S. Department of A g r i c u l t u r e ) . 
Sediment was c o l l e c t e d at Point of Rocks, 
Maryland, i n the Potomac R i v e r . 

Potomac R i v e r (estuarine) Samples were c o l l e c t e d at the mouth of 
the Potomac R i v e r near P i n e y P o i n t , 
Maryland. A 1-m core was obtained. 

New York Bight 

Hudson Canyon 

W a l v i s Bay 

Georgia s o i l 

Samples were c o l l e c t e d on the Continen
t a l S h e l f , 10 n a u t i c a l m i l e s southeast 
of Rockaway P o i n t , New York. 

Samples were c o l l e c t e d at the head of 
the Hudson Canyon i n the New Yor k 
B i g h t 100 n a u t i c a l m i l e s e a s t of Rockaway 
P o i n t , New York, i n 266m of water. 

Samples were c o l l e c t e d on the Continen
t a l S h e l f , W a l v i s Bay, Namibia (South 
West A f r i c a ) i n 846m of water. 
Surface sediment was c o l l e c t e d on Cruise 
AII-93-3 of the A t l a n t i s I I i n 1975 by 
J.W. F a r r i n g t o n (Woods H o l e Océanographie 
I n s t i t u t i o n ) . 

S u r f i c i a l s o i l sample was c o l l e c t e d from 
a f a l l o w a g r i c u l t u r a l f i e l d near 
K i n g s l a n d , Georgia. 
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Results 

F u l v i c a c i d s . Marine sedimentary humic substances s o l u b l e i n base 
and a c i d ( f u l v i c acids) have p r e v i o u s l y been examined by *H and ^ C 
NMR (12). The dominant s t r u c t u r a l components were p o s t u l a t e d to be 
poly s a c c h a r i d e - l i k e substances, probably p o l y u r o n i c a c i d s . S o l i d -
s t a t e 1 , 3C NMR s p e c t r a of f u l v i c a c i d s i s o l a t e d from a number of 
marine and estuarine sediments are shown i n Figure 1. Major peaks at 
72 and 106 ppm betray the overwhelming presence of polysaccharide -
l i k e s u b s t a n c e s , and, as shown by H a t c h e r and o t h e r s (12), the 
moderate peak f o r carboxyl or amide carbon at 175 ppm suggests that 
these polysaccharides are more l i k e polyuronides. Aromatic carbons 
(110 to 160 ppm) are d e c i d e d l y minor components. A l i p h a t i c carbons 
(0-50 ppm) a r e a l s o minor components. *H NMR s p e c t r a shown by 
Hatcher and others (12) i n d i c a t e that these a l i p h a t i c s t r u c t u r e s are 
h i g h l y branched. 

I t i s noteworthy t h a
sediments and from of f s h o r

ι ο 
s i m i l a r A J C NMR s p e c t r a . The abundance of p o l y s a c c h a r i d e s and 
s t r u c t u r a l s i m i l a r i t y i n t h i s f r a c t i o n p r e c l u d e s a t t e m p t s t o 
c o r r e l a t e s o u r c e s of se d i m e n t a r y o r g a n i c m a t t e r on the b a s i s of 
s t r u c t u r a l d i f f e r e n c e s . The u n i f o r m s t r u c t u r a l c h a r a c t e r a l s o 
suggests that the process l e a d i n g to the production of f u l v i c acids 
i s u biquitous. I f polyuronides are the l i k e l y s t r u c t u r a l components 
of f u l v i c a c i d s , then i t i s l i k e l y that these components d e r i v e from 
a l g a l or m i c r o b i a l remains known to be enriched i n polyuronides. 

The c l a s s i c a l d e f i n i t i o n of f u l v i c acids i s not very s p e c i f i c . 
Many biochemical substances such as p r o t e i n s , sugars, and f a t t y acids 
would f a l l under t h i s c l a s s i f i c a t i o n . These s u b s t a n c e s , i n many 
i n s t a n c e s , can h a r d l y be c o n s i d e r e d "humic" i n n a t u r e . But, i f one 
uses the c l a s s i c a l d e f i n i t i o n of f u l v i c acids these substances are 
incl u d e d . No doubt the observations made above that p o l y s a c c h a r i d e 
l i k e substances c o n s t i t u t e the major components of sedimentary f u l v i c 
a c i d s i s p a r t l y a t t r i b u t a b l e t o the f a c t t h a t the o p e r a t i o n a l 
d e f i n i t i o n c l a s s e s polyuronides as f u l v i c a c i d s . I t i s not the i n t e n t 
o f t h i s p a p e r t o d i s c u s s t h e m e r i t s o f u s i n g t h e c l a s s i c a l 
o p e r a t i o n a l d e f i n i t i o n f o r f u l v i c a c i d s as opposed t o one's 
p e r c e p t i o n of what t r u e f u l v i c a c i d s a r e . We know f a r too l i t t l e 
about the c o m p o s i t i o n of humic i s o l a t e s and about t h e i r o r i g i n t o 
begin d i s c u s s i o n s of whether they are humified or not. We the r e f o r e 
chose t o use o p e r a t i o n a l d e f i n i t i o n w i t h r e c o g n i t i o n t h a t w e l l 
d e f i n e d s t r u c t u r a l e n t i t i e s can sometimes be a p a r t of what i s 
i s o l a t e d . 
Humic a c i d s . CPMAS ^ NMR s p e c t r a of r e p r e s e n t a t i v e marine and 
estuarine humic acids are shown i n Figure 2.Solution *H and NMR 
and s o l i d s t a t e NMR s p e c t r a of marine s e d i m e n t a r y humic a c i d s 
have p r e v i o u s l y been described by Hatcher and others (4) and Dereppe 
and others (13). These spectra showed that marine sedimentary humic 
acids are predominantly composed of p a r a f f i n i e s t r u c t u r e s that have a 
r e l a t i v e l y h i g h degree of b r a n c h i n g , compared to long-chain a l k y l 
s t r u c t u r e s . Aromatic s t r u c t u r e s are g e n e r a l l y d e p l e t e d i n marine 
humic a c i d s whose source i s p r e d o m i n a n t l y from a l g a l or m i c r o b i a l 
d e t r i t u s . 
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Potomac River 
(estuarine) 

I ' ' ' ' I • • • • ι • • • • ι • • • • ι • • • • ι ' • ' ' I ' ' ' ' I ' ' 
300 200 100 0 ppm 
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• · Aromatic-C 
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Aldehyde/Ketone-C 

Figure 1. Representative CPMAS 1 3C NMR spectra of f u l v i c a cids 
from marine and estuarine sediments. 
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Potomac River ( f l u v i a l ) 

Potomac River (estuarine) 

Walvis Bay 

Mangrove Lake ( s u r f i c i a l ) 

Mangrove Lake (4m depth) 
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F i g u r e 2. R e p r e s e n t a t i v e CPMAS 1 3 C NMR s p e c t r a of humic a c i d 
from marine and estuarin e sediments. 
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The spectrum of humic a c i d from an a l g a l sapropel from Mangrove 
Lake (4m depth) shown i n F i g u r e 2 i s c h a r a c t e r i s t i c of such marine 
h u m i c a c i d s . N o t e t h e s t r o n g s i g n a l s f o r p a r a f f i n i c , 
c a r b o h y d r a t e / e t h e r , and c a r b o x y l / a m i d e carbons a t 30, 72, and 175 
ppm, r e s p e c t i v e l y . C a r b o h y d r a t e s have been shown t o be p r e s e n t i n 
humic a c i d i s o l a t e s , p r o b a b l y e x i s t i n g as u r o n i c - a c i d - 1 i k e 
c a r b o h y d r a t e s (4). The spectrum of humic a c i d s from s u r f i c i a l 
sediments i n Mangrove Lake (Figure 2) shows a greater p r o p o r t i o n of 
c a r b o h y d r a t e s i g n a l s , p r o b a b l y representing b i o l o g i c a l degradation 
products from e a r l y d i a g e n e t i c r e a c t i o n s . Hatcher and others (7) and 
S p i k e r and H a t c h e r (14) showed t h a t e a r l y d i a g e n e s i s l e a d s t o the 
degradation and removal of carbohydrates i n Mangrove Lake sapropel. 
Presumably, these degraded or p a r t i a l l y degraded carbohydrates c o u l d 
become i n c o r p o r a t e d i n humic a c i d i s o l a t e s , e s p e c i a l l y i f they 
c o n t a i n c a r b o x y l f u n c t i o n a l groups. Y i e l d s of humic a c i d s from 
Mangrove Lake sediments a r e low ( 2 % ) ; t hus i t i s l i k e l y t h a t 
c a r b o h y d r a t e s or u r o n i
f r a c t i o n o f the t o t a l s a p r o p e
i n c o r p o r a t e d i n t o humi  c a r b o h y d r a t e
l i k e l y i n c o r p o r a t e d i n humic a c i d s from Mangrove Lake because the 
sapropel i s i n i t s i n i t i a l stages of diagenesis and, as such, s t i l l 
contains s i z e a b l e q u a n t i t i e s of carbohydrates (7.). At depth, where 
the sapropel has been d i a g e n e t i c a l l y a l t e r e d f u r t h e r , carbohydrates 
are minor components of humic a c i d s , whereas the p a r a f f i n i c 
s t r u c t u r e s , a l l u d e d t o above, are dominant. A s s o c i a t e d w i t h the 
p a r a f f i n i c s t r u c t u r e s are c a r b o x y l / a m i d e groups (175 ppm) and 
a l c o h o l i c / e t h e r i c groups o t h e r t h a n c a r b o h y d r a t e s (70 ppm). Note 
a l s o t h a t a s m a l l peak i s o b s e r v e d a t about 50 ppm. Peaks i n t h i s 
r e g i o n a r e u s u a l l y a s s i g n e d t o methoxy1 o r amino groups. Because 
methoxyl carbons i n humic acid s are u s u a l l y a s s o c i a t e d w i t h aromatic 
s t r u c t u r e s (from l i g n i n - l i k e substances) and because c o n t r i b u t i o n s of 
aromatic, l i g n i n - d e r i v e d components are l a c k i n g i n Mangrove Lake, the 
peak at 50 ppm i s probably that of amino groups. The elemental data 
which i n d i c a t e approximately 4 to 5 percent n i t r o g e n i n these humic 
acids (7) are i n accord w i t h t h i s assignment. 

S o l i d - s t a t e C NMR spectra of humic a c i d s from other marine and 
estuarine sediments (Figure 2) show peaks i n s i m i l a r regions as those 
noted f o r the Mangrove Lake humic a c i d s , but the r e l a t i v e i n t e n s i t i e s 
vary c o n s i d e r a b l y . Most marine and estu a r i n e humic acids c o n t a i n few 
car b o h y d r a t e - l i k e s t r u c t u r e s , as the peaks f o r c a r b o h y d r a t e s a t 72 
and 106 ppm are minor. This probably i s because these sediments are 
more advanced d i a g e n e t i c a l l y t h a n those from Mangrove Lake. The 
y i e l d s of humic acids are greater than those from Mangrove Lake (6) 
and i t i s l i k e l y that l e s s e x t r a c t a b l e c a r b o h y d r a t e - l i k e m a t e r i a l 
from undegraded p l a n t d e t r i t u s has been incorporated. 

The content of aromatic carbon v a r i e s c o n s i d e r a b l y i n marine and 
e s t u a r i n e humic a c i d s , but i s , i n a l l c a s e s , g r e a t e r t h a n t h a t of 
Mangrove Lake humic a c i d s . T h i s i s p r o b a b l y a r e f l e c t i o n of the 
greater c o n t r i b u t i o n of v a s c u l a r p l a n t - d e r i v e d m a t e r i a l which can be 
exp e c t e d t o p r o v i d e l i g n i n - l i k e c omponents r i c h i n a r o m a t i c 
s t r u c t u r e s . Note that the humic a c i d s from f l u v i a l sediments of the 
Potomac R i v e r are the most a r o m a t i c . Peaks a t 150 and 55 ppm are 
c h a r a c t e r i s t i c of o x y g e n - s u b s t i t u t e d a r o m a t i c carbons t y p i c a l l y 
a s s o c i a t e d w i t h l i g n i n of v a s c u l a r p l a n t s . Humic acids from New York 
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B i g h t sediment s ( F i g u r e 2) a l s o c o n t a i n c o n s i d e r a b l e q u a n t i t i e s of 
l i g n i n - d e r i v e d s t r u c t u r e s , as expected, because l a r g e q u a n t i t i e s of 
sewage sludge and dredge s p o i l s are being dumped at the s i t e . 

Sediment s from W a l v i s Bay, a c o a s t a l u p w e l l i n g zone o f f the west 
c o a s t of A f r i c a , and e s t u a r i n e muds from the l o w e r Potomac R i v e r 
c o n t a i n humic a c i d s t h a t show l e s s e r p r o p o r t i o n s of a r o m a t i c 
s t r u c t u r e s than those mentioned above. T h e i r NMR spectra (Figure 2) 
very n e a r l y approximate those of marine a l g a l or m i c r o b i a l d e t r i t u s 
(Mangrove Lake s a p r o p e l ) . The c a r b o h y d r a t e s i g n a l s (72 ppm) are 
l e s s , however, probably r e f l e c t i n g the f a c t that a greater degree of 
decomposition of a l g a l biomass has occurred i n these sediments. L i k e 
humic a c i d s from Mangrove Lake, p a r a f f i n i c s t r u c t u r e s are dominant. 

I n summary, s o l i d - s t a t e NMR s p e c t r a of humic a c i d s from 
marine and e s t u a r i n e sediments r e v e a l some d i a g e n e t i c s t r u c t u r a l 
changes. In r e c e n t l y deposited and w e l l preserved marine sediments 
such as t h o s e from Mangrove Lake, Bermuda, c a r b o h y d r a t e s and 
p a r a f f i n i c s t r u c t u r e s c o n s t i t u t
B u r i a l or i n c r e a s i n g degre
of c a r b o h y d r a t e s , whereupon p a r a f f i n i c s t r u c t u r e s become dominant. 
In marine sediments d e r i v e d from a l g a l or m i c r o b i a l sources, that are 
more exposed to decomposition, p a r a f f i n i c s t r u c t u r e s predominate i n 
humic a c i d s . Such i s the case f o r sediments from W a l v i s Bay and the 
l o w e r Potomac R i v e r e s t u a r y . I t i s i m p o r t a n t t o note t h a t these 
l a t t e r sediments co n t a i n humic acids that have a predominantly a l g a l 
o r m i c r o b i a l s i g n a t u r e even though s u b s t a n t i a l c o n t r i b u t i o n s of 
t e r r e s t r i a l m a t e r i a l s are expected due t o t h e i r p r o x i m i t y to sources 
of such c o n t r i b u t i o n s . The h i g h a l g a l p r o d u c t i v i t y and organic r i c h 
sediment a c c u m u l a t i o n r a t e s f o r the l o w e r Potomac, as w e l l as the 
s t a b l e i s o t o p i c compositions of the sedimentary organic matter (E.C. 
S p i k e r , personal communication), are c o n s i s t e n t w i t h a f i n d i n g that 
a l g a l d e t r i t u s i s the major c o n t r i b u t o r to sedimentary carbon. Thus 
the NMR data f o r humic a c i d s are c o n s i s t e n t w i t h t h i s c o n c l u s i o n . 

As one e x a m i n e s humic a c i d s f r o m s e d i m e n t s where l a r g e 
t e r r e s t r i a l or v a s c u l a r p l a n t inputs are expected, the CPMAS A J C NMR 
spectra show higher proportions of aromatic carbons and n o t a b l e peaks 
f o r l i g n i n - l i k e c o n t r i b u t i o n s at 55 and 150 ppm. Such d i s t i n c t i o n s 
c o u l d p o s s i b l y be used t o e s t i m a t e the r e l a t i v e c o n t r i b u t i o n of 
v a s c u l a r p l a n t residues t o the sediments. 

Humin. Humin, the f r a c t i o n of humic m a t e r i a l t h a t i s i n s o l u b l e i n 
a l k a l i , has o f t e n been r e f e r r e d t o as k e r o g e n , p r o t o k e r o g e n , o r 
s t a b l e r e s i d u e i n t h e g e o c h e m i c a l 1 i t e r a t u r e ( 1 5 - 1 7 ) . Because i t 
e x i s t s as a r e s i d u e and i s admixed w i t h i n o r g a n i c components of 
s e d i m e n t s , which g e n e r a l l y c o n s t i t u t e the s i z e a b l e p o r t i o n of the 
t o t a l weight, i t has been necessary to concentrate the humin p r i o r to 
a n a l y s i s . The most common means of a c h i e v i n g t h i s i s by removal of 
m i n e r a l matter. U s u a l l y , the sediment residue from a l k a l i e x t r a c t i o n 
i s t r e a t e d w i t h c o n c e n t r a t e d HC1 mixed i n a 1:1 v / v r a t i o w i t h 48% 
aqueous HF. Carbohydrates and p r o t e i n s are s e l e c t i v e l y hydrolyzed i n 
the process, but these substances cannot s t r i c t l y be c a l l e d humic i n 
n a t u r e . T h e i r r e m o v a l from the sediment a l l o w s us t o examine 
r e f r a c t o r y o r g a n i c m a t t e r or s t a b l e r e s i d u e . Of c o u r s e , we must 
co n c e r n o u r s e l v e s w i t h the e f f e c t of such t r e a t m e n t on t h e humic 
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m a t e r i a l . Sediments from Mangrove Lake, Bermuda p r o v i d e i d e a l 
samples f o r t e s t i n g the e f f e c t of a c i d treatment because the carbon 
content of the whole sapropel i s high enough to o b t a i n CPMAS 1 3 C NMR 
d i r e c t l y w i t h o u t c o n c e n t r a t i o n . F i g u r e 3 shows the NMR s p e c t r a of 
a l g a l sapropel near the sediment surface (0.2 m) and at depth (2.9m), 
humin o b t a i n e d a f t e r a l k a l i e x t r a c t i o n , and humin a f t e r HF/HC1 
treatment. Note that v e r y l i t t l e d i f f e r e n c e e x i s t s between spectra 
of the w h ole s a p r o p e l and the humin a f t e r a l k a l i - e x t r a c t i o n . 
Carbohydrates (peaks at 72 and 106 ppm) are major c o n t r i b u t o r s to the 
sapropel i n the surface i n t e r v a l s and d i m i n i s h i n concentration w i t h 
depth. Hatcher and others (7) have described the d i a g e n e t i c trends 
as being a t t r i b u t a b l e to degradation and l o s s of carbohydrates w i t h 
s e l e c t i v e p r e s e r v a t i o n of the i n s o l u b l e , macromolecular p a r a f f i n i c 
substances, which are the dominant components of humin. When t r e a t e d 
w i t h HF/HC1, the humin i s a l t e r e d , p r i m a r i l y by l o s s of c a r bohy
drates. Peak i n t e n s i t i e s f o r n o n - c a r b o h y d r a t e m o i e t i e s ( p a r a f f i n i c 
s t r u c t u r e s ) remain r e l a t i v e l
d e t e c t e d by NMR. Thus
a l t e r e d by r e m o v a l of c a r b o h y d r a t e s . T h i s i s e s s e n t i a l l y the same 
p r o c e s s t h a t i s the r e s u l t of e a r l y d i a g e n e t i c t r a n s f o r m a t i o n s 
d e s c r i b e d above (7). Because c a r b o h y d r a t e s cannot be c o n s i d e r e d 
'•humic" i n nature (18). the HF/HC1 removal of carbohydrates i s u s e f u l 
i n a l l o w i n g i n t e r c o m p a r i s o n s among the v a r i o u s humic f r a c t i o n s of 
sediments. 

S o l i d - s t a t e 1 3 C NMR s p e c t r a of humin, i s o l a t e d by the HF/HC1 
treatment, from v a r i o u s r e p r e s e n t a t i v e marine and estuarine sediments 
are shown i n F i g u r e 4. Humin from Mangrove Lake was d e s c r i b e d as 
b e i n g e s s e n t i a l l y composed of p a r a f f i n i c s t r u c t u r e s (30 ppm) 
c o n t a i n i n g carboxy1/amide (175 ppm) and e t h e r i c c arbon (70 ppm) 
f u n c t i o n a l groups (7). The low a r o m a t i c i t y ( 7%) i s t y p i c a l of humin 
from a l g a l and m i c r o b i a l s o u r c e s . The peak at 70 ppm can be 
a t t r i b u t e d to ether or a l c o h o l - l i k e s t r u c t u r e s because the compounds 
that are u s u a l l y c h a r a c t e r i s t i c of t h i s resonance, the carbohydrates, 
have most l i k e l y been removed by the a c i d t r e a t m e n t . S p e c t r a of 
humin from other samples examined here a l s o show an intense peak at 
30 ppm f o r p a r a f f i n i c s t r u c t u r e s , but the r e l a t i v e p r o p o r t i o n of 
a r o m a t i c c arbon (130 ppm) i n c r e a s e s s i g n i f i c a n t l y i n some samples. 
Those h a v i n g s t r o n g c o n t r i b u t i o n s from a l g a 1 / m i c r o b i a l s o u r c e s , 
namely sediments from W a l v i s Bay and the Hudson Canyon, show a 
greater p r o p o r t i o n of p a r a f f i n i c s t r u c t u r e s . The increased amounts 
of a r o m a t i c carbons when compared t o humin from Mangrove Lake 
probably r e f l e c t s increased c o n t r i b u t i o n s from v a s c u l a r p l a n t s . 

Humin i s o l a t e s from sediments of the New York Bight and Potomac 
R i v e r e s t u a r y have s p e c t r a t h a t are n o t a b l y d i f f e r e n t i n t h a t 
aromatic carbons are the dominant components. The spectra resemble 
that of humin i s o l a t e d i n the same manner from an aerobic s o i l from 
s o u t h e r n G e o r g i a ( F i g u r e 5). However, u n l i k e the humin from s o i l 
which shows a s i g n i f i c a n t peak f o r carboxyl carbon (175 ppm), spectra 
of humin from the New York Bight and the Potomac R i v e r do not d i s p l a y 
a d i s c r e e t peak a t 175 ppm and a p p e a r t o be d e p l e t e d o f 
carboxy1/amide groups. E l e m e n t a l d a t a f o r these humins (19) a r e 
c o n s i s t e n t w i t h the NMR r e s u l t s . Atomic H/C r a t i o s of l e s s t h a n 0.8 
are not t y p i c a l of humic m a t e r i a l but more l i k e t hose of h i g h l y 
aromatic c o a l or c o a l - l i k e products. The NMR spectra a l s o resemble 
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Figure 4. Representative CPMAS i J C NMR spectra of démineraiized 
humin from marine and est u a r i n e sediments. 
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hum in -HF /HCI 
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those of c o a l , w i t h l i t t l e or no carboxyl peaks and broad, u n r e s o l v e d 
peaks f o r m o s t l y a r o m a t i c carbons (20). The presence of c o a l and 
c o a l - l i k e m a t e r i a l s i n e s t u a r i n e sediments i s not unexpected. The 
presence of c o a l has been noted i n sediments of the Chesapeake Bay 
(21). Storm r u n o f f and sewage from New Yo r k C i t y , which a r e b o t h 
c o l l e c t e d and dumped i n the New York B i g h t , are a l s o l i k e l y t o 
contain c o a l - d e r i v e d substances. C e r t a i n l y , dredge s p o i l s from the 
Hudson-Raritan estuary, which are a l s o dumped i n the New York Big h t , 
are l i k e l y to c o n t a i n c o a l - l i k e substances as w e l l . 

The p o s s i b i l i t y e x i s t s that carboxyl f u n c t i o n a l groups and the 
c h e m i c a l c o m p o s i t i o n of the humin from the two samples i n q u e s t i o n 
have been a f f e c t e d by the HF/HC1 t r e a t m e n t . D e c a r b o x y l a t i o n and 
h y d r o l y s i s of proteinaceous substances by strong a c i d treatment i s 
p o s s i b l e and c y c l i z a t i o n of c a r b o h y d r a t e s , i f p r e s e n t , t o form 
a r o m a t i c groups c o u l d a l s o t a k e p l a c e . T h i s seems u n l i k e l y , 
c o n s i d e r i n g that a s i m i l a r treatment of Mangrove Lake sapro p e l , that 
i s r i c h i n c a r b o h y d r a t e
produce such components
s t r u c t u r e s are indigenous and p o s s i b l y i n d i c a t i v e of c o n t r i b u t i o n s of 
c o a l - l i k e m a t e r i a l . Based on the r e l a t i v e l y low y i e l d of humin i n 
these two sediments, the c o n t r i b u t i o n of c o a l - l i k e m a t e r i a l may be 
r e l a t i v e l y minor. 

D i s c u s s i o n 

The s o l i d - s t a t e 1 3 C NMR spectra of humin from a l g a l or m i c r o b i a l l y 
d e r i v e d sediments are s i m i l a r t o those of corresponding humic a c i d s . 
A s i d e from the presence of c a r b o h y d r a t e s i n humic a c i d s from the 
Mangrove Lake sapropel, the spectra of humins are almost i d e n t i c a l t o 
those of humic a c i d s , suggesting a c l o s e s t r u c t u r a l r e l a t i o n s h i p and 
p o s s i b l y a c l o s e genetic r e l a t i o n s h i p . Humic acids g e n e r a l l y c o n t a i n 
more oxygen i n t h e i r elemental a n a l y s i s (6) and we would suspect that 
t h i s w o u l d be r e f e l e c t e d i n t h e p r e s e n c e o f more c a r b o x y l , 
e t h e r / a l c o h o l , and carbonyl groups. In comparing spectra of humic 
acids and humin from W a l v i s Bay sediments, the increased contents of 
such f u n c t i o n a l groups i n humic acids are s u b t l e but n o t i c e a b l e as 
mostly increased r e l a t i v e i n t e n s i t i e s at 175 and 190 ppm. Because of 
the c l o s e s t r u c t u r a l s i m i l a r i t i e s , we b e l i e v e that humic a c i d s are 
s t r u c t u r a l e q u i v a l e n t s of humin that have been o x i d i z e d , r e s u l t i n g i n 
the i n t r o d u c t i o n of oxygen-functional groups ( i . e . c a r b o x y l groups). 
The increased oxygen f u n c t i o n a l i t y a l l o w s these s t r u c t u r e s to be more 
r e a d i l y e x t r a c t e d by d i l u t e base. When a c i d i f i e d , the c a r b o x y l 
groups are p r o t o n a t e d , t h e r e b y r e d u c i n g s o l u b i l i t y such t h a t t he 
o x i d i z e d remains p r e c i p i t a t e as humic a c i d s . I n e s t u a r i n e and 
c o a s t a l sediments strong s t r u c t u r a l r e l a t i o n s h i p s between humic acids 
and humin are not o b s e r v e d (see F i g u r e s 2 and 4). T h i s i s most 
l i k e l y a t t r i b u t a b l e to the f a c t t h a t h i g h l y r e f r a c t o r y , c o a l - l i k e 
components dominate the humin r e s i d u e . These r e f r a c t o r y m a t e r i a l s 
p r o b a b l y do not produce humic a c i d s as r e a d i l y as modern p l a n t 
remainβ upon o x i d a t i o n . However, modern p l a n t - d e r i v e d m a t e r i a l s 
w i t h i n the sediment, whose d e t e c t i o n by NMR may be masked by the 
broad peaks of c o a l - l i k e substances, are probably r e s p o n s i b l e f o r the 
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production of humic ac i d s . Thus, the humic acid s i n these sediments 
have s t r u c t u r a l f e a t u r e s t h a t are l i k e those e x p e c t e d from modern 
source m a t e r i a l s but the humin i s p r o b a b l y not r e p r e s e n t a t i v e of 
source m a t e r i a l s d e r i v e d from modern carbon. 

CONCLUSIONS 

S o l i d - s t a t e A J C NMR provides a v i s u a l p r e s e n t a t i o n of the chemical 
s t r u c t u r a l c o m p o s i t i o n of humic i s o l a t e s t h a t a l l o w s f o r d i r e c t 
s t r u c t u r a l intercomparisons among f u l v i c a c i d s , humic a c i d s , and the 
i n s o l u b l e humin i n mar i n e and e s t u a r i n e sediments. Though the 
s t r u c t u r a l d e t a i l provided by t h i s technique i s no more than a "broad 
b r u s h " e x a m i n a t i o n , such an approach i s u s e f u l from the s t a n d p o i n t 
t h a t g r o s s s t r u c t u r a l i n t e r r e l a t i o n s h i p s can p r o v i d e c l u e s t o the 
o r i g i n of humic substances. Previous s t u d i e s i n v o l v i n g the use of 
s o l i d - s t a t e l 3 C NMR i n combinatio
s t a b l e i s o t o p i c analyse
m a c r o m o l e c u l a r humin i s an o r i g i n a l component of a l g a l / m i c r o b i a l 
biomass i n marine sediments and t h a t t h i s m a t e r i a l , r i c h i n 
p a r a f f i n i c s t r u c t u r e s , i s s e l e c t i v e l y p r e s e r v e d d u r i n g e a r l y 
diagenesis (7_). E a r l y diagenesis b a s i c a l l y i n v o l v e s degradation and 
l o s s of m i c r o b i a l l y l a b i l e s u b s t a n c e s such as c a r b o h y d r a t e s , 
p r o t e i n s , and l i p i d s . W i t h t h i s frame of r e f e r e n c e we examined 
s t r u c t u r a l features of marine and estuarine humic substances by CPMAS 
l 3 C NMR and conclude the f o l l o w i n g : 

1. F u l v i c a c i d s , t h e most s o l u b l e humic f r a c t i o n , a r e 
p r e d o m i n a n t l y p o l y s a c c h a r i d e s i n a l l m a rine and e s t u a r i n e 
sedimentβ examined. Uronic a c i d - l i k e polysaccharides are the most 
l i k e l y e n t i t i e s . F u l v i c acids may be the degradation products 
t h a t e v o l v e d u r i n g d i a g e n e t i c a l t e r a t i o n of sedimentary p l a n t 
residues. We e n v i s i o n that m i c r o b i a l degradation renders p l a n t 
polysaccharides s o l u b l e , e n t r a i n i n g them i n t o a f u l v i c a c i d f r a c 
t i o n by d e f i n i t i o n . U l t i m a t e l y , t h i s m a t e r i a l i s degraded f u r t h e r 
to C0 2, CH^, and other low mol e c u l a r weight organic compounds. 
2. Humic a c i d s o f m a r i n e and e s t u a r i n e s e d i m e n t s a r e 
c h a r a c t e r i z e d by major amounts of p a r a f f i n i c s t r u c t u r e s t h a t 
previous studies have shown to be h i g h l y branched and to co n t a i n 
s i g n i f i c a n t q u a n t i t i e s of carboxy1/amide and a l c o h o l / e t h e r 
carbon. Some humic a c i d s , namely th o s e from w e l l p r e s e r v e d 
s a p r o p e l i c marine sediments show s i g n i f i c a n t q u a n t i t i e s o f 
car b o h y d r a t e - l i k e s t r u c t u r e s incorporated. T h i s , no doubt, i s a 
r e f l e c t i o n of the s o l u b i l i t y c h a r a c t e r i s t i c s of polysaccharides 
w h i c h may have some c a r b o x y l f u n c t i o n a l i t i e s ( u r o n i c a c i d 
groups). 
3. Humin v a r i e s w i d e l y i n c o m p o s i t i o n . Sediments d e r i v e d from 
a l g a l / m i c r o b i a l biomass have humin w i t h p a r a f f i n i c s t r u c t u r e s 
r e s e m b l i n g those of c o r r e s p o n d i n g humic a c i d s . E s t u a r i n e or 
c o a s t a l marine sediments examined i n t h i s study have humin w i t h 
h i g h l y a r o m a t i c s t r u c t u r e s w h i ch resemble c o a l - l i k e m a t e r i a l s 
r a t h e r than modern p l a n t residues. I n these l a t t e r sediments no 
s t r u c t u r a l correspondence e x i s t s between humin and humic acids 
w h i c h appear t o more n e a r l y r e f l e c t the n a t u r e of modern p l a n t 
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r e s i d u e s b e i n g i n c o r p o r a t e d i n se d i m e n t a r y o r g a n i c m a t t e r . 
Consequently, a c e r t a i n amount of caut i o n must be ex e r c i z e d when 
using a r o m a t i c i t y and p o s s i b l y other s t r u c t u r a l c h a r a c t e r i s t i c s 
as source d i s c r i m i n a n t s . 
4. F i n a l l y , the s t r u c t u r a l i n t e r r e l a t i o n s h i p s among humic 
f r a c t i o n s i n marine and e s t u a r i n e sediments suggest t h a t the 
pathway f o r h u m i f i c a t i o n i s one of d e g r a d a t i o n r a t h e r than 
condensation as proposed by others (15. 22). I n s o l u b l e humin, an 
o r i g i n a l component of sed i m e n t a r y d e t r i t u s , i s degraded t o 
s m a l l e r molecules which become e x t r a c t a b l e and thereby c l a s s e d as 
humic a c i d s . F u l v i c a c i d s a r e u l t i m a t e l y formed by i n t e n s e 
degradation; but degradation products of l a b i l e macromolecules of 
s e d i m e n t a r y d e t r i t u s s u c h as c a r b o h y d r a t e s a l s o become 
i n c o r p o r a t e d and, i n f a c t , dominate the f u l v i c a c i d f r a c t i o n . 
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10 
Early Diagenesis of Organic Carbon in Sediments 
from the Peruvian Upwelling Zone 

W. T. Cooper, A. S. Heiman, and R. R. Yates 

Department of Chemistry, Florida State University, Tallahassee, FL 32306-3006 

The diagenesis of organic matter in recent sediments 
from the Peruvian Upwelling Zone has been studied by 
solid state 1 3C NMR spectroscopy of the intact sedi
mentary organic carbon and by conventional GC and GC
-MS analyses of sterol biomarkers in lipid extracts 
of the sediments. The distribution of sterols in sur
ficial sediments
margin indicate that the distinction between marine 
and terrestrial sources of organic carbon in aquatic 
sediments is not as well defined as previously thought. 
Both sites exhibit large relative abundances of twenty
-eight (C-28) and thirty (C-30) carbon atom sterols, 
suggesting a marine source. The C-27 and C-29 abun
dances do not reflect this expected marine source, 
however, confirming recent observations that sterol 
distribution patterns in nature are extremely complex. 

Magic angle spinning 1 3C NMR spectra with variable 
cross polarization contact times were obtained on the 
intact, non-extracted sediments. The time-dependent 
spectra reveal subtle differences in organic carbon 
with depth; differences not observed in single con
tact experiments. Dipolar-dephased spectra of these 
same sediments indicate the presence of substantial 
amounts of substituted aromatic/olefinic carbons 
which are rapidly altered with depth. 

The transformations of organic matter in young, recently deposited 
aquatic sediments play a unique role in the biogeochemical cycle of 
organic carbon. During sedimentation and residence in the upper 
sediment horizons, organic matter is subject to a number of chemical, 
biological and physical processes which alter i t in various ways. 
While the nature and extent of these transformations depend on both 
the type and amount of organic material and the depositional envi
ronment at the time of burial , i t is clear that the composition of 
sedimentary organic matter is significantly altered, and i ts fate 
during subsequent geochemical/geophysical evolution is largely 
dependent on these i n i t i a l transformations. 
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The process by which biopolymers, the remnants of l i v i n g organ
isms b u r i e d i n sediments, are degraded and rearranged i n t o i n s o l u b l e 
geopolymers i s u s u a l l y r e f e r r e d to as di a g e n e s i s . One theory (1) 
holds that diagenesis i n c l u d e s m i c r o b i a l degradation of b i o l o g i c a l 
macromolecules i n t o smaller components; condensation of these s m a l l , 
h i g h l y f u n c t i o n a l i z e d compounds i n t o geopolymers such as humic a c i d s , 
f u l v i c a c i d s and l e s s f u n c t i o n a l i z e d humin r e s i d u e s ; and i n s o l u b i l i -
z a t i o n of these condensed s t r u c t u r e s v i a e l i m i n a t i o n of h y d r o p h i l i c 
f u n c t i o n a l groups to form i n s o l u b l e kerogen. While other scenarios 
have been proposed f o r the formation of kerogen ( 2 ) , i t i s g e n e r a l l y 
considered the main source of petroleum and i s the primary organic 
m a t e r i a l found i n ancient sediments. 

Degradation occurs r a p i d l y i n the o v e r a l l e v o l u t i o n of organic 
matter; u s u a l l y i n the f i r s t 1-10 m i n t e r v a l of a sediment. I n s o l -
u b i l i z a t i o n i s much slower, normally o c c u r r i n g i n the 10-100 m range. 
At t h i s p o i n t , temperature and pressure become important, and the 
second phase of the e v o l u t i o
genesis, thermal a l t e r a t i o
gas. 

In t h i s paper we present the i n i t i a l r e s u l t s of s t u d i e s of 
e a r l y diagenesis of organic carbon i n the upper horizons (0-30 cm) 
of marine sediments. Studies of t h i s s o r t are complicated by the 
inherent complexity of sedimentary carbon and the presence of l a r g e 
geopolymers. These geopolymers are i n general i n s o l u b l e and e x t r a c t -
a b l e only by extreme treatments ( 3 ) . These treatments are such that 
there i s r e a l doubt about whether the e x t r a c t i s t r u l y representa
t i v e of the organic m a t e r i a l as i t e x i s t s i n the sedimentary e n v i 
ronment (4_) . 

Our approach i s s i g n i f i c a n t l y d i f f e r e n t . We have attempted to 
o b t a i n i n f o r m a t i o n we f e e l i s r e p r e s e n t a t i v e of the i n - s i t u char
a c t e r of sedimentary organic matter. This approach has i n v o l v e d two 
d i s t i n c t phases of sediment e v a l u a t i o n : 

- a n a l y s i s of biomarkers, or geochemical f o s s i l s , i n the 
l i p i d f r a c t i o n of the sedimentary organic matter, and 

- s o l i d s t a t e NMR s t u d i e s of i n t a c t sediments, where the 
organic f r a c t i o n i s viewed i n - s i t u . 

L i p i d Biomarkers 

L i p i d s incorporated i n t o aquatic sediments behave somewhat d i f f e r 
e n t l y than most other forms of organic d e b r i s . By l i p i d , we are 
using the geochemist's d e f i n i t i o n ; those compounds e x t r a c t a b l e w i t h 
organic s o l v e n t s . Containing l e s s f u n c t i o n a l groups and thus more 
hydrophobic, l i p i d s g e n e r a l l y are much l e s s r e a c t i v e and p e r s i s t i n 
d i s c r e t e chemical forms longer than p r o t e i n s , p o l y s a c c h a r i d e s , etc.. 
Indeed, a number of d i f f e r e n t l i p i d molecules of known b i o l o g i c a l 
o r i g i n are r o u t i n e l y found i n petroleum, c o a l and ancient sediments. 
Molecules which p e r s i s t i n sediments over geologic time spans i n an 
unaltered or s l i g h t l y a l t e r e d s t a t e and which can be a t t r i b u t e d 
d i r e c t l y or i n d i r e c t l y to l i v i n g organisms are f r e q u e n t l y r e f e r r e d 
to as "biomarkers", "molecular f o s s i l s " , or "geochemical f o s s i l s " . 

A number of geochemical f o s s i l s have been i d e n t i f i e d and t h e i r 
presence i n sedimentary organic matter u t i l i z e d f o r v a r i o u s 
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geochemical purposes ( 5 ) . These i n c l u d e : n-alkanes, 2-methyl ( i s o ) 
and 3-methyl (anteiso) branched alkanes; n-alkanoic a c i d s ; a c y c l i c 
isoprenoid-type molecules; s t e r o i d s ; and a v a r i e t y of c y c l i c t r i t e r 
penoids. 

One of the most v a l u a b l e groups of geochemical f o s s i l s i s the 
s t e r o i d a l a l c o h o l s , or s t e r o l s . Regulators of metabolic processes 
and major components of eu c a r y o t i c c e l l membranes, s t e r o l s t r u c t u r e s 
appear to be s t r o n g l y r e l a t e d to the organisms that produce them. 
Marine organisms produce p r i m a r i l y twenty-seven carbon atom s t e r o l s 
(C-27) (6-8), w h i l e t e r r e s t r i a l p l a n t s produce p r i m a r i l y twenty-nine 
carbon atom s t e r o l s (C-29) ( 9 ) . This s p e c i f i c i t y has been used by a 
number of i n v e s t i g a t o r s to c h a r a c t e r i z e the e c o l o g i c a l h i s t o r y of 
water columns. G a s k e l l and E g l i n t o n (10), f o r example, a t t r i b u t e d 
v a r i a t i o n s i n the C-27/C-29 r a t i o w i t h depth i n a recent l a c u s t r i n e 
sediment to a change i n the l i p i d source of the organic carbon i n 
the sediment. 

In a d d i t i o n to t h i
v a r i e t y of r e a c t i o n s whic
e a r l y d i a g e n e s i s . Thes y
sedimentary environment, but a l s o r e s u l t i n products which are 
s i m i l a r enough to precursor molecules to be e a s i l y r e l a t e d to them. 
One of the most i n t e n s e l y i n v e s t i g a t e d r e a c t i o n s has been the hydro
génation which converts Δ 5, Δ 7 and Δ2** unsaturated s t e r o l s ( s t e n o l s ) 
i n t o t h e i r saturated analogues ( s t a n d s ) (11-13). Other r e a c t i o n s 
i d e n t i f i e d i n c l u d e b a c t e r i a l d e a l k y l a t i o n of the s t e r o l s i d e chain 
(14), and ar o m a t i z a t i o n to form phenanthrene homologues (15). 
Sedimentary r e a c t i o n s of s t e r o l s which have been i d e n t i f i e d or 
suggested are summarized i n Fi g u r e 1. 

NMR Studies of Sedimentary Organic Matter 

Recent developments i n 1 3C nuclear magnetic resonance spectroscopy 
have made i t p o s s i b l e to probe the chemical environment of carbon 
atoms i n r i g i d and s e m i - r i g i d systems. Using the techniques of 
cross p o l a r i z a t i o n (CP) (16) and magic angle spinning (MAS) (17), 
the primary obstacles to o b t a i n i n g NMR spectra of s o l i d s w i t h r e a 
sonable l i n e widths (chemical s h i f t a n i s o t r o p y , a n i s o t r o p i c d i p o l e -
d i p o l e i n t e r a c t i o n s ( d i p o l e c o u p l i n g ) , and long s p i n - l a t t i c e r e 
l a x a t i o n times) can now be circumvented. Since i t s i n t r o d u c t i o n by 
Schaefer and S t e j s k a l (17), the 1 3C NMR technique combining cross 
p o l a r i z a t i o n and magic angle spinning (CP-MAS-NMR) has been a p p l i e d 
to a wide v a r i e t y of i n s o l u b l e organic complexes such as f o s s i l 
f u e l s , polymers, c o a l , kerogen and h u m i c / f u l v i c a c i d s (18). These 
a p p l i c a t i o n s represent what M a c i e l (18) describes as the " f i r s t 
g eneration" of NMR s o l i d s a p p l i c a t i o n s . 

I t i s the "second generation" of s o l i d s t a t e techniques, i n 
which the onset of r e l a x a t i o n of magnetization i s observed i n the 
time domain, which o f f e r promise f o r the d e t a i l e d , i n - s i t u i n v e s t i 
g a t i o n of e a r l y d i a g e n e t i c processes. For example, Hagaman and 
Woody (19) showed that the time dependence of cross p o l a r i z a t i o n 
could be used to improve the r e s o l u t i o n of complex spectra of c o a l , 
s i n c e d i f f e r e n t carbon types cross p o l a r i z e a t d i f f e r e n t r a t e s . 
Wilson (20-21) has used d i p o l a r dephasing to d i s t i n g u i s h carbon 
types i n s o i l s and r e s i n s based on r e l a x a t i o n r a t e s . 

We have used both time dependent cross p o l a r i z a t i o n and d i p o l a r 
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dephasing techniques to view carbon atoms i n recent marine sediments. 
V a r i a t i o n s i n cross p o l a r i z a t i o n contact times have been used to 
improve the r e s o l u t i o n of adjacent resonances which would otherwise 
overlap. D i p o l a r dephasing experiments were employed to d i s t i n g u i s h 
protonated and nonprotonated carbon atoms, p a r t i c u l a r l y i n the 
aromatic r e g i o n . 

Experimental 

Sampling. Sediment samples from the coast of Peru were c o l l e c t e d 
during Cruise 23-06 of the R/V Robert Conrad, June - J u l y , 1982. 
Sampling l o c a t i o n s are i n d i c a t e d i n F i g u r e 2. A s p e c i a l l y designed 
box corer (22) was used i n order to o b t a i n undisturbed surface s e d i 
ments (<50 cm depth). Subcores were taken on board, sectioned over 
2 cm i n t e r v a l s , and each subsection immediately f r o z e n . The frozen 
samples were packaged i n dry i c e and shipped to the FSU chemistry 
department, where they wer

Sediments from two
These are s i t e s BX-3 and BX-6 of Figure 2. Important c h a r a c t e r i s t i c s 
of these s i t e s are l i s t e d i n Table I . 

Table I . C h a r a c t e r i s t i c s of S u r f i c i a l Sediments, Peruvian Coast 

BX-6 BX-3 

L a t i t u d e 12° 05.0' 15° 16.9 1 

Longitude 77° 39.5 1 75° 23.9 1 

Water Depth (m) 183 387 
% Organic Carbon 16 6 

i n S u r f i c i a l Sediment 
Sedimentation R a t e a 2.3 1.6 
(mm/y) 

a. from ^"^Pb a c t i v i t y . 

S t e r o l Analyses. The o v e r a l l a n a l y t i c a l procedure f o r each 2 cm 
subcore s e c t i o n i s s c h e m a t i c a l l y represented i n F i g u r e 3. A f t e r 
homogenization and l y o p h i l i z a t i o n , approximately 1 g of each sediment 
was mixed w i t h 37.5 ml of chloroform, 75 ml of methanol and 30 ml of 
a buffered aqueous s o l u t i o n (pH=7). The sediment-solvent s l u r r y was 
then sonicated f o r 3-5 minutes and the e x t r a c t decanted to a 
separatory f u n n e l . Seventy f i v e ml of water was then added to the 
fu n n e l , r e s u l t i n g i n separate aqueous and organic phases. The 
chloroform l a y e r was then removed and the aqueous phase washed f i v e 
times w i t h chloroform. The chloroform f r a c t i o n s were then combined 
and the volume reduced to 10 ml under n i t r o g e n at 37°C. The e n t i r e 
e x t r a c t i o n was repeated u n t i l the chloroform phase was v i s u a l l y 
c o l o r l e s s (6-9 e x t r a c t i o n s ) . 

E xtracted l i p i d s were then separated i n t o n e u t r a l , g l y c o - , and 
phospholipid f r a c t i o n s by s i l i c a g e l column chromatography. N e u t r a l 
l i p i d s were e l u t e d w i t h 10 ml of chloroform per g of s i l i c a g e l . 
G l y c o l i p i d s were el u t e d w i t h 20 ml/g of acetone, followed by 
phospholipids w i t h 20 ml/g of methanol. The n e u t r a l l i p i d f r a c t i o n 
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STANNOL 

R 
Figure 1. Sedimentary reactions of sterols. 

Figure 2. Cruise track of R/V Conrad, June - July, 1982. 
Samples for this study obtained from sites labelled BX-6 and BX-3. 
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was then concentrated and f r a c t i o n a t e d by TLC i n t o n-alkane, sterane, 
s t e r o l , sterone and f a t t y a c i d s u b f r a c t i o n s using a 55/45 hexane/ 
chloroform s o l v e n t . The s t e r o l f r a c t i o n was f u r t h e r p u r i f i e d by TLC 
w i t h 45/55 hexane/chloroform. The s t e r o l spot was scraped from the 
p l a t e and s t e r o l s were extracted w i t h hexane/chloroform. 

A f t e r c o n c e n t r a t i o n under n i t r o g e n at 37°C, s t e r o l s were 
d e r i v a t i z e d to s i l y l ethers w i t h BSTFA (Pi e r c e Chemical Co.). The 
dérivatized s t e r o l s were then d i l u t e d to a known volume i n c h l o r o 
form c o n t a i n i n g 100 picomoles of hexadecane, choiestane, c h o i e s t a n o l , 
c h o l e s t e r o l , s t i g m a s t e r o l and s i t o s t e r o l as i n t e r n a l standards. The 
mixture was then analyzed w i t h a Hewlett-Packard 5880A GC equipped 
w i t h a flame i o n i z a t i o n d e t e c t o r . Separations were achieved w i t h a 
Hewlett—Packard 50m χ .322 mm ID c r o s s l i n k e d methyl s i l i c o n e fused 
s i l i c a c a p i l l a r y column. The column temperature was held i n i t i a l l y 
at 50 °C f o r 1 min, programmed at 10 °C/min to 160°C, then 4 °C/min 
to a f i n a l temperature of 300°C. Samples were i n j e c t e d v i a the 
s p l i t l e s s method (23) w i t
turned on at 30 sec. Th

S t e r o l i d e n t i f i c a t i o n s were made by comparing r e l a t i v e r e t e n 
t i o n times of unknowns w i t h those of authentic standards obtained 
from A p p l i e d Science Labs, Inc. and Suppelco, Inc. I d e n t i f i c a t i o n s 
were confirmed by gas chromatography/mass spectrometry using a 
Hewlett-Packard 5890 GC/MS. 

NMR Experiments. Cross p o l a r i z a t i o n / m a g i c angle 1 3C-NMR sp e c t r a 
were obtained w i t h a Bruker WP-200SY spectrometer equipped w i t h an 
IBM s o l i d s c o n t r o l accessory, operating at 50.325 MHz f o r carbon and 
e x t e r n a l l y tuned w i t h t-butylbenzene. Samples were spun ( a i r driven) 
at the magic angle at 3 KHz. 

A v a r i e t y of pulse sequence programs were employed. A con
v e n t i o n a l cross p o l a r i z a t i o n , s i n g l e contact program was used to 
o b t a i n s p e c t r a of i n t a c t sediments. Contact times were v a r i e d from 
200-3000 μsec w i t h a three sec r e c y c l e time. For dephasing delay 
experiments, a 50 ysec delay was i n s e r t e d p r i o r to data c o l l e c t i o n . 
This delay c o n s i s t e d of two 25 ysec i n t e r v a l s separated by a 10 ysec, 
180° r e f o c u s i n g pulse. Data was c o l l e c t e d i n 2K of memory, 
e x p o n e n t i a l l y m u l t i p l i e d w i t h 50 Hz of l i n e broadening, and expanded 
to 8 Κ p r i o r to F o u r i e r transformation. A l l spectra are the r e s u l t 
of 5000 accumulations. 

R e s u l t s and D i s c u s s i o n 

S t e r o l s . D i s t r i b u t i o n s of f r e e s t e r o l s i n the s u r f i c i a l sediments 
(0-2 cm) at both sampling s t a t i o n s are d i s p l a y e d as a f u n c t i o n of 
carbon number i n Figure 4. BX-6 sediments e x h i b i t a t o t a l C-27/C-29 
r a t i o greater than u n i t y as expected, s i n c e t h i s i s an i n d i c a t i o n of 
a marine source of organic carbon i n sediments. The r a t i o of 
C-27/C-29 s t e r o l s i n the BX-3 sediments, however, i s i n d i c a t i v e of 
s i g n i f i c a n t t e r r e s t r i a l i n p u t , i n s p i t e of the f a c t that BX-3 s e d i 
ments are at greater depth. This s i t u a t i o n has been observed by 
other workers (24). However, i t has a l s o been noted that c e r t a i n 
marine organisms produce C-29 s t e r o l s (25). These and other r e s u l t s 
suggest that use of s t e r o l compositions to determine b i o l o g i c a l 
sources of organic carbon i n aquatic sediments may not be completely 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



164 O R G A N I C M A R I N E G E O C H E M I S T R Y 

I 
lipid 
extraction 

- lyophilize -

.LIPIDS RESIDUE — lyophilize — 
_ column N \ . . chromatography Precipitate on j silica gel 

PHOSPHOLIPIDS GLYCOLIPIDS NEUTRAL \ A r ^ o D ™ 
LIPIDS LÎFMDS —lyophilize -

tic 

è 
GC/MS) 

Figure 3. General a n a l y t i c a l scheme f o r a n a l y s i s of sediment 
l i p i d s by e x t r a c t i o n and GC/MS, and i n t a c t organic carbon by 
s o l i d s t a t e NMR. 

oo50 

00 

- I 

ρ 
u.25 Ο 

< 
I -z 
LU υ oc 
UJ 
α. 

U 27 28 29 30 27 28 29 30 
S Ν 

C A R B O N N U M B E R 

Figure 4. Histogram d e p i c t i n g r e l a t i v e proportions of s e d i 
mentary s t e r o l s by carbon number. S r e f e r s to BX-3, Ν r e f e r s 
to BX-6. 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



10. COOPER ET AL. Diagenesis of Organic Carbon in Sediments 165 

v a l i d , Huang and Meinschein ( 9 ) , f o r example, maintain that the 
r e l a t i v e abundance of C-27, C-28 and C-29 s t e r o l s can be used to 
determine the proportions of terrigenous and autochthonous organic 
m a t e r i a l s i n marine and l a s c u s t r i n e sediments, s i n c e C-27 and C-28 
s t e r o l s are most abundant i n plankton and marine i n v e r t e b r a t e s 
(marine source) whereas C-29 and C-27 s t e r o l s are more prominent i n 
higher p l a n t s and animals (terrigenous source). 

A l s o noteworthy i n Figure 4 are the l a r g e r e l a t i v e abundances 
of C-28 and C-30 s t e r o l s a t both s i t e s . The C-28 s t e r o l s are most 
commonly a s s o c i a t e d w i t h marine diatoms and b a c t e r i a (26,27). The 
C-28 abundance i s not s u r p r i s i n g , s i n c e the Peruvian coast i s known 
to c o n t a i n l a r g e amounts of diatoms. The C-30 abundance i s due 
p r i m a r i l y to d i n o s t e r o l , a 4-methyl s t e r o l c h a r a c t e r i s t i c of dino-
f l a g e l l a t e input (28). de Leeuw et a l . (29) a l s o observed l a r g e 
r e l a t i v e abundances of 4-methyl s t e r o l s i n a Black Sea surface s e d i 
ment and concluded that f r e e , l i v i n g d i n o f l a g e l l a t e s were the major 
c o n t r i b u t o r s of organic
p a t t e r n observed by de Leeu
by Lee et a l . (30) i n a s i m i l a r Black sea sediment, however, i n
d i c a t i n g that the nature of phytoplankton l i v i n g i n the water column 
v a r i e s a t d i f f e r e n t geographical 'sites and these v a r i a t i o n s are 
r e f l e c t e d i n the organic matter contained i n the underlying s e d i 
ments. 

A c t i v e b i o l o g i c a l reworking of organic carbon at the sediment-
water i n t e r f a c e i s a l s o supported by the data of Figure 5a. The 
most obvious fe a t u r e of Figure 5 i s the pronounced r e d u c t i o n i n 
monounsaturated s t e r o l s ( s t e n o l s ) and diunsaturated s t e r o l s 
(stenol-dienes) below the upper (0-2 cm) h o r i z o n . This r a p i d 
d e p l e t i o n i s probably due to biodégradation. I t a l s o appears that 
s t e n o l s are decreasing more r a p i d l y w i t h depth than saturated 
s t e r o l s ( s t a n o l s ) ; that i s , there i s not a corresponding increase 
i n s t a n o l s a s s o c i a t e d w i t h the decrease i n s t e n o l s . This suggests 
that not only simple b i o g e n i c hydrogénation r e a c t i o n s are o c c u r r i n g , 
but a l s o r e a c t i o n s which a l t e r the b a s i c hydrocarbon s k e l e t o n -
p o s s i b l y m i c r o b i a l l y mediated d e a l k y l a t i o n s . 

NMR Studies of I n t a c t Sediments. Figure 6 contains spectra of 
i n t a c t BX-6 core m a t e r i a l from three separate core depths. The 
sedimentation r a t e s l i s t e d i n Table I i n d i c a t e that t h i s i n t e r v a l 
represents approximately 100 years of sedimentary h i s t o r y . While 
the spectra c o n t a i n i n t e r e s t i n g f e a t u r e s , such as the sharpening of 
c e r t a i n resonances i n the carboxyl r e g i o n (165 - 180 ppm) and the 
l o s s of some resonances i n the aromatic r e g i o n (135 - 160 ppm) w i t h 
depth, i t i s d i f f i c u l t to draw d e f i n i t i v e conclusions regarding 
s u b t l e d i a g e n e t i c changes. These data are v a l u a b l e , however, i n the 
gross c h a r a c t e r i z a t i o n of sedimentary organic matter. Table I I con
t a i n s the r e l a t i v e areas of peaks from s e l e c t e d regions of the 
s p e c t r a . W i t h i n the experimental u n c e r t a i n t y of such an a n a l y s i s 
(approximately 10%), there appears to be l i t t l e or no change i n the 
gross composition of organic matter w i t h depth at e i t h e r s i t e . One 
i n t e r e s t i n g r e s u l t i n the data of Table I I i s the suggestion that 
s u r f i c i a l sediments from BX-3 c o n t a i n l e s s methyl and methylene 
carbon than the corresponding sediments from BX-6. This i s i n con
t r a s t to the data of F i g ure 4, i n which C-29 s t e r o l s are r e l a t i v e l y 
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Figur e 5. (a) P l o t of t o t a l C-27 s t e n o l and s t a n o l concentra
t i o n s w i t h sediment depth, BX-3. (b) P l o t of t o t a l C-29 s t e n o l 
and s t a n o l concentrations w i t h sediment depth, BX-3. 
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more pronounced i n BX-3 s u r f i c i a l sediments than i n BX-6, This 
f u r t h e r suggests that e x t r a c t a b l e l i p i d s may not always be 
r e p r e s e n t a t i v e of the t o t a l organic carbon i n sediments. 

Table I I . I n t e n s i t i e s of Resonances from Selected S p e c t r a l Regions 
w i t h Core Depth, I n t a c t Sediments. 

R e l a t i v e Integrated Peak Areas % 
Chemical BX-6 BX-3 
S h i f t (ppm) Depth (cm) 0-2 10-12 20-22 0-2 10-12 20-22 

0-50 45 49 41 38 40 42 
60-90 16 13 13 13 14 12 

120-150 8 10 13 13 16 14 
165-190 6 4 7 5 6 3 

More d e f i n i t i v e conclusions about s u b t l e changes w i t h depth can 
be drawn from spectra whic
magnetization. Figure 7
t a c t times vs. peak i n t e n s i t i e s f o r a number of d i f f e r e n t resonances. 
C l e a r l y , d i f f e r e n t types of carbon atoms r e l a x a t d i f f e r e n t r a t e s i n 
these sediments. This i s a completely expected r e s u l t based on pre
vious s t u d i e s of carbon atoms i n model compounds (31) and other 
geochemical matrices such as c o a l r e s i n s (32). 

Figure 8 demonstrates how t h i s time dependence can be e x p l o i t e d 
to improve s p e c t r a l r e s o l u t i o n and d e l i n e a t e s u b t l e d i a g e n e t i c 
changes i n bulk organic matter. At short contact times (200 and 
800 y s e c ) , c a r b o x y l and/or amide carbons are only p a r t i a l l y 
magnetized (Figure 7b), and only the most prominent appear i n the 
s p e c t r a . This improves r e s o l u t i o n of the peaks at 172 and 175 ppm 
r e l a t i v e to the 1000 ysec s p e c t r a . The importance of t h i s i s 
apparent when comparing the 800 ysec s p e c t r a of F i g u r e 8a (10-12 cm) 
and 8b (20-22 cm). In 8a, the 175 peak i s more prominent, a l b e i t 
s l i g h t l y , whereas i n 8b, the 172 peak dominates. 

I t i s important to note that the experiments which generate the 
data of Figure 7 are a necessary p a r t of any NMR s t u d i e s of i n t a c t 
sedimentary carbon. Before c h a r a c t e r i z a t i o n s can be made, i t i s 
f i r s t necessary to e s t a b l i s h that there e x i s t no s e l e c t i v e r e l a x a t i o n 
pathways f o r any p a r t i c u l a r carbon type. Otherwise, q u a n t i t a t i v e 
comparisons such as those of Table I I could not be made, s i n c e carbon 
types w i t h f a s t r e l a x a t i o n would be underestimated. For example, 
Figure 7a i n d i c a t e s that s p e c t r a obtained w i t h 800 ysec contact 
times (Table I I ) may underestimate the methyl and methylene content 
of the organic carbon i n these sediments. Figure 7 f u r t h e r i n d i c a t e s 
that magnetic r e l a x a t i o n i n these i n t a c t sediments i s very r a p i d 
r e l a t i v e to p r e v i o u s l y s t u d i e d carbonaceous m a t e r i a l s . I n general, 
1000 ysec contact times have been used f o r s t u d i e s of c o a l , kerogen 
and e x t r a c t e d h u m i c / f u l v i c a c i d s . We presume contact time e x p e r i 
ments were done to maximize the magnetization of a l l carbon types. 
However, the optimum contact times i n d i c a t e d i n F i g u r e 7 are much 
shorter than 1000 ysec. 

Further i n f o r m a t i o n about d i a g e n e t i c a l t e r a t i o n of sedimentary 
organic matter can be obtained by e x p l o i t i n g the time dependence of 
magnetic r e l a x a t i o n . For example, i t has been shown by s e v e r a l 
workers that nonprotonated carbon atoms r e l a x at much slower r a t e s 
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Figure 7. (a) Peak i n t e n s i t y p l o t t e d as f u n c t i o n of cross 
p o l a r i z a t i o n contact time, s e l e c t e d resonances. 
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Figure 7. (b) Peak i n t e n s i t y p l o t t e d as a function of cross 
p o l a r i z a t i o n contact time, carboxyl/amide resonances. 

Figure 8. (a) NMR spectra obtained with varying contact times, 
10-12 cm, BX-3. 
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Figure 8. (b) NMR spectra obtained w i t h varying contact times, 
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Figure 9· D i p o l a r dephased sp e c t r a of i n t a c t sediments, BX-3. 

than protonated carbons (20). By delaying the onset of data 
a c q u i s i t i o n a f t e r cross p o l a r i z a t i o n has ceased ( d i p o l a r dephasing), 
t h i s e f f e c t can be used to d i s c r i m i n a t e between protonated and non-
protonated carbon types. Figure 9 contains the d i p o l a r dephased 
spectra of Figure 8. These s p e c t r a were obtained w i t h a 50 ysec 
dephasing delay i n s e r t e d p r i o r to data a c q u i s i t i o n . The most 
prominent fea t u r e of Figure 9 i s the g r e a t l y enhanced ca r b o x y l 
s i g n a l of both s p e c t r a . However, there i s a l s o a s u b s t a n t i a l s i g n a l 
i n the 130-145 ppm re g i o n of these s p e c t r a , i n d i c a t i n g that most of 
the a r y l / o l e f i n i c carbons are non-protonated. The a r y l / o l e f i n i c 
s pectra of the upper core s e c t i o n (10-12 cm) a l s o appear more 
intense than the corresponding peaks i n the lower s e c t i o n . This 
would i n d i c a t e d i a g e n e t i c a l t e r a t i o n i n v o l v i n g some l o s s of 
a r o m a t i c / o l e f i n i c f u n c t i o n a l groups, provided that the s i g n a l - t o -
noise r a t i o s are s u f f i c i e n t l y l a r g e so that the d i f f e r e n c e s i n the 
spectra are r e a l and the presence of paramagnetics are not a f f e c t i n g 
r e l a x a t i o n r a t e s to an appreciable degree. These questions are 
c u r r e n t l y being i n v e s t i g a t e d i n order to determine whether the 
di a g e n e t i c pathway suggested i s a c t u a l l y o c c u r r i n g . 
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Summary 

In t h i s paper we have demonstrated the u t i l i t y and p o t e n t i a l of 
time-resolved NMR spectroscopy f o r studying e a r l y d i a g e n e t i c a l t e r a 
t i o n of sedimentary organic matter. Conventional analyses such as 
the i d e n t i f i c a t i o n and q u a n t i f i c a t i o n of l i p i d biomarkers give 
complimentary i n f o r m a t i o n . We a n t i c i p a t e t h a t , as NMR techniques 
become more widely used i n studi e s of sedimentary organic matter, 
the complimentary nature of conventional and spectroscopic r e s u l t s 
w i l l become more apparent, l e a d i n g to a b e t t e r understanding of the 
chemical processes i n v o l v e d i n e a r l y diagenesis. 
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The Biogeochemistry of Polychlorinated Biphenyls 
in the Acushnet River Estuary, Massachusetts 
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C. Hovey Clifford, and Joaquim B. Livramento 

Chemistry Department and Coastal Research Center, Woods Hole Oceanographic 
Institution, Woods Hole, MA 02543 

Analyses of PCBs in sediment, water and organisms by 
high resolution gas chromatographic quantitative 
determination of individual chlorobiphenyls revealed 
marked compositional differences in segments of the 
Acushnet River estuar
ferences in chlorobiphenyl compositions in tissues of 
lobster, crab and fish compared to compositions in 
industrial PCB mixtures released to the environment 
suggest that public health criteria based on PCB 
industrial mixture determinations should be revised. 
Predictions of bioconcentration based on KOW of 
chlorobiphenyls are of limited accuracy for several 
chlorobiphenyls for which metabolism or membrane 
transfer selectivity are apparently the major deter
minants in some organisms. The importance of under
standing the biogeochemistry of individual chloro
biphenyls as toxic compounds and as model compounds 
for studies of biogeochemistry of organic matter in 
aquatic ecosystems is discussed briefly. 

An understanding of the biogeochemistry of organic matter in the 
contemporary marine environment is important in order to facilitate 
a greater understanding of: i) the C, N, S and Ρ cycle; ii) inter
actions between organic compounds and biota, e.g. chemotaxis; i l l ) 
interpretations of molecular paleontology in ancient sediments and 
petroleum formation; iv) the inputs, fates and effects of pollu
tants as has been set forth in several reviews (1-6). 

Our study reported herein primarily addresses this latter issue 
although we think that xenobiotic compounds can be used as valuable 
tracers of processes influencing most naturally occurring organic 
compounds. This is analogous to the use of anthropogenic releases 
of radioactive elements in the studies of the biogeochemistry of 
metals (7, 8). Polychlorinated biphenyIs are useful compounds in 
this regard because of the wide range of solubilities and reactivi
ties among individual chlorobiphenyls (9-12). In addition, there 
are continuing concerns about the adverse impacts of environmental 
burdens of PCBs with respect to human health and the viability of 
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valuable l i v i n g natural resources even though releases to the 
environment have been markedly reduced ( 1 2 - 1 4 ) . This i s the 
result, i n part, of the preferential accumulation of PCBs in parts 
of contemporary environments such as l a n d f i l l s , toxic waste dispo
sal areas, and aquatic sediments near prior effluent discharges, 
and the probability of release of PCBs back to other components of 
contiguous ecosystems long after the i n i t i a l input to the environ
ment ( 1 2 , 1 5 ) . For example, i n estuaries there i s a close dynamic 
coupling between the atmosphere/water/sediment/biota at relatively 
short time scales. 

Most of the previous research on the biogeochemistry of PCBs 
has focused on the measurement of types of industrial mixtures 
(e.g. Aroclor 1 0 1 6 , 1 2 4 2 , 1 2 5 4 ) by packed column gas chromato
graphy, although i t was recognized that several of the in d i v i d i a l 
chlorobiphenyls had different types and intensities of biological 
effects ( 1 2 , 1 4 ) . Recent advances i n analytical methodology, par
ticularly glass capillar
detection ( 1 6 , 1 7 ) , an
of individual chlorobiphenyls via impressive synthesis and v e r i f i
cation analyses (e.g. 1 8 ) have made i t feasible to undertake i n -
depth studies of the biogeochemistry of individual chlorobiphenyls 
( 1 0 , 1 7 - 2 0 ) . 

We report here on the distributions of several chlorobiphenyls 
i n samples of water, sediment and biota of the Acushnet River 
Estuary - New Bedford Harbor, Buzzards Bay, Massachusetts, U.S.A. 
Our general objective i s to gain information of generic u t i l i t y i n 
addition to providing specific data and interpretations of assis
tance to remedial action at this Superfund site. Our specific 
objectives i n this paper are to: i ) document the composition of 
individual chlorobiphenyls i n biota normally harvested by commer
c i a l and recreational fishermen and discuss factors which could 
lead to the observed distributions and potential implications for 
public health standards for PCBs in fi s h ; and i i ) to investigate, 
i n a preliminary manner, the adherence of bioconcentration of PCBs 
to predictions based on equilibrium assumptions and octanol/water 
( K Q W ) partition coefficients ( 2 1 , 2 2 ) . 

The study site i s shown in Figure 1 which also presents a 
generalized composite of PCB concentrations i n surface sediments 
based on analyses of hundreds of surface sediment samples by 
several different laboratories ( 2 3 ) . Concentrations range from 
over 1 part per thousand ( 1 0 " ^ g/g dry weight) i n segments of 
the inner harbor sediments to generally less than 1 χ 1 0 " ^ g/g 
dry weight (ppm) i n segments of the outer harbor area (Figure 1 ) . 
The commercial harvesting of lobsters i n the harbor area and of 
certain f i s h and bivalves i n segments of the harbor i s banned by 
the Massachusetts Department of Public Health because of PCB con
centrations i n excess of the 5 ppm wet weight edible tissue guide
lines ( 2 4 ) . Warnings have been posted to inform recreational and 
subsistence fishermen about the PCB pollution i n these same areas. 
Descriptions of the history and severity of PCB contamination i n 
the area leading to designation as a U.S. EPA Superfund site are 
available ( 2 4 , 2 5 ) . 
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Sampling and Methods 

The dates and types of samples are given in Table I and locations 
of stations i n Figure 1. Water samples were obtained using glass 
sampling devices (26, 30). Sediment samples were obtained by 
coring using a box core and careful sectioning (10). Biota were 
obtained by hand collection techniques or by net hauls, and 
precautions were taken to avoid contamination during sampling and 
dissection (27). 

Water samples were stored i n precleaned glass carboys and 
returned to the laboratory where they were filte r e d and extracted 
within 18 hours of sampling. Filters were Soxhlet extracted with 
hexane/acetone (1:1) for 24 hours and again with fresh hexane/ace-
tone for an additional 24 hours. Water and pore water samples were 
extracted three times with C H 2 C I 2 i n a separatory funnel. Extracts 
were dried over Na2S04, concentrated to near dryness, and hexane 
was added with further
vacuum u n t i l hexane replace

Sediments were Soxhlet extracted with acetone/hexane and the 
extract was concentrated (10). Biota samples were extracted by 
aqueous KOH digestion followed by extraction of non-saponifiable 
lipids into ethyl ether (28). 

Column chromatography of the l i p i d or non-saponifiable l i p i d 
extracts on alumina over s i l i c a gel columns, or s i l i c a gel columns, 
to partially isolate polychlorinated biphenyls from other classes 
of compounds used procedures described previously (10, 28, 29). 

Chlorobiphenyls were quantified by high resolution capillary 
chromatography using response curves generated for a standard of 
each chlorobiphenyl. À 0.32 mm i.d. χ 30 M SE-52 column (J & W 
Scientific Company) installed i n a Carlo Erba Model 2150 GC 
equipped with a s p l i t / s p l i t l e s s injector and Ni-63 electron cap
ture detector, interfaced with a Columbia Scientific Instruments 
Supergrator 3 electronic integrator and a 30 m DB5 fused s i l i c a 
column (J & W Scientific Company) installed i n a Hewlett-Packard 
Model 5840 GC equipped with Ni-63 electron capture detector and 
splitless injector were used for analyses. A Finnigan 4510 quad-
rupole mass spectrometer interfaced with a Carlo Erba 4160 gas 
chromatograph (0.32 mm i.d. χ 25 M DB-5 bonded fused s i l i c a column 
- J & W Scientific), and interfaced with a Finnigan INCOS 2300 
data system and standard EI/CI ion source and PPNICI accessory, 
was employed for GC-MS analyses to confirm that the compounds 
under study were chlorobiphenyls. 

Duplicate analyses of homogenate samples agree within +20% 
based on replicate analyses of tissue homogenates of Mytilus 
edulis. A l l data are corrected for recovery of internal standards 
(chlorobiphenyls number 29 and 143), added at the time of extrac
tion. Average recoveries were 80-95% for the different types of 
samples· 

Results and Discussion 

Figure 2 presents representative glass capillary gas chromatograms 
for two industrial Aroclor mixtures used i n the area. Aroclor 1242 
i s very similar to Aroclor 1016 (not shown) which was the predomi
nant mixture used, but for which we had no standard. Figures 3 and 
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Table I. Sampling Data (see Figure 1 for station locations). 

Station Date 
(year, month, day) 

67 830901 

Sample Type* 

Ast. 67- 0.25 mz Sandia Hessler MKIII 
Box Core. 

233 
approx. 1 mile 
south of Station 
92 - not shown 

790709 Pseudopleuronectes americanus (black 
back, winter flounder) 15-49 cm length, 
3 each, f i l l e t s edible tissue homo
genized; Lephopsetta maculata (sand 
flounder) 20-28 cm length, 3 each, f i l 
lets of edible tissue homogenized; 
Homarus americanus (lobsters) 2 each

taxons (green crab) 16 each, whole crabs 
homogenized. 

800617 Homarus americanus (one each), t a i l 
and claw muscle tissue and viscera 
analyzed· 

74 

92 

48 

820922 

810724 

780311 

Fort Phoenix 810504 
(intertidal 
area near 
hurricane barrier) 

Cleveland 780320 
Ledge Light 
(eastern Buzzards Bay 
Station 227-not shown) 

Ast. 65 - 14-17 L composite of 2 L sam
ples each hour during ebb and flood 
tides sampled with glass stoppered 2 L 
glass flask (29). 

Ast. 49 - 20 L sample obtained with 
glass Bodman type sampler (25). 

Clarks Point - Mercenaria mercenaria 
(hard shell clam, quahog) - pooled 
tissue samples, 2-10 individuals. 

Mytilus edulis (blue mussel) - homo
genized pooled tissue, from 20-30 
individuals. 

Aequipectan irradians (scallops) homo
genized pooled tissue from 10-15 indi
viduals · 

*Ast. means R/V Asterias Cruise No. 
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Figure 1. Study s i t e l o c a t i o n , s t a t i o n l o c a t i o n s and contours of 
PCB concentrations i n surface sediments. 

AROCLOR 124-2 

AROCLOR 1254-
Figure 2. High r e s o l u t i o n gas chromatograms of A r o c l o r 1242 and 
Ar o c l o r 1254. QS r e f e r s t o q u a n t i t a t i o n standard, IS r e f e r s t o 
i n t e r n a l standard, and numbers are IUPAC numbers f o r c h l o r o b i 
phenyls . 
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4 present glass capillary gas chromâtograms of PCBs in lobster 
(Homarus americanus), a small crab (Neopanope taxons), surface 
sediments and tissue of Mytilus edulis (the common blue mussel). 
Table II gives the IUPAC numbers for chlorobiphenyls and corres
ponding chlorine substitution patterns as a key to the peaks iden
t i f i e d i n the gas chromatograms with IUPAC numbers. Figure 5 gives 
examples of packed column gas chromatograms of some of the same 
samples shown i n Figures 2-4. The increased information content 
about PCBs in glass capillary gas chromagography i s illustrated by 
comparison of Figure 5 with Figures 2-4. 

The composition of the chlorobiphenyl mixtures present i n the 
surface sediment, particulate matter i n the water column, f i l t r a t e 
from water column samples, and mussels reflect a combination of 
Aroclor 1242 and 1234 mixtures of chlorobiphenyls although there 
are distinct differences i n each sample type. The chlorobiphenyl 
composition of water column samples (gas chromatograms not shown) 
resembles that of the mussel
ther measurements of a
significant differences i n composition. 

Examination of the gas chromatograms of PCBs i n the samples of 
lobster and crab reveals the marked contrast i n composition of PCBs 
i n these types of biota samples and the composition of PCBs i n 
water, sediment, bivalves and Aroclor mixtures. For example, the 
chlorobiphenyl composition of the lobsters are dominated by IUPAC 
chlorobiphenyl (CB) numbers 118, 153 and 138 while numbers 118 and 
153 dominate the composition i n the crab (Figure 2). Several more 
chlorobiphenyls, e.g. 28, 52, 44, 70, 95, 101, 110, are present i n 
the mussel and sediment samples i n addition to 118, 153 and 138 
(Figure 2). PCBs in flesh of flounder species (L. maculata and 
P. americanus) were intermediate i n composition between the lob
sters and the mussels based upon examination of the gas chromato
grams (not shown), i.e. 118, 153 and 138 predominate but not as 
much as i n the lobsters. The possible reasons for these dif
ferences w i l l be discussed below. 

Table III contains data for concentrations of several i n d i v i 
dual chlorobiphenyls dissolved in the water or associated with 
particulate matter i n the water column, and i n surface sediments 
and pore waters. Concentrations of total PCBs estimated from 
these data are quite high for water, sediments and biota (2, 24). 
There are few quantitative data for individual chlorobiphenyls i n 
water samples and this prevents extensive comparisons with other 
data of this type. The concentrations we report are within a fac
tor of two to four of Individual chlorobiphenyl data for a few 
water samples from the upper Hudson River (31). We have discussed 
water column and sediment data i n more detail i n two other papers 
(10, 30). 

Concentrations of individual chlorobiphenyls i n selected biota 
samples are presented i n Table IV. The data for viscera and com
bined t a i l and claw muscle tissue from two different lobsters col
lected at the same location and one lobster collected at a second 
location provides an example of the variation i n concentrations to 
be found for biota samples when comparing individuals. Concentra
tions in the viscera are expected to be higher than i n muscle t i s 
sue because of the l i p i d rich nature of the viscera and the li p o -
p h i l i c i t y of the chlorobiphenyls. 
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LOBSTER TISSUE 

Figure 3. High r e s o l u t i o n gas chromatograms of PCBs i n l o b s t e r 
t a i l and claw mussel t i s s u e and whole green crab (N. taxons). 
A l s o see legend Figure 2. 

NEW BEDFORD SEDIMENT 

ÇP _.!βδ??8 
ΝΒ-7Θ1002 MUSSEL 

8<oo 
-in© ULkiz 

Figure 4. High r e s o l u t i o n gas chromatograms of PCBs i n surface 
sediment and mussel (M. e d u l i s ) t i s s u e . A l s o see legend Figure 2. 
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Table II. Individual Chlorobiphenyls 

IUPAC No. Chlorine Substitution 
26 2,4,4' 
29 2,4,5 
44 2,2·,3,5' 
49 2,2·,4,5' 
52 2,2»,5,5· 
60 2,3,4,4» 
70 2,3·,4·,5 
86 2,2',3,4,5 
87 2,2·,3,4,5· 
95 2,2·,3,5·,6 
101 2,2·,4,5,5· 
105 2,3,3·,4,4· 
110 2,3,3·,4·,6 
118 
128 
129 2,2·,3,3·,4,5 
137 2,2·,3,4,4·5 
138 2,2·,3,4,4·,5· 
143 2,2·,3,4,5,6· 
153 2,2·,4,4·,5,5· 
156 2,3,3·,4,4·,5 
180 2,2·,3,4,4·,5,5· 

Y 

AROCLOR 1242 NEW BEDFORD SEDIMENT 

AROCLOR 1254 LOBSTER MUSCLE 

Figure 5. Packed column gas chromatograms of PCBs i n representa
tive samples from the study site. 
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The visual inspection of gas chromatograms (Figures 2-4) pro
vides only a qualitative impression of the relative differences i n 
composition of PCBs i n the biota and their habitat. Therefore, we 
have calculated a parameter to provide a more quantitative means 
for evaluating the differences i n composition. We have chosen a 
chlorobiphenyl, IUPAC No. 153, which i s present i n appreciable 
quantities i n the industrial mixture of Aroclor 1254 and was iden
t i f i e d as one of the major components i n the samples of biota from 
the study area, and calculated the following ratio: 

[chlorobiphenyl i ] 
[IUPAC No. 153] s a m p l e 

[chlorobiphenyl i ] 
[IUPAC No. 153] p C B s t andard Aroclor 1254 

where i β any specific chlorobiphenyl
Calculated ratios for several chlorobiphenyls are given i n 

Tables V and VI. Values greater than 1.0 indicate that the chloro
biphenyl i s enriched i n that segment of the ecosystem being sam
pled, relative to No. 153. Values less than 1 indicate the oppo
site and values close to 1 indicate that the chlorobiphenyl has a 
biogeochemical behavior close to that of No. 153. There are group
ings of chlorobiphenyls i n a l l three categories (> 1, ^ 1, < 1), 
(Tables V and VI). 

The processes which change the chlorobiphenyl composition of 
the Aroclor type mixtures once they are discharged to the estuary 
are: i ) volatilization - the lesser chlorinated biphenyls, e.g. 
t r i - and tetrachlorobiphenyls, would be partitioned to the atmos
phere to a greater extent than the more chlorinated penta-, hexa-, 
and heptachlorobiphenyls (12); i i ) sorption - the complicated par
titioning interactions between particulate matter, colloids, water 
in the water column, and surface sediments, can have a marked i n 
fluence on compositions of chlorobiphenyl mixtures (10, 30); i i i ) 
microbial degradation - evidence to date suggests that lesser 
chlorinated biphenyls would be more rapidly degraded than the more 
chlorinated biphenyls (12); iv) selective uptake and metabolism by 
marine biota - the influence of this on compositions of chloro
biphenyls i n our biota samples i s discussed i n the next several 
paragraphs. 

The hypothesis has been advanced that changes in relative con
centrations of l i p i d type compounds, when comparing aquatic biota 
and their habitat, can be explained i n large part by an estimate 
of their tendency to partition into tissues which has been related 
to octanol/water partition coefficients - K^s (21, 22). Table 
VII presents tabulated data for K o w and water to biota bioaccumu
lation concentration factors calculated from data in Tables III 
and IV. Representative data from Table VII are plotted i n Figure 
6 i n the manner of Mackay (21) and Chiou (22), who have reviewed 
data on bioaccumulation of neutral hydrophobic compounds in aquatic 
biota. The solid line i s the expected distribution of data based 
on Chiou's review (22) of predictability for equilibrium situa
tions. Our data i s different i n an absolute sense than the data 
used by Mackay and Chiou, because they used concentrations i n biota 
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Table Va. Concentration of Chlorobiphenyls Relative to No. 153 

IUPAC No. 
Sample 52 49 44 70 95 101 87 
Ast. 67 3-5 cm 
Sediment 1.5 6.2 2.5 2.7 2.2 1.2 .85 
Ast. 67 3-5 cm 
Pore Water 1.0 4.0 1.5 1.4 1.5 1.0 .55 
Ast. 65 Water 
Surface 7.0 25 9.3 7.1 6.2 2.2 1.2 
Ast. 65 Water 
Bottom 7.1 25 8.5 6.4 6.4 2.6 1.2 
Ast. 65 Part. 
Surface 1.4 5.5 1.6 1.9 1.5 1.1 .57 
Ast. 65 Part. 
Bottom 
Ast. 49 Water 
Surface 2.1 7.3 4.1 1.8 2.0 1.9 .81 
Ast. 49 Water 
Bottom 12 41 19 12 9.1 3.1 1.6 

Table Vb. Concentration of Chlorobiphenyls Relative to No. 153 

Sample 60 
IUPAC No. 
141 138 128 156 180 

Ast. 67 3-5 cm 
Sediment 8.9 .77 1.2 1.5 1.1 1.4 
Ast. 67 3-5 cm 
Pore Water 4.1 .70 1.2 1.2 .95 1.7 
Ast. 65 Water 
Surface 24 .33 .70 .70 .29 .48 
Ast. 65 Water 
Bottom 24 .42 .92 .76 .48 • 80 
Ast. 65 Part. 
Surface 6.2 .58 .99 .97 .63 1.1 
Ast. 65 Part. 
Bottom 5.0 .68 1.3 1.5 1.1 1.5 
Ast. 49 Water 
Surface 5.7 1.1 .93 1.8 .56 .84 
Ast. 49 Water 
Bottom 3.9 1.1 1.1 1.4 1.2 1.9 
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Table Via. Concentration of Chlorobiphenyls Relative to No. 153 

IUPAC No. 
Sample 52 49 44 70 95 101 87 
Bivalves 
M. edulis 0.93 4.2 1.6 2.2 1.8 1.3 .69 
M. mercenaria 1.4 6.0 2.5 1.7 1.2 1.0 .69 
A. Irradians .48 

Table VIb. Concentration of Chlorobiphenyls Relative to No. 153 

IUPAC No. 
Sample 60 141 138 128 156 180 
Bivalves 
M. edulis 6.1 .21 .97 .94 .63 .40 
M. mercenaria 5.7 1.0 1.3 1.2 1.1 1.7 
A. irradians 2.1 .57 1.1 .81 .25 .80 
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Table VIc. Concentration of Chlorobiphenyls Relative to No. 153 

IUPAC No. 
Sample 52 49 44 70 95 101 87 
Crustacea 
N. texons .09 .16 .05 .15 .33 .17 .08 
H. americanus 
Lob A Muse. .16 .58 .17 .27 .86 .28 .10 
Lob A Vise. .09 .33 .07 .15 .57 .21 .07 
Lob B Musc. .14 .24 .09 .20 1.1 .17 .08 
Lob Β Vise. .07 .11 .04 .10 .47 .14 .04 
Lob C Muse. .05 0 0 .05 .24 .08 .04 
Lob C Vise. .05 
Fish 
L. maculata .86 2.9 1.1 .95 1.1 .84 .54 
P. Americanus .07 .47 .10 .56 .40 .40 .39 

Table VId. Concentration of Chlorobiphenyls Relative to 
No. 153 

IUPAC No. 
Sample 60 141 138 128 156 180 
Crustacea 
N. texons 1. 6 .21 .25 .44 .75 1.2 
H. americanus 
Lob A Muse. 3. 1 .14 .97 1.2 1.1 1.2 
Lob A Vise. 1. 6 .07 .86 .94 .88 1.1 
Lob B Musc. 2. 7 .07 .86 1.3 1.0 1.0 
Lob Β Vise. 1. 5 .07 .89 1.2 1.0 1.4 
Lob C Muse. • 48 .07 .91 .81 .81 1.3 
Lob C Vise. 1. 1 .07 .96 1.2 .81 1.3 
Fish 
L. maculata 3. 2 .64 .99 1.0 .81 1.1 
P. americanus 1. 3 .64 .91 1.3 1.1 1.7 
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Figure 6. Plot of log K o w vs. log BCF. Numbers are IUPAC num
bers for chlorobiphenyls. Solid line i s expected plot from Chiou 
(22) using his equation log (BCF) - 0.893 log + 0.607. 
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normalized to l i p i d concentrations. However, we have not done this 
for three reasons. Fi r s t , we do not have l i p i d concentration data 
for these samples; unfortunately. Second, methods of l i p i d deter
mination are operational i n practice, and standardized or even 
common methodology for "total" l i p i d measurements are not commonly 
used. Third, incorporation of l i p i d values does not alter the 
expected linear correlation i n a log-log plot and thus the l i p i d 
data are not essential to our interpretations and discussion which 
follow. 

We have Included examples for M. edulis and H. americanus 
muscle and viscera from an individual organism and H. americanus 
muscle from duplicate samples at the same station and sampling time 
to indicate the range of variability for these types of plots. The 
viscera data plot closer to the region of the theoretical line be
cause of the l i p i d rich nature of viscera relative to muscle and 
whole mussel tissue. The data for the mussel are arranged i n a 
more linear fashion or
than the lobster data.
Kay (21) and Chiou (22) i n that provides an estimate of bio
concentration for neutral hydrophobic molecules. 

There appear to be some significant departures from linearity 
i n the log BCF-log K o w plot, but we cannot be certain because of 
the limited set of data. Also, we must caution that our assessment 
i s only preliminary i n this regard because we have assumed for pur
poses of this paper that our data are representative of the f i e l d 
situation over a period of time sufficient for "equilibrium" to be 
approximated closely. There are very few water measurements of 
this type available and certainly more are needed to test these 
assumptions of equilibrium. The few measurements we have made over 
the last few years have indicated that fluctuations of a factor of 
2 to 4 may occur i n total PCBs in the water column i n this area. 
Storm conditions may be an exception to this, but no data are 
available. Biota samples i n this study were not obtained immedi
ately after a storm. Repeated measurements of total PCBs i n lob
sters from this area by Massachusetts agency laboratories using 
packed column gas chromatography (23, 32), and less voluminous 
(unpublished) data from our laboratory by both packed column and 
glass capillary gas chromatography, suggest that concentrations of 
PCBs and more Importantly relative amounts of chlorobiphenyls, do 
not fluctuate temporally by a factor of more than 4 i n a given 
area, when averaging over a number of organisms. Data for the 
mussel M. edulis at a station near Ft. Phoenix (Figure 1) on the 
hurricane barrier, remained within a factor of 3 for the period 
1978 to 1981 (25), encompassing the sampling period for most of 
the samples being considered. 

There can be errors in estimation or measurement of K Q W 

values that could cause some departure from linearity i n these 
plots by as much as factors of 2 to 4 (less than a log unit or 
factor of 10), which i s much less than some of the departures from 
linearity for a few chlorobiphenyls. Chiou (22) has noted that 
non-steady state exposure concentrations, short exposure times, 
storage of compounds i n non-lipid portions of tissues, and metabo
lism by organisms w i l l lead to discrepancies between predicted and 
measured BCF-Kow relationships. 
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We think that factors other than non-equilibrium conditions 
explain much of the departure from prediction of BCFs using K o w

, s , 
There i s evidence to suggest selective metabolism of chlorobi
phenyls i n certain species (14) and i t has been shown that some 
species of f i s h and Crustacea contain mixed fu n c t i o n oxidase a c t i 
vity that i s probably capable of metabolizing certain biphenyls at 
different rates (33). Furthermore, the mixed function oxidase 
a c t i v i t y i n selected species of f i s h and Crustacea tested has been 
induced to higher levels of activity by exposure to xenobiotics 
while, thus far, only low levels of activity can be demonstrated 
in b i v a l v e s (33). This i s interesting as i t i s consistent with 
our finding that the mixture of chlorobiphenyls i n bivalves more 
closely approximates a mixture of Aroclors than does the mixture 
of chlorobiphenyls i n lobster, crab and flounder. 

Duinker and co-workers (20) noted results similar to ours for 
comparison of PCBs in Crangon sp. (a shrimp) and PCBs in i t s habi
tat. Ballschmitter and
ses of chlorinated hydrocarbo
vidual f i s h from different habitats, usually well removed from the 
Immediate vicinity of point source inputs (34). The glass capil
lary gas chromatographic patterns they report are generally simi
lar to those we have found for f i s h from our study site i n that 
they depart significantly from an Aroclor 1254 or 1242 type mix
ture. There are some differences in detail among species i n our 
study and i n their studies, that are as yet unexplained, but could 
be related to specificity of uptake or metabolism by biota. For 
example, there i s the marked difference of the presence of chloro
biphenyl No. 138 i n the lobster and i t s absence i n appreciable 
amounts i n the small green crab (Figure 3), even though both are 
crustacea and inhabit the same benthic region. 

This may be due to specificity of metabolism of certain chloro
biphenyls by species specific enzyme systems. 

There are as yet no conclusions nor even a consensus hypothesis 
as to which types of chlorine substitution patterns govern ease of 
metabolism by enzymes. Some researchers favor the hypothesis that 
chlorine substitution at the 4,4' or combinations at the 3,5; 3'5* 
positions of the biphenyl molecule block ease of enzymatic epoxi-
dation of easily accessible vicinal carbons (14, 35). Other 
researchers suggest that 2,2* or 6,6* substitutions or some com
bination reduce coplanarity of the biphenyl rings thereby causing 
a steric hinderanee to enzymatic activity or transfer across mem
branes (14, 36). Our data on individual chlorobiphenyls i n biota 
does not yet encompass a wide enough range of chlorobiphenyl struc
tures to test these hypotheses which must be tested rigorously with 
isotopically labeled chlorobiphenyls i n carefully controlled 
experiments i n any event. 

General Discussion 

It should have been obvious from f i r s t principles and certainly 
reinforced by the advent of several sets of data by glass capil
lary gas chromatography, that packed column gas chromatographic 
analyses do not provide adequate information about marked composi
tional differences between species of biota and between species 
and their habitat. More detailed compositional information i s 
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important for understanding factors controlling the biogeochemical 
cycle of PCBs i n the environment; more specifically aquatic eco
systems including estuaries. Our data have demonstrated this for 
the case of a severely polluted coastal estuarine area, both for 
the data discussed herein and for pore water, sediment and water 
column data presented and discussed elsewhere (10, 30). 

Parameters such as solub i l i t i e s and K o w
, s provide a f i r s t 

order predictive capability concerning bioconcentration i n biota, 
but departures from predicted distributions due to kinetic factors 
involved with uptake and release and metabolic transformations have 
a marked influence. While equilibrium considerations are a good 
starting point, i t i s necessary to move beyond these to dynamical 
considerations to provide better general knowledge for such ques
tions as risk assessment i n waste disposal to the ocean, and clean
up of severely polluted estuarine coastal areas. There has been 
some progress, but more research concerned with kinetic factors 
and dynamics i n biogeochemica
needed. 

The most important message contained i n our glass capillary 
gas chromatographic analyses of PCBs, and those of others, i s that 
public health standards are probably outdated. The edible portions 
of f i s h and lobsters i n samples from our study area contain mix
tures of PCBs markedly different i n composition compared to indus
t r i a l Aroclor mixtures used i n most experiments assessing adverse 
effects on animals. The 2 to 5 ppm (wet weight) total PCBs guide
line may be overprotecting or underprotecting public health. This 
dual edge sword problem could cut either way and needs evaluation 
in the public health research sector. Some attention has been 
focused on this issue i n the European community (37). Since i t 
has been established that individual chlorobiphenyls can have a 
range of potency in regard to biological activity (14), i t i s 
important to understand the biogeochemical cycles of individual 
chlorobiphenyls as well as the bulk mixture, for which there i s a 
significant amount of information i n regard to f i r s t order environ
mental behavior (12, 14). 

Furthermore, as we emphasized i n the introduction, PCBs can 
serve as model compounds for studying several aspects of processes 
active on a wide range of organic compounds. The f u l l potential 
of this approach can be realized only via experiments and f i e l d 
programs involving determinations and interpretations of a range 
of types of individual chlorobiphenyls. 
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12 
Polychlorinated Biphenyls and Hydrocarbons 
Distributions among Bound and Unbound Lipid Fractions 
of Estuarine Sediments 

H . R. Beller1 and B. R. T. Simoneit 

Environmental Geochemistry Group, College of Oceanography, Oregon State University, 
Corvallis, OR 97331 

Selective extraction was used to operationally deter
mine the quantitative and qualitative distributions of 
PCB's and saturated hydrocarbons among free l ip id 
(FL), humic acid
four contaminated estuarine sediments. In all sam
ples, over 90% of the total sedimentary PCB's and 
hydrocarbons were extracted with FL fractions. Bound 
(HA and HU) and free assemblages of these compounds 
may have derived from different sources. Two polar, 
chlorinated pollutants also detected in this study, 
hexachlorophene (HCP) and pentachlorophenol (PCP), 
were proportionately more concentrated in bound frac
tions than the non-polar compounds; HCP was detected 
only in HA fractions and was probably chemically bound 
to refractory organic matter. Selective extraction 
is a promising technique for investigating strongly 
bound polar pollutants, such as HCP, which apparently 
are not recovered by conventional solvent extraction. 

Suspended and bottom sediments are widely regarded as a sink for 
PCB's and other hydrophobic organic pollutants released into aquatic 
systems. The mechanism commonly proposed to explain the affinity of 
PCB1s for sediments is equilibrium sorption or partitioning, which 
is a function of the aqueous solubil ity of PCB isomers and the 
attractiveness of the sedimentary matrix to PCB1s (1-4) . Field and 
laboratory studies indicate that sedimentary organic matter plays a 
fundamental role in PCB-sediment associations (5-12) and that humic 
substances are important components of the sedimentary organic ma
tr ix for such associations (6,13-16). For example, Choi and Chen 
(6) found that sedimentary PCB and DDT concentrations were linearly 
related to the humic acid content of sediments from Los Angeles 
Harbor. Pierce et a l . (15) determined that humic acid could account 

1Current address: Tetra Tech, Inc., 11820 Northup Way, Bellevue, WA 98005. 
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f o r over h a l f the s o r p t i o n c a p a c i t y of marine sediments i n a l a b o r a 
t o r y experiment i n v o l v i n g ρ,ρ'-DDT; s i m i l a r r e s u l t s were obtained i n 
an experiment w i t h hexachlorobutadiene ( 1 3 ) . More recent s t u d i e s 
have demonstrated that PCB isomers and DDT can become a s s o c i a t e d 
w i t h or incorporated i n t o d i s s o l v e d humic substances (17-19) and 
L i c h t e n s t e i n et a l . have shown that ρ,ρ'-DDT can become p a r t i a l l y 
"bound" ( s o l v e n t i n e x t r a c t a b l e ) i n wetted s o i l s a f t e r b r i e f incuba
t i o n ( 2 0 ) . While the i n c o r p o r a t i o n of s y n t h e t i c , hydrophobic p o l 
l u t a n t s i n t o r e f r a c t o r y organic matter has been i m p l i c a t e d by these 
s t u d i e s , i t has not been e x p l i c i t l y i n v e s t i g a t e d i n the f i e l d . 

The o b j e c t i v e of t h i s study was to determine, by s e l e c t i v e 
e x t r a c t i o n , whether or not non-polar, non-ionic p o l l u t a n t s (e.g., 
PCB's and petroleum hydrocarbons) can become "bound" i n n a t u r a l 
sediments, and, i f so, whether t h e i r q u a l i t a t i v e d i s t r i b u t i o n s pro
v i d e i n f o r m a t i o n about the i n c o r p o r a t i o n process. 

The i n c o r p o r a t i o n of non-polar compounds i n t o sedimentary o r 
ganic matter i s of i n t e r e s
has p r a c t i c a l environmenta
be undetected i n many environmental s t u d i e s because such s t u d i e s 
t y p i c a l l y employ simple solvent e x t r a c t i o n ; the q u a n t i t a t i v e s i g n i f 
icance of bound p o l l u t a n t s must be a s c e r t a i n e d to produce an accu
r a t e assessment of contamination. A l s o , the b i o l o g i c a l a v a i l a b i l i t y 
of sedimentary p o l l u t a n t s could depend on the nature of t h e i r asso
c i a t i o n w i t h organic matter. For example, "bound" PCB's entrapped 
w i t h i n humic matrices might be l e s s a c c e s s i b l e to benthic fauna than 
" f r e e " PCB's. 

Methods 

Figure 1 presents a f l o w diagram of the s e l e c t i v e e x t r a c t i o n proce
dure. This procedure was designed to e f f e c t exhaustive e x t r a c t i o n s 
at each stage and to t r e a t FL, HA, HU f r a c t i o n s as s i m i l a r l y as 
p o s s i b l e . Dried sediment samples ( c a . 90 to 140 g, dry wt) were 
Soxhlet e x t r a c t e d w i t h a z e o t r o p i c toluene/methanol (1:3, v/v) f o r 
over 95 hr ( c a . 115 c y c l e s ) with a solvent change at 30 h r ; a l l 
solvents used were d i s t i l l e d - i n - g l a s s and of high p u r i t y (Burdick 
and Jackson)· Humic substances were e x t r a c t e d w i t h f i v e successive 
one l i t e r a d d i t i o n s of solvent-cleaned 0.2 Ν Κ0Η. The combined 
aqueous e x t r a c t was f i l t e r e d through a Whatman GF/A g l a s s f i b e r 
f i l t e r ( t o remove suspended sediments from the e x t r a c t ) , a c i d i f i e d 
( t o p r e c i p i t a t e the humic a c i d ) , and r e - f i l t e r e d ( t o separate humic 
and f u l v i c a c i d s ) . The humic a c i d p r e c i p i t a t e was r i n s e d through 
the f i l t e r w i t h 0.2N KOH, r e s u l t i n g i n a b a s i c humic e x t r a c t without 
f i n e p a r t i c l e s . The f i l t e r s and trapped p a r t i c l e s were added to the 
r e s i d u a l sediment. The purpose of s a p o n i f y i n g humic f r a c t i o n s was 
to d i s p e r s e the polymers i n the presence of organic s o l v e n t s , thus 
r e l e a s i n g entrapped or sorbed compounds. The FL e x t r a c t s were 
s a p o n i f i e d to make them comparable to HA and HU f r a c t i o n s . The 
strong base used to saponify FL, HA, and HU f r a c t i o n s converted DDT 
( d i c h l o r o d i p h e n y l t r i c h l o r o e t h a n e ) to DDE ( d i c h l o r o d i p h e n y l d i c h l o r o -
ethylene) by dehydrohalogenation; thus, DDT i s reported as DDE i n 
t h i s study. Separatory funnel e x t r a c t i o n s of s a p o n i f i e d e x t r a c t s 
were c a r r i e d out at >pH 12 and <pH 2. The organic e x t r a c t s from 
l i q u i d - l i q u i d e x t r a c t i o n were rotoevaporated to near dryness and 
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t r e a t e d w i t h diazomethane according to the procedure of Fales et a l . 
(21). E x t r a c t s were methylated to f a c i l i t a t e the a n a l y s i s of f a t t y 
a c i d s ( r e s u l t s not reported i n t h i s paper). D e r i v a t i z e d e x t r a c t s 
were subjected to preparatory t h i n l a y e r chromatography (TLC) on 
Analtech s i l i c a GHL p l a t e s ; the e l u t i o n solvent was 6.6% d i e t h y l 
ether/hexane. Bands were v i s u a l i z e d by exposing the p l a t e s to 
i o d i n e vapor. Saturated hydrocarbons and c h l o r i n a t e d compounds were 
c o l l e c t e d together i n a broad band d i r e c t l y beneath the solvent 
f r o n t . These hydrocarbon/PCB f r a c t i o n s were d i s s o l v e d i n hexane and 
t r e a t e d w i t h m e t a l l i c mercury to remove elemental s u l f u r p r i o r to 
gas chromatographic a n a l y s i s . 

Examination of TLC f r a c t i o n s beneath hydrocarbon/PCB bands 
i n d i c a t e d that c e r t a i n PCB isomers d i d not e l u t e w i t h the c o l l e c t e d 
bands and were not analyzed. However, c o l l e c t i o n techniques were 
c o n s i s t e n t and q u a n t i a t i v e and q u a l i t a t i v e intrasample comparisons 
are v a l i d inasmuch as they are based on the same pool of isomers. 

C h l o r i n a t e d compound
t r o n capture d e t e c t i o n (GC-ECD
w i t h a DB-1701 fused s i l i c a , c a p i l l a r y column (30 m, 0.25 mm i . d . ; J 
& W S c i e n t i f i c ) . Helium and n i t r o g e n were the c a r r i e r and make-up 
gases, r e s p e c t i v e l y . The i n j e c t o r and detector temperatures were 
260 C and 285 C. The column oven was temperature programmed from 
65°C (held 1 min) to 230°C at 25°C/min, held at 230°C f o r 7.4 min, 
and then heated to 245°C at 10°C/min. The l i n e a r v e l o c i t y at maxi
mum temperature was c a . 50 cm/sec. A l l GC i n j e c t i o n s i n t h i s study 
were s p l i t l e s s w i t h the i n l e t purged 1 minute a f t e r i n j e c t i o n . The 
r e t e n t i o n time of decachlorobiphenyl under these c o n d i t i o n s was 
approximately 26 minutes. 

Non-chlorinated hydrocarbons were analyzed by gas chromatogra-
phy-flame i o n i z a t i o n d e t e c t i o n (GC-FID) with a Hewlett-Packard Model 
5890 GC f i t t e d w i t h a 30 m, 0.25 mm i . d . DB-5 column ( J & W S c i e n 
t i f i c ) . As f o r the ECD analyses, helium and n i t r o g e n were the c a r 
r i e r and make-up gases. The column oven was programmed from 65 C 
(held 5 min) to 130°C at 10°C/min and then heated to 275°C at 
5 C/min. The l i n e a r v e l o c i t y at 275 was ca. 20 cm/sec. I n j e c t o r 
and detector temperatures were 290°C and 325°C. 

Gas chromatography-mass spectrometry (GC-MS) was c a r r i e d out on 
s e l e c t e d samples e i t h e r to confirm compounds i d e n t i f i e d by r e t e n t i o n 
times or to i n v e s t i g a t e the i d e n t i t i e s of other peaks of i n t e r e s t . 
Samples were run on a F i n n i g a n Model 9610 GC coupled to a Finnigan 
Model 4021 quadrupole MS. Mass spectrometric data were acquired and 
processed w i t h a Finnigan-INCOS 2300 Data System. The MS was oper
ated i n e l e c t r o n impact mode with 70 eV e l e c t r o n energy. Gas chro
matographic c o n d i t i o n s were comparable to those used f o r GC-FID. 

PCB q u a n t i f i c a t i o n i s d i f f i c u l t because the ECD has a v a r i a b l e 
response to the 209 p o s s i b l e isomers depending on t h e i r degree of 
c h l o r i n a t i o n , and s e c o n d a r i l y , on t h e i r c h l o r i n e s u b s t i t u t i o n pat
terns (22-26) . While t h i s study o n l y r e q u i r e d r e l a t i v e (intrasam
ple) PCB q u a n t i f i c a t i o n , detector response s t i l l had to be standard
i z e d so FL, HA, and HU assemblages w i t h d i s t r i b u t i o n maxima i n 
d i f f e r e n t c h l o r i n e content ranges could be compared r e l i a b l y . The 
c o - e l u t i o n of isomers and the cost of authentic isomer standards 
precluded i s o m e r - s p e c i f i c q u a n t i f i c a t i o n . Thus, PCB peaks were 
grouped according to t h e i r r e t e n t i o n times ( s t r o n g l y r e l a t e d to 
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number of c h l o r i n e s u b s t i t u e n t s ) and the summed area of each group 
was c o r r e c t e d w i t h an appropriate response f a c t o r . T o t a l PCB con
c e n t r a t i o n s were estimated as the sum of a l l i n d i v i d u a l group con
c e n t r a t i o n s . Retention time boundaries f o r each homolog group ( d i -
through decachlorobiphenyl) were constructed from the r e t e n t i o n 
times of peaks of known c h l o r i n e content i n a 1:1:1 (wt/wt/wt) 
standard mixture of A r o c l o r 1242:1254:1260 (standard used i n 25). 
This technique was p o s s i b l e because r e t e n t i o n times were very repro
d u c i b l e and v i r t u a l l y a l l sample peaks corresponded to peaks i n the 
standard. Non-PCB peaks (e.g., methylated c h l o r i n a t e d phenols) were 
excluded from t h i s q u a n t i f i c a t i o n . R e l a t i v e response f a c t o r s were 
estimated f o r each homolog group using two types of data from recent 
l i t e r a t u r e : the abundances of isomers i n A r o c l o r s 1242, 1254 and 
1260 (27,28) and the response f a c t o r s of each of these isomers (24). 
F o r t y f i v e isomers i n c l u d i n g r e p r e s e n t a t i v e s from a l l homolog groups 
were chosen that account f o r over 70 mole percent of the c h l o r o b i 
phenyls i n each of the A r o c l o
response f a c t o r s r e l a t i v
standard, were c a l c u l a t e d from the 45 isomers. Selected isomer 
standards were used to v e r i f y that l i t e r a t u r e values were a p p l i c a b l e 
to the GC-ECD system used i n t h i s study. 

This q u a n t i f i c a t i o n technique was tested on a commercial mix
ture of known composition, A r o c l o r 1242. The weight percentages of 
each homolog c l a s s i n the A r o c l o r were determined and compared to 
approximate values provided by the manufacturer (Table I ) . Agree
ment between the determined and manufacturer's values was considered 
s u f f i c i e n t f o r t h i s study. 

Table I . Homolog Composition of A r o c l o r 1242 (wt. %) 

ICI 2C1 3C1 4C1 5C1 6C1 7C1 8C1 9CF 
Manufacturer 1.0 16.0 43.0 27.0 9.0 4.0 
Determined 14.0 45.7 24.5 9.5 2.9 2.1 1.3 0*1 

Saturated hydrocarbons were q u a n t i f i e d w i t h perdeuterated t e t -
racosane as a c o - x n j e c t i o n standard. T o t a l hydrocarbon concentra
t i o n s were determined by e l e c t r o n i c a l l y i n t e g r a t i n g the area above a 
blank b a s e l i n e ; resolved hydrocarbon concentrations were determined 
by i n t e g r a t i n g peak areas above an unresolved envelope. I n d i v i d u a l 
n-alkanes were i d e n t i f i e d by comparison of sample peak r e t e n t i o n 
times to those of an e x t e r n a l standard mixture. 

Sedimentary organic carbon contents were determined by wet 
o x i d a t i o n and dry combustion according to the procedure of Weliky et 
a l . (29). 

Sample D e s c r i p t i o n s 

A l l samples c o n s i s t e d of f i n e - g r a i n e d , organic m a t t e r - r i c h sediments 
from areas of known PCB contamination. 

Samples NB(0-3) and NB(29-31) were derived from the 0-3 cm and 
29-31 cm horizons of a l a r g e volume box core taken at S t a t i o n 67 of 
Summerhayes et a l . (30) i n Buzzards Bay, near New Bedford, Mass. 
The sedimentation r a t e at t h i s s i t e , which borders a dredged naviga-
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t i o n channel, i s unknown. The organic carbon contents of NB(0-3) 
and NB(29-31) were 5.76% and 4.79%. The Acushnet River and adjacent 
areas of Buzzards Bay are se v e r e l y contaminated w i t h PCB's due to 
chronic r e l e a s e s from two c a p a c i t o r manufacturing p l a n t s (31-33) . 

Sample HR (3.70% organic carbon) was c o l l e c t e d w i t h a Shipek 
grab sampler from a marginal cove i n the Hudson River approximately 
60 r i v e r m iles north of the southern t i p of Manhattan ( 1 ) . The 
jan^ple c o n s i s t e d of the top 10 cm of sediment, which according to a 

Cs p r o f i l e of t h i s core, encompassed 25 years of sedimentation 
(Dr. R. Bopp, pers. comm.). PCB contamination i n the Hudson R i v e r , 
due predominantly to two c a p a c i t o r manufacturing p l a n t s , i s w e l l 
documented (1,34,35). 

Sample LA (3.71% organic carbon) was a composite of 0-2 cm 
se c t i o n s of sediment cores taken from near the Terminal I s l a n d 
sewage o u t f a l l i n Los Angeles-Long Beach Harbor (33 43 ,51" Ν , 
118°14,27" W). 

S u l f i d e s , i n d i c a t i v
a l e n t i n samples NB(0-3)

R e s u l t s and D i s c u s s i o n 

C h l o r i n a t e d hydrocarbons; PCB 1s and DDE. Table I I d i s p l a y s the 
d i s t r i b u t i o n s of PCB 1s and DDE among FL, HA, and HU f r a c t i o n s (as 
percent of t o t a l sedimentary concentrations) and the t o t a l sedimen
t a r y concentrations on a dry wt. b a s i s . The tabulated concentra
t i o n s are intended only to denote r e l a t i v e trends i n PCB d i s t r i b u 
t i o n and are not considered a b s o l u t e . Over 90% of the t o t a l PCB's 
and DDE i s associated w i t h the FL f r a c t i o n . This f i n d i n g i s not i n 
accord w i t h s o r p t i o n experiments (e.g., 15), which i n d i c a t e that 
over h a l f of the PCB 1s or DDE should be associated w i t h humic sub
stances. Thus, s o r p t i o n may not be a c o n t r o l l i n g f a c t o r i n the 
d i s t r i b u t i o n s of PCB 1s among organic matter f r a c t i o n s . While ex
haustive Soxhlet e x t r a c t i o n may have removed some humic acid-asso
c i a t e d PCB 1s along w i t h f r e e PCB's, a t r i a l humic a c i d e x t r a c t i o n of 
a subsample that had not been solvent e x t r a c t e d i n d i c a t e d that such 
procedural a r t i f a c t s could not e x p l a i n the discrepancy between the 
r e s u l t s of t h i s study and those of P i e r c e et a l . ( 1 5 ) . 

a b 
Table I I . R e l a t i v e PCB and DDE D i s t r i b u t i o n s * 
Sample FL HA HU T o t a l 
NB(0-3) 91% 0.96% 8.1% 1.3 ppm PCB 
NB(29-31) 99% 0.12% 1.2% 6.5 ppm PCB 
HR 98% 0.87% 1.4% 1.4 ppm PCB & DDE 
LA 99.9% - 0.10% 100 ppb DDE 

ca . 100% 91 ppb PCB 

as percent of t o t a l sedimentary concentrations 

k T o t a l percentages may deviate from 100 due to rounding e r r o r . 

Q u a l i t a t i v e PCB d i s t r i b u t i o n s of the New Bedford samples sug
gest that f r e e and bound PCB's may have derived from d i f f e r e n t 
sources. Figure 2 presents c a p i l l a r y ECD chromatograms of the FL 
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Figure 2. C a p i l l a r y GC-ECD t r a c e s of FL and HU f r a c t i o n s of 
samples NB(0-3) and NB(29-31). Peak a i s pentachlorophenol (as 
methyl ether d e r i v a t i v e ) ; the remaining peaks are PCB's. STD -
c o - i n j e c t i o n standard, decachlorobiphenyl. Approximate e l u t i o n 
ranges of d i - through decachlorobiphenyl are d e l i n e a t e d . 
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and HU f r a c t i o n s of samples NB(0-3) and NB(29-31). PCB's w i t h f i v e 
or more c h l o r i n e s u b s t i t u e n t s , which are h i g h l y r e s i s t a n t to micro
b i a l degradation ( 3 6 ) , provide a good b a s i s f o r q u a l i t a t i v e compari
son of sample f r a c t i o n s . The r e l a t i v e i n t e n s i t i e s of peaks f 
through 1 i n the two FL f r a c t i o n s (Figure 2) are markedly d i f f e r e n t 
than i n the corresponding HU f r a c t i o n s . Furthermore, the r e l a t i v e 
i n t e n s i t i e s of s e v e r a l peaks d i f f e r c o n s i d e r a b l y between the two FL 
f r a c t i o n s (e.g., peak c l u s t e r s g,h and k , l ) , yet these d i f f e r e n c e s 
are not apparent i n the two HU f r a c t i o n s . In f a c t , the assemblages 
of higher c h l o r i n a t e d isomers (peaks f through 1) i n the HU f r a c 
t i o n s are very s i m i l a r and may d e r i v e from the same source. I f the 
PCB sources f o r the FL and HU f r a c t i o n s of each sample were the 
same, then a strong q u a l i t a t i v e s i m i l a r i t y between FL and HU f r a c 
t i o n s of a given sample would be expected, b a r r i n g s e l e c t i v e i n c o r 
p o r a t i o n processes. Even s e l e c t i v e i n c o r p o r a t i o n or s e l e c t i v e d i a 
genetic processes could not e x p l a i n the s i m i l a r i t y of the HU f r a c 
t i o n s since the FL f r a c t i o n
PCB peaks at d i f f e r e n t r e l a t i v

Given that PCB mixtures are subject to numerous types of e n v i 
ronmental m o d i f i c a t i o n and that the agents of m o d i f i c a t i o n cannot be 
s p e c i f i e d w i t h c e r t a i n t y f o r a given sample, i t i s not p o s s i b l e to 
d e f i n i t i v e l y a s s i g n sources to f r e e and bound PCB assemblages based 
on q u a l i t a t i v e i n f o r m a t i o n . However, i t seems l i k e l y that f r e e 
PCB's were derived from the untreated, PCB-contaminated e f f l u e n t s 
that were discharged i n l a r g e q u a n t i t i e s by c a p a c i t o r manufacturers 
near the New Bedford s i t e and u p r i v e r from the Hudson River s i t e . 
PCB's, o f t e n combined w i t h o i l s f o r i n d u s t r i a l use, could have been 
components of p a r t i c l e surface coatings that were e x t r a c t a b l e w i t h 
organic s o l v e n t s . 

P o s s i b l e sources f o r bound PCB's are more problematic. How
ever, a q u a l i t a t i v e trend may y i e l d u s e f u l i n f o r m a t i o n about bound 
PCB sources: i n samples NB(0-3), NB(29-31), and HR, the bound 
f r a c t i o n s d i s p l a y e d narrower ranges of homolog groups and greater 
r e l a t i v e concentrations of l e s s c h l o r i n a t e d isomers than d i d FL 
f r a c t i o n s (Table I I I ) . (HA f r a c t i o n s are not included because 
procedural blanks revealed p o s s i b l e l a b o r a t o r y contamination.) 

Table I I I . PCB Homolog Compositions of FL and HU F r a c t i o n s (as wt. %) 

Sample F r a c t i o n 2C1 3C1 4C1 5C1 6C1 7C1 8C1 9C1 10C1 
NB(0-3) FL 22 10 5.7 49 5.0 6.2 2.0 0.28 -HU 23 45 15 14 2.8 0.39 0.08 - — 

NB(29-31) FL 6.7 6.7 8.0 49 21 6.9 2.2 0.09 -NB(29-31) 
HU 30 12 15 34 6.8 1.3 0.29 - -HR FL 9.4 31 19 22 7.1 2.7 4.4 1.4 3.4 
HU 18 46 19 13 1.8 0.75 2.0 0.61 — 

One p o s s i b l e explanation f o r t h i s trend i s that bound PCB's 
derived from an atmospheric source and were ass o c i a t e d w i t h soot 
p a r t i c l e s . Several physicochemical p r o p e r t i e s of PCB's could favor 
the generation of atmospheric assemblages enriched i n l e s s c h l o r i 
nated isomers; l a b o r a t o r y s t u d i e s of PCB's demonstrate that there i s 
a trend toward higher vapor pressure w i t h decreasing c h l o r i n e 
content (37) and that photodecomposition s e l e c t i v e l y destroys higher 
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c h l o r i n a t e d isomers (38). Furthermore, a p o s s i b l e source of atmos
pheric PCB's e x i s t s i n the New Bedford area, as s i g n i f i c a n t atmos
pheric loadings from i n c i n e r a t i o n of PCB-contaminated sewage sludge 
have been reported near the sample s i t e (32,33). PCB's ass o c i a t e d 
w i t h soot p a r t i c l e s would be o p e r a t i o n a l l y defined as bound i f they 
were i n e x t r a c t a b l e w i t h organic solvents but were released by sapon
i f i c a t i o n . 

Environmental transformation processes, such as m i c r o b i a l 
degradation, may have a f f e c t e d q u a l i t a t i v e PCB d i s t r i b u t i o n s and 
may, i n p a r t , account f o r the greater abundances of l e s s c h l o r i n a t e d 
isomers i n bound r e l a t i v e to fr e e PCB assemblages. Oxidative 
m i c r o b i a l a c t i v i t y tends to s e l e c t i v e l y degrade l e s s c h l o r i n a t e d 
PCB's (36,39-41) whereas re d u c t i v e m i c r o b i a l dehalogenation i s 
thought to p r e f e r e n t i a l l y a f f e c t more h i g h l y c h l o r i n a t e d PCB's (4 2 ) . 
Thus, the e f f e c t of m i c r o b i a l a c t i v i t y would have depended on 
sedimentary redox c o n d i t i o n s and on the r e l a t i v e a c c e s s i b i l i t y of 
fre e and bound PCB's to

Saturated Hydrocarbons. Saturated hydrocarbons, l i k e c h l o r i n a t e d 
hydrocarbons, tended to d i s t r i b u t e predominantly i n the FL f r a c t i o n s 
of sediments (Table I V ) . S i m i l a r q u a n t i t a t i v e r e s u l t s were reported 
i n s t u d i e s of e s t u a r i n e (43) and l a c u s t r i n e (44) sediments. 

Table IV. R e l a t i v e Saturated Hydrocarbon D i s t r i b u t i o n s a 

Sample FL HA HU T o t a l 
NB(0-3) 99.8% 0.11% 0.11% 719 ppm 

( i o ) B (45) 
NB(29-31) 99.8% 0.04% 0.17% 637 ppm 

(10) (28) 
HR 99.5% 0.05% 0.48% 204 ppm 

(18) (17) 
LA 99.9% 0.05% 0.09% 64 ppm 

(10) (67) 

as percent of t o t a l sedimentary concentrations 

k p a r e n t h e t i c a l values are r e s o l v e d / t o t a l as percent 

Several l i n e s of evidence suggest that a l l of the samples were 
from petroleum-contaminated areas: 1) FL f r a c t i o n s of a l l samples 
contained a l a r g e unresolved complex mixture (UCM) of hydrocarbons 
w i t h a broad b o i l i n g point range, which i s a strong i n d i c a t i o n of 
petroleum contamination (45,46), 2) the l e v e l s of t o t a l hydrocarbons 
were g e n e r a l l y above l e v e l s c o n s i s t e n t w i t h biogenic production, 
and 3) a s e r i e s of (17α H, 213 H)-hopanes, considered to be good 
markers of petroleum contamination (47) , were the predominant t r i -
terpenoids i n FL f r a c t i o n s from a l l study areas. 

A general p a t t e r n of hydrocarbon d i s t r i b u t i o n c h a r a c t e r i z e s 
samples NB(0-3), NB(29-31), and LA: the UCM i s the predominant 
component of FL f r a c t i o n s but i s much l e s s s i g n i f i c a n t i n HU f r a c 
t i o n s (see r e s o l v e d / t o t a l values i n Table IV; q u a l i t a t i v e HA d i s t r i 
butions w i l l not be discussed as procedural blanks i n d i c a t e d p o s s i 
ble l a b o r a t o r y contamination). This trend i s most pronounced i n 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. BELLER AND SIMONEIT PCBs and Hydrocarbons 207 

sample IA (Figure 3 ) , the HU f r a c t i o n of which contains n-alkanes 
c h a r a c t e r i s t i c of t e r r e s t r i a l p lant waxes (a predominance of n-
alkanes from C23~ C31 w i t n a n i 8 n odd:even preference; 48-50) whereas 
the FL f r a c t i o n has a l a r g e UCM w i t h superimposed t e r r e s t r i a l a l 
kanes. The NB samples d i s p l a y a s i m i l a r trend but the HU f r a c t i o n s 
are more complicated (Figure 4 ) . Peaks a and b, major components of 
the HU f r a c t i o n s , y i e l d e d mass spectra w i t h molecular ions at m/z 
362 and base peaks at m/z 81. These u n i d e n t i f i e d compounds may be 
c y c l i c o l e f i n s w i t h elemental compositions of Co6 H50* S a m P l e i s 

an exception to t h i s trend and i t s FL and HU hydrocarbon d i s t r i b u 
t i o n s are s i m i l a r , as can be i n f e r r e d from the resolved/unresolved 
values i n Table IV. 

One p o s s i b l e e x p l a n a t i o n f o r the general trend i n hydrocarbon 
d i s t r i b u t i o n i s that d e t r i t a l p a r t i c l e s (e.g., v a s c u l a r plant f r a g 
ments) c o n t a i n i n g some s o l v e n t - i n e x t r a c t a b l e hydrocarbons are major 
c o n t r i b u t o r s to the HU hydrocarbon f r a c t i o n s , whereas the FL hydro
carbons (mostly petroleu
components, perhaps as surfac
f r a c t i o n a t i o n study supports the idea that w i t h i n a sedimentary 
m a t r i x , hydrocarbons of d i f f e r e n t sources can be a s s o c i a t e d w i t h 
d i s t i n c t p a r t i c l e types or surfaces (51)· I f a p o r t i o n of hydrocar
bons i n plant d e t r i t u s were entrapped and u n a v a i l a b l e to solvents 
during e x t r a c t i o n , t h i s m a t e r i a l might be released during s a p o n i f i 
c a t i o n . 

C h l o r i n a t e d Phenols: HCP and PCP. Two phenolic p o l l u t a n t s d e r i v a -
t i z e d as methyl e t h e r s , pentachlorophenol (PCP) and hexachlorophene 
(HCP or 2 , 2 , - m e t h y l e n e b i s ( 3 , 4 , 6 - t r i c h l o r o p h e n o l ) ) , e l u t e d w i t h PCB's 
during TLC s e p a r a t i o n . The i d e n t i t i e s of these compounds i n samples 
were confirmed by comparison of r e t e n t i o n times and mass spectra to 
those of methylated standards. S a l i e n t features of these mass spec
t r a are described by Buhler et a l . ( 5 2 ) . 

In the two samples i n which i t s presence was confirmed, HR and 
NB(0-3), HCP occurred o n l y i n HA f r a c t i o n s and was a major c h l o r i 
nated component of these f r a c t i o n s . Figure 5 d e p i c t s t h i s d i s t r i b u 
t i o n p a t t e r n i n sample HR. Note that the c h l o r i n a t e d phenols, HCP 
and PCP, were e s s e n t i a l l y the o n l y c h l o r i n a t e d compounds i n the HA 
f r a c t i o n . HCP may have occurred i n the HA f r a c t i o n s of samples LA 
and NB(29-31) but was not confirmed due to low c o n c e n t r a t i o n s . HCP 
was not detected i n any blanks. 

The occurrence of HCP i n HA f r a c t i o n s and i t s absence i n FL 
f r a c t i o n s suggests that the p o l l u t a n t was s t r o n g l y a s s o c i a t e d w i t h 
organic matter and was probably deposited i n the sediments i n bound 
form. HCP may have been c o v a l e n t l y bound to organic matter and r e 
leased h y d r o l y t i c a l l y during base treatment. Laboratory s t u d i e s 
support these observations: M i l l e r et a l . (53) demonstrated that 
HCP c o v a l e n t l y binds to r a t t i s s u e p r o t e i n ( i n v i t r o ) and Mathur and 
Morley (54) showed that a s t r u c t u r a l l y s i m i l a r compound, methoxy-
c h l o r (2,2,-bis(£-methoxyphenyl)l,l,l-trichloroethane), s t r o n g l y as
s o c i a t e d w i t h a s y n t h e t i c humic a c i d . 

While some HCP may have been recovered w i t h FL f r a c t i o n s i f 
Soxhlet e x t r a c t i o n s had been performed at lower pH's, PCP d i s t r i b u 
t i o n s (Table V) i n d i c a t e that the 3:1 methanol/toluene mixture was 
capable of e f f i c i e n t l y e x t r a c t i n g phenolic compounds and that i n t e r -
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IS STD 29 
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Figure 3. C a p i l l a r y GC-FID tr a c e s of saturated hydrocarbons i n 
FL and HU f r a c t i o n s of sample LA. STD - c o - i n j e c t i o n standard, 
perdeuterated tetracosane; IS - i n t e r n a l standard, p-terphenyl; 
UCM - unresolved complex mixture. Chain lengths of odd-numbered 
n-alkanes are denoted. 
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Figure 5. C a p i l l a r y GC-ECD tr a c e s of FL, HA, and HU f r a c t i o n s of 
sample HR. PCP - pentachlorophenol (as methyl ether d e r i v a t i v e ) ; 
HCP - hexachlorophene (as dimethyl ether d e r i v a t i v e ) ; STD - deca
c h l o r o b i p h e n y l . Approximate PCB homolog e l u t i o n ranges are 
d e l i n e a t e d . 
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sample d i f f e r e n c e s i n phenolic d i s t r i b u t i o n s were c o n t r o l l e d by 
f a c t o r s other than the pH of Soxhlet e x t r a c t i o n (which was the same 
f o r a l l samples). 

The d e t e c t i o n of HCP i n environmental samples i s noteworthy not 
o n l y because of i t s unique d i s t r i b u t i o n , but a l s o because i t i s 
seldom reported i n environmental l i t e r a t u r e . Apparently, o n l y two 
papers document environmental HCP d i s t r i b u t i o n s and both were w r i t 
ten i n the e a r l y to mid 1970's. HCP concentrations i n the ppb range 
were reported f o r municipa l sewage e f f l u e n t s (52) and f o r water and 
sediments near sewage o u t f a l l s (55) . The commercial use of HCP, a 
powerful b a c t e r i o s t a t i c agent and germicide, has been g r e a t l y r e 
duced since a ban was i n s t i t u t e d by the FDA i n 1972. However, HCP 
i s very p e r s i s t e n t : a l a b o r a t o r y study revealed that HCP was appar
e n t l y not degraded i n r i v e r water and had a " h a l f l i f e " of 290 days 
i n e s t u a r i n e sediments at 22 °C ( 5 6 ) . Furthermore, the environmen
t a l r e l e a s e of HCP a f t e r 1972 i s p l a u s i b l e since some h o s p i t a l s 
s t i l l use the chemical an
m u n i c i p a l sewage treatmen

PCP, a general b i o c i d e w i d e l y used as a wood p r e s e r v a t i v e , may 
a l s o have been c h e m i c a l l y bound to sediments, although the evidence 
f o r t h i s i s not as strong as that f o r HCP. Table V, which presents 
PCP concentrations f o r FL, HA, and HU f r a c t i o n s of a l l samples, 
shows that PCP was a more s i g n i f i c a n t component of bound f r a c t i o n s 
than were the l e s s polar PCB's. S i m i l a r l y , Murthy et a l . found that 
PCP and a m i c r o b i a l l y methylated m e t a b o l i t e , p e n t a c h l o r o a n i s o l e , 
bound to HA and HU f r a c t i o n s of aerobic and anaerobic s o i l s over a 
24 day l a b o r a t o r y i n c u b a t i o n period (57)· 

Table V. R e l a t i v e PCP D i s t r i b u t i o n s (as % of t o t a l sed. cone.) 

Sample FL HA HU 
NB(0-3) 38% 17% 45% 
NB(29-31) 74% 3% 23% 
HR 86% 9% 5% 
LA 94% 2% 3% 

Conclusions 

1) Over 90% of t o t a l sedimentary PCB's and petroleum hydrocarbons 
were recovered w i t h FL f r a c t i o n s . 

2) Q u a l i t a t i v e PCB and hydrocarbon d i s t r i b u t i o n s among organic mat
t e r f r a c t i o n s suggest that f r e e and bound assemblages may d e r i v e 
from d i f f e r e n t sources i n a given sediment. 

3) P o l a r p o l l u t a n t s , such as c h l o r i n a t e d phenols, can occur l a r g e l y 
as c h e m i c a l l y bound components of r e f r a c t o r y organic matter. 

4) S e l e c t i v e e x t r a c t i o n could be a u s e f u l technique f o r i n v e s t i 
g a t i n g c h e m i c a l l y bound p o l l u t a n t s , which are not d e t e c t a b l e by 
conventional solvent e x t r a c t i o n . 
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Fate of Carbonized Coal Hydrocarbons 
in a Highly Industrialized Estuary 

Terry L. Wade1, Mahlon C. Kennicutt II1, and Elizabeth G. Merrill2 

1Department of Oceanography, Texas A&M University, College Station, TX 77843 
2Department of Environmental Regulations, Jacksonville, FL 32207 

Fluorescence and GC/MS analyses show that carbonized 
coal hydrocarbons are widespread contaminants of 
sediments in the Elizabeth River, Norfolk, Va. The 
highest levels are found in the vic ini ty of suspected 
sources and generall
tance from thes
are the predominant hydrocarbon component of car
bonized coal and can be uniquely detected even in the 
presence of petroleum hydrocarbons. Carbonized coal 
products are a chronic source of priority pollutant 
polynuclear aromatic hydrocarbons in the Elizabeth 
River. 

Determination of the quantities and types of anthropogenic hydro
carbons in the marine environment is essential in order to under
stand their fates and long- and short-term effects. Of particular 
interest are the polynuclear aromatic hydrocarbons (PNA's), because 
some of these compounds are known carcinogens. One of the major 
sinks for hydrocarbons released in the coastal environment is their 
incorporation into bottom sediments (1). Sediments near large 
urban areas may contain high concentrations of anthropogenic 
hydrocarbons due to their proximity to source areas (2). 
Resuspension of contaminated sedimentary material by natural 
(tides, storms, etc.) or by a r t i f i c i a l (dredging, shipping, etc.) 
means can disperse these pollutants to areas much larger than were 
originally effected. 

The Elizabeth River is located in a highly industrialized urban 
area and empties into lower Chesapeake Bay. The river is a major 
shipping channel for the Norfolk area and is regularly dredged to 
deepen channels or build new docking fac i l i t i e s . The industries 
along the river that could be considered potential sources of 
hydrocarbons include marine shipping terminals, ship drydock 
fac i l i t i e s , sewage treatment plants, wood preserving fac i l i t i es , a 
coal-fired electric power plant, dredging operations, and a dredge 
disposal s ite. 

Due to the large number of creosoted docking fac i l i t i e s , the 
existence of wood preserving plants, and the occurrence of creosote 
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s p i l l s i n the past, creosote may be a major c o n t r i b u t o r o f PNA's to 
E l i z a b e t h R i v e r sediments. 

The o b j e c t i v e s of t h i s study were to c h a r a c t e r i z e the hydro
carbon signature i n carbonized c o a l products (creosote and c o a l 
t a r ) , and then u s i n g t h i s s i g n a t u r e , determine i f carbonized c o a l 
products are a contaminant of E l i z a b e t h R i v e r sediments, and 
whether t h i s contamination i s tran s p o r t e d i n t o Chesapeake Bay. The 
carbonized c o a l product signature was developed u s i n g c a p i l l a r y gas 
chromatography (GC), gas chromatography/mass spectroscopy (GC/MS), 
and t o t a l scanning fluorescence. 

Methods and M a t e r i a l s 

Sediment samples were c o l l e c t e d u s i n g a grab sampler (which samples 
approximately the top 10 cm) aboard Old Dominion U n i v e r s i t y ' s 
research v e s s e l s , ODU-1 and Linwood Holton. The sample l o c a t i o n s 
are shown i n Figure 1.
solvent-washed j a r s u n t i
c o l l e c t e d from areas adjacent to the E l i z a b e t h R i v e r (Figure 1). 
Three samples of r e f i n e d creosote and one sample of c o a l t a r were 
a l s o analyzed. Creosote samples from A t l a n t i c Wood I n d u s t r i e s , the 
remaining op e r a t i v e c r e o s o t i n g f a c i l i t y on the E l i z a b e t h R i v e r , 
were not a v a i l a b l e . The woodstove soot sample was obtained from a 
domestic woodstove i n which predominantly hardwoods were burned. 
The d i e s e l stack soot sample was taken from the Linwood Holton. 
The No. 2 Fuel O i l sample i s of the type used l o c a l l y f o r home 
heat i n g . The Kuwait Crude O i l was k i n d l y s u p p l i e d by Robert Brown 
of Mote Marine Lab, Sarasota, F l o r i d a . 

Sediment samples were thawed and mixed to ensure homogeneity. 
The dry weight and percent water content of the sediments were 
determined by d r y i n g approximately 5 g of the sediment a t 105-110°C 
f o r s e v e r a l hours u n t i l a constant weight was reached. G r a i n - s i z e 
d i s t r i b u t i o n was determined by wet s i e v i n g and p i p e t t e a n a l y s i s . 

For hydrocarbon GC and GC/MS a n a l y s i s , sediment or other s o l i d 
sample (such as creosoted wood, soot, etc.) was placed i n a 50-ml 
c e n t r i f u g e tube; i n t e r n a l standards, n-eicosane (n-C20) and 3-
methy1fluoranthene, were added and the sample was s a p o n i f i e d / 
e x t r a c t e d (Metholic KOH) ( 3 ) . Sediment hydrocarbon concentrations 
determined u s i n g the above t e s t tube e x t r a c t i o n technique were 
w i t h i n the range of concentrations determined by Soxhlet and 
r e f l u x / s a p o n i f i c a t i o n e x t r a c t i o n o f l a r g e r sediment samples (4). 
L i q u i d samples (such as creosote, o i l , e tc.) were analyzed by 
d i s s o l v i n g the sample i n dichloromethane. The a l i p h a t i c ( f l ) and 
aromatic (f2) hydrocarbons were separated from other organics by 
t h i n - l a y e r chromatography (TLC) (5.6). 

The TLC sample f r a c t i o n s were i n j e c t e d on a Hewlett-Packard 
Model 5830 gas chromatograph equipped w i t h a 25-m SE-54 fused 
s i l i c a c a p i l l a r y column, u t i l i z i n g a flame i o n i z a t i o n d e t e c t o r 
(FID). The s i g n a l from the FID was recorded by a Hewlett-Packard 
Model 18850A r e p o r t i n g i n t e g r a t o r . The gas chromatograph was 
programmed from 70°C to 300°C at 10°C per minute. 

Q u a n t i t a t i v e determinations of hydrocarbon concentrations were 
made by comparing i n t e g r a t o r area counts of the i n t e r n a l standard 
w i t h i n t e g r a t o r area counts of the peaks or planimetry o f the 
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Figure 1. Sampling l o c a t i o n s f o r creosoted wood (C) and 
sediments (S) and the l o c a t i o n of the wood p r e s e r v i n g 
f a c i l i t i e s on the E l i z a b e t h R i v e r , N o r f o l k , VA. 
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unresolved complex mixture. Q u a l i t a t i v e determination of hydro
carbons i n the samples were made by comparison of r e t e n t i o n times 
of known compounds, c o - i n j e c t i o n w i t h known compounds, and by 
GC/MS. A Fin n i g a n OWA-Model 20 mass spectrometer coupled to a 
Sigma 3B gas chromatograph was used f o r the GC/MS a n a l y s i s . 
Procedural blanks and standards were run s y s t e m a t i c a l l y throughout 
the a n a l y s i s p e r i o d to determine i f contamination had occurred and 
to ensure the proper f u n c t i o n i n g of the gas chromatograph. The 
sample values reported are c o r r e c t e d f o r the presence of these 
procedural blanks. 

Samples f o r fluorescence analyses (15 g) were l y o p h i l i z e d , 
ground to a uniform s i z e w i t h a mortar and p e s t l e , and Soxhlet 
e x t r a c t e d w i t h hexane f o r 12 hours. A l l glassware and alundum 
thimbles were pre-cleaned w i t h Micro c l e a n i n g s o l u t i o n , washed w i t h 
nanograde s o l v e n t s , and combusted at 500°C f o r a t l e a s t 4 hours. 
The e x t r a c t s were concentrated to a volume of about 5 ml u s i n g a 
Buchi Rotovapor R. Car
the e x t r a c t was not brough
v o l a t i l i z a t i o n of l i g h t e  sampl  components
e x t r a c t was brought up to 7 ml and s t o r e d at 4°C i n the dark u n t i l 
f u r t h e r a n a l y s i s . This treatment minimizes p h o t o l y t i c l o s s e s and 
the chemical i n t e r a c t i o n s of the e x t r a c t e d compounds. A t o t a l 
system blank was r o u t i n e l y run f o r every set of samples processed 
and checked by both fluorescence and gas chromatography to ensure 
acceptable blank l e v e l s . 

The e x t r a c t was scanned to acquire a three-dimensional 
fluorescence s p e c t r a of emission wavelength, e x c i t a t i o n wavelength, 
and i n t e n s i t y u s i n g a Perkin-Elmer Model 650-40 UV-spectro-
fluorometer. This fluorometer i s c o n t r o l l e d by a Perkin-Elmer 
Model 3500 or 3600 data s t a t i o n . The t o t a l fluorescence 
e x c i t a t i o n - e m i s s i o n wavelength a r r a y i s f i l l e d f o r each sample by 
s e q u e n t i a l stepping of the e x c i t a t i o n monochromator over the 
wavelength range of i n t e r e s t and scanning w i t h the emission 
monochromator. Standard wavelength i n t e r v a l s are 200-500 nm f o r 
both e x c i t a t i o n and emission. 

R e s u l t s 

GC and GC/MS. A d e t a i l e d d i s c u s s i o n of the r e s u l t s of the GC and 
GC/MS analyses w i l l be presented elsewhere ( 3 ) . Gas chromatograms 
of hydrocarbon d i s t r i b u t i o n s provide a v i s u a l comparison of the 
s i m i l a r i t i e s and d i f f e r e n c e s between carbonized c o a l products, o i l 
products, and sediment samples. Chromatograms of the a l i p h a t i c 
( f l ) and aromatic (f2) f r a c t i o n s of Creosote A, the o i l s p i l l 
sample, and sediments from S t a t i o n S6 are shown i n Figures 2, 3, 
and 4, r e s p e c t i v e l y . The f l and f2 f r a c t i o n s may c o n t a i n r e s o l v e d 
peaks and a UCM. The f l f r a c t i o n contains r e s o l v e d peaks i n c l u d i n g 
n-alkanes, p r i s t a n e and phytane. The r e s o l v e d f2 peaks were 
d i v i d e d i n t o three groupings (Figure 2). The f i r s t group (PP) 
c o n s i s t s of the 16 Environmental P r o t e c t i o n Agency p r i o r i t y 
p o l l u t a n t PNA's (2). The second group c o n s i s t s of 25 other major 
r e s o l v e d peaks (MRP) t h a t were found i n most of the creosote 
samples. These peaks were i d e n t i f i e d by comparison of peak 
r e t e n t i o n times, c o - i n j e c t i o n w i t h standards, and/or c o n f i r m a t i o n 
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C12 C14 

Increasing Time and Temperature 

Figure 2. Gas chromatograms of the a l i p h a t i c ( f l ) and aromatic 
(f2) f r a c t i o n s of Creosote A. The f l f r a c t i o n contains 
i d e n t i f i e d n-alkanes i n the range of n - C l l through n-C16. 
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Figure 3. Gas chromatograms of the a l i p h a t i c ( f l ) and aromatic 
(f2) f r a c t i o n s of the o i l s p i l l sample. The f l f r a c t i o n 
contains i d e n t i f i e d n-alkanes i n the range of n-C12 through n-
C32 and p r i s t a n e (pr) and phytane (py). UCM-unresolved complex 
mixture. 
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Figure 4. Gas chromatograms of the a l i p h a t i c ( f l ) and aromatic 
(f2) f r a c t i o n s of the sediment sample from S t a t i o n S6. The f l 
f r a c t i o n contains i d e n t i f i e d n-alkanes i n the range of n - C l l 
through n-C31. UCM-unresolved complex mixture, I S - i n t e r n a l 
standard. 
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by GC/MS. S p e c i f i c peak i d e n t i t i e s and the l e v e l o f i d e n t i f i c a t i o n 
(8) are given elsewhere (3). The t h i r d group of peaks c o n s i s t s of 
a l l o f the remaining r e s o l v e d peaks (RRP). A l l carbonized c o a l 
products had chromatograms s i m i l a r to th a t shown by Figure 2. Few 
n-alkanes of higher molecular weight than n-C16 were detected and 
n-C15, normally present i n unweathered petroleum and b i o g e n i c 
samples ( 9 ) , was not u s u a l l y detected. The carbonized c o a l 
products contained 2% or l e s s o f t h e i r hydrocarbons i n the form of 
an unresolved complex mixture, w i t h the m a j o r i t y (41-63%) of the 
hydrocarbons present as r e s o l v e d PP (Figure 2). Roof t a r and c o a l 
t a r , which are by-products of the c o a l t a r d i s t i l l a t i o n process 
(10), had d i s t r i b u t i o n s s i m i l a r to that o f creosote, but w i t h a 
greater r e l a t i v e percent of the higher molecular weight compounds. 

In c o n t r a s t , the f l f r a c t i o n o f the o i l s p i l l sample (Figure 3) 
has a homologous s e r i e s of n-alkanes from n-C12 through n-C31 w i t h 
the dominant peaks i n the n-C15 through n-C18 range. There i s a l s o 
a UCM i n both the f l an
the f2 f r a c t i o n i n c l u d i n
of the hydrocarbons on  weigh  percen
O i l has no detectable a l i p h a t i c UCM which i s unusual f o r weathered 
petroleum products ( H ) . Woodstove soot, No. 2 Fue l O i l , d i e s e l 
stack soot, the o i l s p i l l sample, and Kuwait Crude O i l a l l 
contained a s u b s t a n t i a l percentage of t h e i r f2 hydrocarbon i n the 
form of a UCM. With the exception of woodstove soot, the f2 
f r a c t i o n s o f these samples contained the h i g h e s t percentages of RRP 
and the lowest percentages of PP. Woodstove soot contained 21% PP 
and 14.2% RRP. 

The chromatogram of the sediment sample e x t r a c t (Figure 4) has 
a hydrocarbon d i s t r i b u t i o n t h a t c o u l d be the r e s u l t o f weathered 
petroleum products mixed w i t h carbonized c o a l products. There i s a 
UCM present i n both the f l and f2 f r a c t i o n s , s i m i l a r to the o i l 
s p i l l sample (Figure 3). The r e s o l v e d f l f r a c t i o n contained lower 
molecular weight (n-C16 and below) n-alkanes, but n-C15 was not 
detected, as w i t h the creosote sample (Figure 2). The higher 
molecular weight r e s o l v e d η-alkane peaks, n-C25,27,29 and 31 are 
i n d i c a t i v e of a bi o g e n i c input (12.). The r e s o l v e d peaks i n the f 2 
f r a c t i o n are a l s o s i m i l a r to r e s o l v e d f2 peaks found i n the 
creosote sample (Figure 2). 

Hydrocarbon concentrations determined by GC f o r the sediment 
samples ranged from 0.1 to 2.9 mg/g. The concentrations are w i t h i n 
the range of values p r e v i o u s l y reported f o r the E l i z a b e t h R i v e r 
(13. 14). Hydrocarbons have been shown to be p r e f e r e n t i a l l y 
a s s o c i a t e d w i t h f i n e - g r a i n e d sediments (5. 15). The f2 f r a c t i o n s 
normalized to f i n e - g r a i n sediment content (1£) have decreasing 
aromatic hydrocarbon concentrations w i t h i n c r e a s i n g d i s t a n c e from 
the area of the c r e o s o t i n g f a c i l i t y s i t e s , i n d i c a t i n g the 
p r o b a b i l i t y of an aromatic hydrocarbon source i n t h i s area. The f l 
normalized f r a c t i o n does not have a s i m i l a r decreasing concentra
t i o n p a t t e r n , but i n s t e a d has v a r i e d concentrations along the 
leng t h o f the E l i z a b e t h R i v e r , i n d i c a t i n g the presence of m u l t i p l e 
sources f o r the a l i p h a t i c hydrocarbons which do not add s u f f i c i e n t 
q u a n t i t i e s of aromatic hydrocarbons to i n f l u e n c e the decreasing 
c o n c e n t r a t i o n p a t t e r n o f the f2 f r a c t i o n (J>) . 
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Fluorescence A n a l y s i s . Aromatic compounds c o n s t i t u t e a very h i g h 
percentage of carbonized c o a l products (12), and t h e r e f o r e these 
compounds may provide a u s e f u l f i n g e r p r i n t f o r carbonized c o a l 
products. Fluorescence methods are p a r t i c u l a r l y u s e f u l f o r the 
d e t e c t i o n and measurement of complex organic compounds c o n t a i n i n g 
one or more aromatic f u n c t i o n a l groups. Petroleum contains 
s i g n i f i c a n t amounts of aromatics w i t h one to four (or more) 
aromatic r i n g s and t h e i r a l k y l a t e d analogues. The aromatic 
composition of an o i l provides a d i s t i n c t i v e f i n g e r p r i n t which can 
be used i n c o n j u n c t i o n w i t h other analyses to provide a d d i t i o n a l 
t y p i n g i n f o r m a t i o n (18. 19). The d i s t r i b u t i o n of aromatic 
compounds i n carbonized c o a l products may provide a unique 
fluorescence f i n g e r p r i n t . 

F i x e d wavelength and synchronous scanning fluorescence s u f f e r 
from n o n - s e l e c t i v i t y and are g e n e r a l l y i n e f f e c t i v e i n s t r u c t u r a l 
e l u c i d a t i o n ( p a r t i c u l a r l y f o r m i x t u r e s ) . Despite the a b i l i t y to 
s e l e c t both the e x c i t a t i o
conventional luminescenc
most s p e c t r a of comple y 
r e s o l v e d . The use of a computer-controlled t o t a l scanning 
fluorometer can overcome many of the l i m i t a t i o n s of previous 
methods. 

The three-dimensional fluorescence s p e c t r a of a creosote 
sample, a sediment sample from the v i c i n i t y of the creosote 
f a c i l i t i e s (S5), a sediment sample from the entrance to the 
E l i z a b e t h R i v e r (S8), and No. 2 Fuel O i l are shown i n Figure 5. 
The fluorescence s p e c t r a f o r the creosote (a) and the sediment 
e x t r a c t from S t a t i o n S5 (b) are very s i m i l a r , w h i l e the e x t r a c t 
from s t a t i o n S8 has no emission a t lower wavelengths (Table I ) . 
This d i f f e r e n c e can be q u a n t i f i e d based on a s t a t i s t i c a l p o i n t - t o -
p o i n t comparison of s p e c t r a (20). On a s c a l e of 0 to 1, a 
s i m i l a r i t y index (SI) of 1 i n d i c a t e s t h a t the two s p e c t r a are 
i d e n t i c a l and a SI of zero means they are completely d i s s i m i l a r . 
This type of comparison uses more than 800 i n d i v i d u a l s p e c t r a l 
i n t e n s i t i e s under the given instrumental c o n d i t i o n s . Fluorescence 
SI between a creosote sample and sediment e x t r a c t s near the s p i l l 
range from 0.90 to 0.81. The SI decreases away from the s p i l l to 
~ 0.65 at the mouth of the E l i z a b e t h R i v e r and to - 0.40 i n the bay 
proper. D i f f e r e n t creosotes a l s o showed s i g n i f i c a n t l y d i f f e r e n t 
fluorescence s i g n a t u r e s , suggesting t h a t m u l t i p l e creosote sources 
may be d i s c e r n i b l e by fluorescence f i n g e r p r i n t i n g . Three-
dimensional fluorescence s p e c t r a provide a unique f i n g e r p r i n t f o r 
creosote. The fluorescence s p e c t r a of a No. 2 F u e l O i l (d) 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 the creosote (SI - 0.6) and sediment 
s p e c t r a (SI - 0.63 to 0.14) (Table I ) . 

The maximum fluorescence i n t e n s i t i e s of emission s p e c t r a a t 
s e l e c t e d wavelengths are given i n Table I . There i s a general 
p a t t e r n of higher i n t e n s i t i e s at s t a t i o n s near the c r e o s o t i n g 
f a c i l i t i e s (S3 and S5), and lower i n t e n s i t i e s at s t a t i o n s both 
upstream and downstream (SI and S8). Maximum fluorescence 
i n t e n s i t y f o r i n d i v i d u a l compounds i s r e l a t e d to c o n c e n t r a t i o n , 
though i t i s not always l i n e a r when mixtures are analyzed. At s i x 
s t a t i o n s both fluorescence and t o t a l aromatic hydrocarbon 
c o n c e n t r a t i o n measured by GC were a v a i l a b l e (Table I ) . The maximum 
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Figure 5. Three-dimensional t o t a l scanning fluorescence of a) 
creosote, b) S5, c) S8, d) No. 2 Fuel O i l . 
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i n t e n s i t y of fluorescence emission was found to be l i n e a r l y 
r e l a t e d to t o t a l aromatic hydrocarbon c o n c e n t r a t i o n w i t h 
c o r r e l a t i o n c o e f f i c i e n t s t h a t range from 0.9030 to 0.9955 (Table 
I ) . 

The fluorescence data support the conclusions from the GC data 
t h a t creosote i s a contaminant of E l i z a b e t h R i v e r sediments. 
Because fluorescence i s more s e n s i t i v e and a l e s s l a b o r - i n t e n s i v e 
a n a l y t i c a l technique, i t i s p o s s i b l e to process more samples at a 
lower c o s t than by GC techniques. T o t a l scanning flu o r e s c e n c e , 
t h e r e f o r e , would be a u s e f u l t o o l f o r prescreening l a r g e numbers of 
samples to determine which ones should be f u r t h e r analyzed by GC. 

D i s c u s s i o n and Conclusions 

The c h a r a c t e r i s t i c PNA d i s t r i b u t i o n i n creosote can be a l t e r e d by 
environmental processes. PNA's introduced i n t o the marine environ
ment may experience b i o l o g i c a
v o l a t i l i z a t i o n , d i s s o l u t i o
sedimentation (5. 21. 22)  degradatio
column and evaporation may be the primary removal processes f o r the 
lower molecular weight aromatics, such as naphthalenes, 
anthracenes, and phenanthrenes (23). For the higher molecular 
weight aromatics, such as chrysenes, benzanthracenes and 
benzpyrenes, removal processes are dominated by sedimentation and 
photo- o x i d a t i o n (23). Once deposited i n the sediments, the PNA's 
i n c l u d i n g benz(a)anthracene, chrysene, f l u o r e n e , and anthracene are 
r e a d i l y degraded at the sediment/water i n t e r f a c e ; whereas the 
higher molecular weight PNA's i n c l u d i n g benz(a)pyrene and 
dibenz(a,h)anthracene show only s l i g h t degradation at the 
sediment/water i n t e r f a c e (22). When PNA's are added to a n a t u r a l 
aqueous environment, the removal processes may be dominated by 
processes such as d i s s o l u t i o n and d i l u t i o n w i t h u l t i m a t e 
sedimentation (22). Degradation and removal i s l e s s important once 
the PNA's reach the sediment where they can remain u n a l t e r e d f o r 
years (21. 24). P r e f e r e n t i a l removal processes f o r the lower 
molecular weight PNA's i n creosote, before reaching the subsurface 
sediments, co u l d l e a d to the PNA, GC, and fluorescence d i s t r i 
b u tions seen i n the sediments from S t a t i o n s S5, S6, SI, S8, and S7. 
The f a c t t h a t h i g h concentrations of PNA's remain i n these 
sediments may be due to the l a r g e i n p u t s , or to t o x i c m a t e r i a l s 
contained i n creosote (such as phenols) which would surpress 
m i c r o b i a l a c t i v i t y . Given the observed p r e s e r v a t i o n s , the 
sediments may act as a chronic source of PNA's to the water column 
by resuspension. 

D i f f e r e n c e s i n the p h y s i c a l p r o p e r t i e s of creosote and o i l s 
may a l s o a f f e c t PNA d i s t r i b u t i o n s . When creosote was mixed w i t h 
seawater i n the l a b o r a t o r y , three phases were formed: one more 
dense than seawater, one d i s s o l v e d i n seawater, and one l e s s dense 
than seawater. A n a l y s i s of the phase more dense than seawater 
produced a gas chromatogram i n d i s t i n g u i s h a b l e from t h a t of i n t a c t 
creosote. At a s p i l l s i t e , the phase w i t h a d e n s i t y greater than 
seawater may be r a p i d l y removed to the sediments w i t h only s l i g h t 
a l t e r a t i o n . The water-soluble compounds may then be s l o w l y leached 
i n t o the water column and act as a chronic PNA source. Petroleum, 
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which i s l e s s dense than seawater, would be subject to more 
weathering and d i s p e r s a l processes than creosote before reaching 
the sediments. 

Since the sediment samples appeared to c o n t a i n a mixture of 
carbonized c o a l products and weathered petroleum products, a p l o t 
of the percent PP (main component of carbonized c o a l products) was 
p l o t t e d against the percent f l UCM (main component of weathered 
petroleum products). This p l o t (Figure 6) shows a l i n e a r r e l a t i o n 
ship ( c o r r e l a t i o n of -0.955) which would be expected i f the changes 
i n the percent composition were due to simple mixing of these two 
end members. Sediments th a t are contaminated predominantly by 
weathered petroleum (25) are c a l c u l a t e d to c o n t a i n 89% on a weight 
b a s i s of t h e i r hydrocarbons as a UCM and l e s s than 0.4% as PP (5). 
These percentages are i n good agreement w i t h our X - i n t e r c e p t of 88% 
UCM. The Y - i n t e r c e p t (39%) should r e f l e c t the carbonized c o a l end 
member which ranges from 41 to 63% PP. The reason t h i s percentage 
i s low co u l d be due to p r e f e r e n t i a l weatherin  (such
d i s s o l u t i o n ) of the PP compound

Carbonized c o a l product  uniqu  f i n g e r p r i n y
and fluorescence analyses. Both these f i n g e r p r i n t s confirm t h a t 
sediments from the E l i z a b e t h R i v e r are contaminated w i t h carbonized 
c o a l products and al l o w f o r the d e t e c t i o n of carbonized c o a l 
hydrocarbons, even i n the presence of petroleum-derived 
hydrocarbons. Fluorescence allows f o r the r a p i d a n a l y s i s of more 
samples and shows the contamination w i t h i n the E l i z a b e t h R i v e r to 
be widespread. Carbonized c o a l products i n the sediments may 
c o n s t i t u t e a chronic long-term source of PNA's to the water column. 
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Figure 6. Graph showing the l i n e a r r e l a t i o n s h i p between %PP 
and % f l UCM of the sediment samples. Source sample areas are 
i d e n t i f i e d . S o l i d l i n e s i n d i c a t e the percentage c o n t r i b u t i o n 
of carbonized c o a l products i n the mixing r e l a t i o n s h i p . 
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14 
Hydrocarbon Contamination from Coastal Development 

Richard H. Pierce1, Robert C. Brown1, Edward S. Van Vleet2, and Rosanne M. Joyce2 

1Mote Marine Laboratory, Sarasota, FL 33577 
2Department of Marine Science, University of South Florida, St. Petersburg, FL 33701 

Hydrocarbon analyses were obtained for samples of 
surface sediment, oysters and water from four areas in 
Charlotte Harbor, Florida. Each area represented a 
different type of coastal development activity 
including: residential development canals; municipal 
and industrial impact; commercial fishing and marine 
industry facilities
Characterization of hydrocarbons was performed using 
high resolution glass capillary GC-FID chromatograms of 
the aliphatic (saturated) and aromatic/olefinic 
(unsaturated) hydrocarbon fractions and by GC-MS 
analysis of select aromatic components. Residential 
canal systems contained petroleum contamination 
resulting from marina and highway service station 
activities, contamination indicative of crankcase oil 
which diminished with distance from the source. Total 
hydrocarbon content of canal sediment ranged from more 
than 50 ug/g air-dry sediment at a marina to less than 
5 ug/g at nonimpacted areas. Sediment collected near 
municipal-industrial activities exhibited high concen
trations of a broad range of heavy, residual fuel oils 
(85 ug/g sediment). The highest contamination was 
observed at commercial fishing port areas, contami
nation indicative of a low to mid-boiling range fuel 
oil attaining a concentration of 142 ug/g sediment, 
compared to less than 5 ug/g in unimpacted areas. 
Oyster samples generally reflected the contamination 
observed in sediment. Water samples exhibited differ
ent hydrocarbon patterns than oysters or sediment, 
consisting primarily of terrigenous and marine biogenic 
material. Biogenic hydrocarbons with chromatographic 
patterns that mimic some petroleum characteristics were 
observed in certain areas, showing the importance of 
obtaining pre-oil spill data for accurate 
interpretation of oil spill impact. Additional 
information from time series sampling is needed to 
ascertain rates of hydrocarbon input and degradation. 

0097-6156/86/0305-O229$06.00/0 
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This p r o j e c t was undertaken to i d e n t i f y petroleum hydrocarbon 
contamination r e s u l t i n g from c o a s t a l development a c t i v i t i e s i n the 
C h a r l o t t e Harbor estuarine system located on the Southwest F l o r i d a 
coast (Figure 1). The o v e r a l l goal was to assess present petroleum 
contamination and to provide baseline data to prove the extent and 
duration of a d d i t i o n a l impact from future c o a s t a l development and 
o i l s p i l l s . 

Environmental impact from large o i l s p i l l s i n the c o a s t a l 
marine environment i s r e a d i l y observable and e a s i l y documented. The 
extent and duration of contamination a f t e r the surface o i l has been 
removed and weathered, however, are not so e a s i l y ascertained 
e s p e c i a l l y when p r e - s p i l l conditions are not known (1-6). Problems 
also a r i s e when attempting to document chronic petroleum discharges 
from various c o a s t a l development a c t i v i t i e s . The detection of 
petroleum hydrocarbons i s hindered by the presence of r e c e n t l y 
biosynthesized (biogenic) hydrocarbons and hydrocarbons r e s u l t i n g 
from combustion (pyrogenic)
complicated by d i f f e r e n t i a
evaporation and s o l u b i l i z a t i o n of petroleum components (1-6). 

The C h a r l o t t e Harbor estuarine system was chosen f o r t h i s study 
because i t i s one of the l a r g e s t and p o s s i b l y one of the l e a s t 
contaminated es t u a r i e s i n F l o r i d a (7.)· Recently, however, the area 
has become one of the most r a p i d l y developing i n the United States 
(8^). A recent review of s c i e n t i f i c information about Charlotte 
Harbor emphasized the p o t e n t i a l f o r environmental impact from 
development and various sources of petroleum contamination (£)· 

A two-year i n v e s t i g a t i o n was undertaken t o determine the 
composition and concentration of hydrocarbons i n sediment, water and 
commercially important marine organisms throughout Charlotte Harbor. 
The e n t i r e p r o j e c t was d e t a i l e d i n an unpublished report to the 
F l o r i d a Department of Natural Resources ( 1_0 ). The f i r s t - y e a r 
p r o j e c t revealed l i m i t e d petroleum contamination associated with 
c e r t a i n land-use a c t i v i t i e s (6,10). The second-year study, the 
primary subject of t h i s presentation, i n v e s t i g a t e d the problem areas 
i n more d e t a i l to characterize the type of petroleum contamination 
and to i d e n t i f y probable sources. 

Methods 

Study Location. Charlotte Harbor i s l o c a t e d on the Southwest 
F l o r i d a coast between 27°05'N and 26°27'N l a t i t u d e (Figure 1). 
During the f i r s t year study, c e r t a i n areas were i d e n t i f i e d as 
containing petroleum contamination (6,10). Three areas were chosen 
for more i n t e n s i v e study during the second year of the i n v e s t i g a t i o n 
i n c l u d i n g : Port Charlotte-Punta Gorda development canal systems 
(Area A, Figure 1); Caloosahatchee River downstream from Fort Myers 
(Area B, Figure 1); and the Matanzas Pass area behind Fort Myers 
Beach (Area C, Figure 1). A nondeveloped area i n an aquatic 
preserve at S a n i b e l Island was chosen as the c o n t r o l area (Area D, 
Figure 1). 

The study areas are described as follows: 
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Figure 1. Charlotte Harbor hydrocarbon study, year-2 sampling 
areas l o c a t i o n . 
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AREA A. This area represents impact from c o a s t a l r e s i d e n t i a l 
development, extending i n t o the mouth of the Peace River and upper 
C h a r l o t t e Harbor. Primary sources of contamination are expected to 
be stormwater runoff (automobile r e l a t e d petroleum), municipal 
sewage and small boat marina a c t i v i t i e s . Surface sediment was 
c o l l e c t e d from fourteen s i t e s , water from eight s i t e s and oysters 
from three s i t e s , representing conditions i n the development canals 
at Port C h a r l o t t e across the mouth of the Peace River and i n t o the 
canals of Punta Gorda. 
AREA B. Thi s area includes the Caloosahatchee River at F o r t Myers 
and the mouth of the r i v e r at San Carlos Bay, downstream from Fort 
Myers. I t i s p a r t i c u l a r l y susceptible to o i l s p i l l s because of the 
I n t r a c o a s t a l Waterway (ICW) and the Caloosahatchee River, which 
would carry any s p i l l downriver from the F o r t Myers area. I t was 
chosen to represent an area which receives chronic input from 
municipal and i n d u s t r i a l a c t i v i t i e s and represents a high r i s k area 
for future o i l s p i l l s . Surfac
from various s i t e s . 
AREA C. Matanzas Pass, behind F o r t Myers Beach on Estero Island, 
represents impact from commercial f i s h i n g and heavy marine industry 
operations. The e n t i r e area from Carlos Bay through Matanzas Pass 
to B i g Carlos Pass i n Estero Bay was studied i n an attempt to 
understand the d i s t r i b u t i o n of contamination from the developed 
marine i n d u s t r i a l area out i n t o the nondeveloped Estero Bay. 
Sediment samples were c o l l e c t e d from eight s i t e s , o ysters from f i v e 
s i t e s and water from four s i t e s . 
AREA D. Thi s area includes sediment from three s i t e s approximately 
one mile offshore from Sanibel Island and Captiva I s l a n d and oysters 
and sediment from mangrove f r i n g e s w i t h i n the w i l d l i f e preserve on 
the estuarine side of the i s l a n d , representing nonimpacted c o n t r o l 
areas· 

Sampling Technique. Surface sediment (top 5 cm) was c o l l e c t e d as a 
composite of at l e a s t three grabs with a P e t i t e Ponar sediment 
sampler, to provide 500 g wet weight of r e l a t i v e l y undisturbed 
sediment from each s i t e . Each sediment grab was placed i n a 
s t a i n l e s s s t e e l t r a y and the top 5 cm of sediment r e t r i e v e d with a 
s t a i n l e s s s t e e l scoop and placed i n a precleaned glass j a r with 
aluminum l i n e d caps. Jars were placed on i c e f o r transport and 
stored at 4°C u n t i l analyzed. S u f f i c i e n t sediment was c o l l e c t e d f o r 
d u p l i c a t e hydrocarbon anal y s i s with extra sediment f o r a d d i t i o n a l 
analyses i f necessary. E f f i c a c y of storage at 4°C was v e r i f i e d by 
a n a l y s i s of samples before and a f t e r storage f o r s e v e r a l months and 
by a n a l y s i s of standard i n t e r c a l i b r a t i o n sediment a f t e r storage f o r 
s e v e r a l months. 

The oyster, Crassostrea v i r g i n i c a , was the species used to 
monitor uptake by s e s s i l e f i l t e r - f e e d i n g organisms. At l e a s t two 
dozen large oysters were c o l l e c t e d from each organism sampling s i t e . 
These were r i n s e d i n ambient water, wrapped i n aluminum f o i l and 
stored i n p l a s t i c bags on i c e f o r transport to the laboratory where 
they were then frozen i n t h e i r s h e l l s u n t i l ready f o r a n a l y s i s . 

Near surface water samples were c o l l e c t e d with a precleaned 
metal sampler. Samples of 10 to 15 l i t e r s were c o l l e c t e d at each 
s i t e and placed i n 20 l i t e r glass carboys f o r i n - f i e l d e x t r a c t i o n as 
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described below. No attempt was made to d i f f e r e n t i a t e d i s s o l v e d 
from p a r t i c u l a t e f r a c t i o n s so that t o t a l water column hydrocarbons 
were observed. 

Hydrocarbon A n a l y s i s . Sediment samples were thawed and mixed to 
provide a homogeneous sample. Approximately 150 g wet weight was 
placed i n a Soxhlet e x t r a c t i o n apparatus and sapo n i f i e d - e x t r a c t e d 
with benzene /0.5 Ν KOH-methanol (50/50) (ca. 250 ml t o t a l ) f o r 24 
hours, or u n t i l the ex t r a c t i o n s o l u t i o n was c l e a r (6,11,12). An 
i n t e r n a l standard c o n s i s t i n g of ca. 50 ug each of 5 ,a-androstane and 
o-terphenyl was added p r i o r to e x t r a c t i o n to provide assurance of 
e x t r a c t i o n e f f i c i e n c y , separation of saturated and unsaturated 
f r a c t i o n s and t o provide a standard reference f o r the gas 
chromatographic data system. Methylstéarate (the methyl ester of 
s t e a r i c acid) was added to s e l e c t samples to v e r i f y s a p o n i f i c a t i o n 
e f f i c i e n c y . 

The s a p o n i f i e d s o l u t i o
the r e s u l t i n g hexane-benzen
water to remove r e s i d u a l ROH-MeOH. The benzene-hexane was then 
reduced to a volume of ca. 0.1 ml by rotary evaporation, followed by 
purging with N^ gas i n a warm bead bath (45°C) and repeated a d d i t i o n 
of hexane to replace benzene with hexane. A f i n a l sample volume of 
1 ml hexane was added to a column of 2 g n e u t r a l alumina (80/20 
mesh), 2 g s i l i c a g e l (100/200 mesh) and 1 g sodium s u l f a t e 
(granular) f o r clean-up and separation i n t o a l i p h a t i c (saturated) 
and a r o m a t i c / o l e f i n i c (unsaturated) f r a c t i o n s . Alumina, s i l i c a g e l 
and sodium s u l f a t e were a c t i v a t e d at 500°C f o r 4 hours and stored at 
110°C u n t i l used. The saturated f r a c t i o n was e l u t e d with 3 bed 
volumes ( bv) of hexane and the unsaturated f r a c t i o n was e l u t e d with 
3 bv of hexane and benzene (50/50). Each f r a c t i o n was then reduced 
to 0.5 ml volume under a stream of N 2 gas as described above i n 
preparation f o r GC a n a l y s i s . 

Oysters were thawed, opened with a clean k n i f e , the l i q u i d 
drained o f f , and a composite of se v e r a l whole oysters c o l l e c t e d . 
The e n t i r e sample of each s i t e was homogenized and d i v i d e d i n t o four 
subsamples. Two were subjected to the a n a l y t i c a l scheme, the t h i r d 
a rchived and frozen f o r fur t h e r a n a l y s i s , i f necessary, and the 
fourth d r i e d at 103°C to obtain the dry weight. 

For a n a l y s i s , ca. 10-15 g wet-weight t i s s u e was t r a n s f e r r e d to 
a tared, hexane washed 250 ml b o i l i n g f l a s k . The i n t e r n a l standard 
mixture was added at t h i s point i n acetone s o l u t i o n . A 50 ml 
p o r t i o n of 2.0 Ν aqueous KOH was added to the f l a s k containing the 
t i s s u e f o r s a p o n i f i c a t i o n under r e f l u x f o r 4 hours (h) or u n t i l the 
t i s s u e was w e l l digested. An equal volume of saturated NaCl 
s o l u t i o n was added to the mixture, and the s o l u t i o n extracted with 
three 50 ml portions of hexane. The extracts were combined, reduced 
i n volume with a vacuum rotary evaporator and t r a n s f e r r e d t o a 
cleaned v i a l . The remaining solvent was reduced to 1 ml volume i n 
preparation f o r separation i n t o saturated and unsaturated f r a c t i o n s 
and GC a n a l y s i s as described above f o r sediments. 

Water samples were processed i n the f i e l d u s i n g a portable 
water e x t r a c t o r c o n s i s t i n g of a s t i r r i n g blade operated by a battery 
powered r e v e r s i b l e d r i l l which f i t s i n t o the 20 l i t e r glass carboy 
(Mi). The e x t r a c t i o n procedure consisted of p l a c i n g 10 t o 15 l i t e r s 
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of a water sample i n the carboy. The i n t e r n a l standard mixture was 
added (5 ,0t-androstane and o-terphenyl i n acetone s o l u t i o n ) , followed 
by 500 t o 750 ml of CH 2Cl . The mixture was s t i r r e d vigorously f o r 
5 min and allowed to set£Le for one hour ( u n t i l phases separated). 
Water was siphoned o f f the top and the CH C l ^ recovered f o r 
hydrocarbon analyses as described above f o r seaiments. P r i o r t o 
f i e l d use, the extractor was evaluated ijpr recovery and p r e c i s i o n by 
s p i k i n g d i s t i l l e d water with 1 mg 1 of Kuwait crude o i l and 
comparing recovery with that obtained from separatory funnel, 
l i q u i d - l i q u i d e x t r a c t i o n (10). 

Gas chromatographic anal y s i s was performed with each f r a c t i o n 
using a Varian V i s t a 6000 gas chromatography (GC) system coupled 
with a V i s t a 401 data system (Varian Instruments, Sunnyvale, CA). A 
flame i o n i z a t i o n detector (FID) was used and the sample was 
separated on a glass c a p i l l a r y column (30 m χ 0.25 mm with WCOT 
SE-30), temperature programmed from 100°C t o 280°C a t 8°/min, and 
hel d at 280°C f o r 10 min
homologous s e r i e s fro
operated i n the s p l i t l e s s mode with septum purge a f t e r 30 sec. The 
c a r r i e r and make up g a ^ was Ν 2 · I n j e c t i o n volume was 2 u l ; with an 
attenuation of 4 χ 10 

Approximately 10% of the sediment and organism samples were 
analyzed by combined high r e s o l u t i o n gas chromatography-mass 
spectrometry. Samples were analyzed on a Hewlett-Packard Model 
5992B computerized GC-MS system (Hewlett-Packard, Avondale, PA) 
equipped with a 30 m DB-5 fused s i l i c a c a p i l l a r y column. Running 
conditions were follows: c a r r i e r gas = helium; column flow 
rate = 1.7 ml min ; i n j e c t i o n port temperature = 240°C; s p l i t l e s s 
i n j e c t i o ^ j mode; column oven temperature programmed from 90-250°C at 
4°C min ; e l e c t r o n m u l t i p l i e r voltage = 1200-2000 eV; GC-MS run i n 
sel e c t e d ion monitoring mode; dwell time = 100 msec f o r each i o n . 
Samples were f i r s t analyzed by el e c t r o n impact to obtain the t o t a l 
ion spectra to check f o r i n t e r f e r i n g i o n s . Samples were then 
analyzed by s e l e c t e d i o n monitoring t o i d e n t i f y and quantitate 
s p e c i f i c polynuclear aromatic hydrocarbons (PNA) homologues. 

Q u a l i t y Assurance. The q u a l i t y assurance program co n s i s t e d of a 
sample chain of custody v e r i f i c a t i o n , precautions to guard against 
and t o detect sample contamination, v e r i f i c a t i o n of p r e c i s i o n and 
accuracy and i n t e r c a l i b r a t i o n with two other l a b o r a t o r i e s to v e r i f y 
r e s u l t s from our e x t r a c t i o n and an a l y s i s procedures. T h i s program 
i s d e t a i l e d i n the unpublished F i n a l Report of the o v e r a l l study to 
the FL Department of Natural Resources (̂ 0 ). I n t e r l a b o r a t o r y 
c a l i b r a t i o n c o n s i s t e d of three phases : 1 ) instrument i n t e r 
c a l i b r a t i o n by comparing r e s u l t s of standard hydrocarbon s o l u t i o n s ; 
2) methods i n t e r c a l i b r a t i o n by comparing r e s u l t s of analyses of a 
standard sediment sample (Duwamish-I), sup p l i e d by Dr. William 
MacLeod of the NOAA, Northwest and Alaska F i s h e r i e s Center, S e a t t l e , 
WA {±3); and 3) sample i n t e r c a l i b r a t i o n , c o n s i s t i n g of the exchange 
among the three p a r t i c i p a t i n g l a b o r a t o r i e s of three sediment samples 
from the study areas. 

Results and Discus s i o n 
Petroleum hydrocarbon i d e n t i f i c a t i o n was based p r i m a r i l y on the 
GC-FID chromatogram patterns of the saturated and unsaturated 
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hydrocarbon f r a c t i o n s . A d d i t i o n a l information regarding petrogenic 
vs. pyrogenic or biogenic hydrocarbons was provided by GC-MS 
an a l y s i s of s p e c i f i c PNA s e r i e s from the unsaturated f r a c t i o n with 
s e l e c t samples (3,5,14 f15). 

For comparison, GC-FID chromatograms of representative 
petroleum contaminants are shown i n Figure 2 and chromatograms of 
hydrocarbons from various marine p l a n t s (biogenic) are given i n 
Figure 3. Key parameters used for hydrocarbon c h a r a c t e r i z a t i o n are 
l i s t e d i n Table I. 
Area A. Samples from Area A included sediment, water and oysters 
from Port C h a r l o t t e canals (Sites A-1 through A-4), the Peace River 
( S i t e s A-5 through A-9), and Punta Gorda r e s i d e n t i a l canals ( S i t e s 
A-10 through A-14). Sediment hydrocarbons from both canal systems 
showed a heavy r e s i d u a l crankcase o i l - l i k e petroleum contamination 
from marina and highway se r v i c e s t a t i o n a c t i v i t i e s ( S i t e A-1, and 
A-12, Figure 4 ) . This contamination diminished i n r e s i d e n t i a l 
canals away from p o l l u t i o
t o nearby bay and r i v e r
hydrocarbon p a t t e r n somewhat representative of hydrocarbons i n red 
mangrove leaves ( S i t e A-6, Figure 4, Table I ) . 

Oysters c o l l e c t e d within the canal systems near the marinas 
e x h i b i t e d the crankcase o i l - l i k e patterns, whereas those away from 
the marina e x h i b i t e d biogenic material p atterns. 

Water samples i n the Port C h a r l o t t e canal system y i e l d e d 
mangrove-hydrocarbon patterns s i m i l a r to that found i n sediment and 
oysters outside the canals along the Peace River and A l l i g a t o r Bay, 
whereas water c o l l e c t e d from the Peace River e x h i b i t e d very l i t t l e 
d iscernable hydrocarbon pattern. Water i n Punta Gorda canals more 
c l o s e l y r e f l e c t e d the hydrocarbon patterns found i n sediment and 
oyst e r s , i . e . h i g h l y contaminated at the marina di m i n i s h i n g to very 
low l e v e l s w i t h i n about a mile i n t o or out of the canals. 

L o c a l i z e d contamination of water and sediment was observed near 
a docking area f o r commercial f i s h i n g boats, at Fisherman's Wharf 
along the Peace River. This pattern was unique to the area showing 
a bimodal unresolved complex mixture (UCM) and a t o t a l sediment 
hydrocarbon content of 90 ug/1 ( S i t e 10, Table I ) . 

Analysis of s e l e c t PNA to v e r i f y petroleum o r i g i n showed that 
a l l sediment contained mixed petrogenic and pyrogenic m a t e r i a l . The 
r e l a t i v e abundance of PNA i n marina sediment, however, was much 
greater (180 ng/g benzanthracenes ) than that found i n sediment from 
non-marina areas (<0.1 ng/g benzanthracenes). 

Oyster samples r e f l e c t e d s p e c i f i c PNA patterns s i m i l a r to the 
adjacent sediment. Because of the low concentration of PNA's i n 
water, r e s u l t s from water PNA analyses were i n c o n c l u s i v e . 
Area B. Area Β samples included sediment c o l l e c t e d from the 
Caloosahatchee River at Fort Myers, sediment c o l l e c t e d downstream, 
and sediment and oysters c o l l e c t e d at the mouth of the r i v e r 
(Figure 3, Table I ) . Sediment c o l l e c t e d near the municipal-area 
e x h i b i t e d a very l a r g e , bimodal UCM, i n d i c a t i v e of heavy i n d u s t r i a l 
heating o i l transported by tanker or o i l barge ( S i t e B-1, Figure 5). 
The sample contained p r i m a r i l y highly weathered o i l as evidenced by 
the lack of the large unresolved complex. The reso l v e d component 
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Kuwait 
Crude O i l 

Crankcase 
O i l 

#2 Fuel O i l 

Temperature program 100° 280OC @ 8°/min 
Figure 2. GC-FID chromatograms of reference petroleum products. 
Numbers i n d i c a t e n-alkane carbon number represented by the 
adjacent chromatographic peak. I.S. i n d i c a t e s the p o s i t i o n of 
the i n t e r n a l standard (5,a-androstane) chromatographic peak. 
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Sargassum cymosum 

Rhizophora mangle 
(Red Mangrove) 

Temperature program 100° 280°C @ 8°/min 

Figure 3. GC-FID chromatograms of the saturated hydrocarbon 
f r a c t i o n from marine and c o a s t a l f l o r a . Numbers i n d i c a t e 
n-alkane carbon number represented by the adjacent 
chromatographic peak. I.S. i n d i c a t e s the p o s i t i o n of the 
i n t e r n a l standard (5,01-androstane) chromatographic peak. 
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Sed. A-6 
5 yg/g 

Temperature program 100° •> 280°C @ 8°/min 

Figure 4. GC-FID chromatograms of the saturated hydrocarbon 
f r a c t i o n of sediments c o l l e c t e d from sampling Area A. Numbers 
i n d i c a t e n-alkane carbon number represented by the adjacent 
chromatographic peak. I.S. i n d i c a t e s the p o s i t i o n of the 
i n t e r n a l standard (5,<X-androstane) chromatographic peak. 
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Temperature program 100° -> 280°C @ 8°/min 

Figure 5. GC-FID chromatograms of the saturated hydrocarbon 
f r a c t i o n of sediments c o l l e c t e d from sampling Area B. Numbers 
i n d i c a t e n-alkane carbon number represented by the adjacent 
chromatographic peak. I.S. i n d i c a t e s the p o s i t i o n of the 
i n t e r n a l standard (5,<*-androstane) chromatographic peak. 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14. PIERCE ET AL. Hydrocarbon Contamination from Coastal Development 241 

contained a considerable amount of biogenic hydrocarbons i n d i c a t e d 
by the predominance of s p e c i f i c odd-numbered carbon compounds. 
Sediment c o l l e c t e d approximately 10 km downstream showed diminished 
concentrations of weathered o i l ( S i t e B-3, Figure 5, Table I ) . 

Sediment and oyster samples c o l l e c t e d approximately 25 km 
downstream at the mouth of the r i v e r , produced chromatograms 
i n d i c a t i n g p r i m a r i l y biogenic hydrocarbons ( S i t e B-6, Figure 5), 
prov i d i n g e x c e l l e n t background data for comparison i n the event of a 
future o i l s p i l l . 
Area C. Sediment, water and oyster samples were c o l l e c t e d from the 
marine industry port areas i n Matanzas Pass and from nonimpacted 
s i t e s extending t o both ends of the Pass to observe the 
d i s t r i b u t i o n of petroleum p o l l u t a n t s . Samples c o l l e c t e d adjacent to 
the f i s h i n g f l e e t docks ex h i b i t e d a preponderance of No. 2 f u e l 
o i l - l i k e hydrocarbons with some crankcase o i l - l i k e GC-FID patterns 
( S i t e 4, Figure 6, Table I ) . Sediment and oysters provided the best 
evidence f o r petroleum contamination
samples were dominated b
contamination dropped to background biogenic hydrocarbon l e v e l s 
w i t h i n one mile of the marine i n d u s t r i a l a c t i v i t i e s ( S i t e 2 and 
S i t e 7, Figure 6 ) . The petrogenic nature of contaminated samples 
was v e r i f i e d with GC-MS a n a l y s i s of s e l e c t PNA compounds. 
Area D. Samples from Area D were analyzed to provide background 
hydrocarbon data from low organic content Gulf of Mexico samples 
( S i t e s D-1, D-2 and D-3) and from high biogenic input mangrove 
f r i n g e areas ( S i t e s 4 and 5). These samples provided e x c e l l e n t 
i n s i g h t about non-petroleum contaminated biogenic hydrocarbons 
representative of nearshore Gulf of Mexico and b a r r i e r i s l a n d 
mangrove f r i n g e areas ( S i t e D-2 and D-5, Table I ) . 

A most important observation regarding biogenic hydrocarbons at 
Area D as w e l l as other areas was that those sediments r e c e i v i n g 
high biomass input, such as i n mangrove f o r e s t s , e x h i b i t e d 
chromatographic patterns of the saturated hydrocarbon f r a c t i o n 
containing a UCM as we l l as a homologous s e r i e s of compounds (not 
n e c e s s a r i l y n-alkanes) i n the C-18 to C-25 region (Figure 3, Red 
Mangrove; Figure 4, Sed. A-6; Figure 6, Sed. C-7). Sediments 
r e c e i v i n g low biogenic input, such as Gulf of Mexico samples 
(Table I, Sed. D-2) and areas of l i m i t e d d e p o s i t i o n (Figure 5, Sed. 
B-6), show c h a r a c t e r i s t i c marine biogenic chromatographic patterns. 
Such c h a r a c t e r i z a t i o n of endemic biogenic hydrocarbons i s needed to 
e s t a b l i s h the n a t u r a l hydrocarbon content i n s p e c i f i c areas of 
c r i t i c a l concern. These data are e s s e n t i a l f o r accurate 
i n t e r p r e t a t i o n of petroleum impact from c o a s t a l development and o i l 
s p i l l s . A d d i t i o n a l information should be obtained over time to 
e s t a b l i s h the dynamic r e l a t i o n s h i p s r e g u l a t i n g hydrocarbon input, 
accumulation and degradation within the various c o a s t a l marine 
environments. 

Data I n t e r p r e t a t i o n . I n t e r p r e t a t i o n of these r e s u l t s i s based 
on s p e c i f i c d i s t i n c t i o n s among biogenic, pyrogenic and petrogenic 
hydrocarbons. Biogenic hydrocarbons e x h i b i t d i s c r e t e sets of 
n-alkanes and alkenes, whereas petroleum contains the homologous 
s e r i e s of n-alkanes, branched and c y c l i c alkanes and s u b s t i t u t e d 
polynuclear aromatic hydrocarbons. A predominance of s p e c i f i c 
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V I I , J .JUL! 

CN 

Sed. C-2 
9 yg/g 

Sed. C-4 
160 yg/g 

J L_L 

Sed. C-7 
5 yg/g 

Temperature program 100° 280°C @ 8°/min 

Figure 6. GC-FID chromatograms of the saturated hydrocarbon 
f r a c t i o n of sediments c o l l e c t e d from sampling Area C. Numbers 
i n d i c a t e n-alkane carbon number represented by the adjacent 
chromatographic peak. I.S. i n d i c a t e s the p o s i t i o n of the 
i n t e r n a l standard (5 ,0t-androstane) chromatographic peak. 
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compounds such as p r i s t a n e (2,6,10,14-tetramethylpentadecane), 
pentadecane ( n - C ^ ) , and heptadecane (n-C 1 7) are i n d i c a t i v e of 
marine biogenic sources, while p r i s t a n e i n the presence of the 
isopre n o i d , phytane, and a homologous s e r i e s of n-alkanes, i n d i c a t e s 
petroleum hydrocarbons (16-18)· Hydrocarbons of terrigenous f l o r a 
e x h i b i t a strong odd/even carbon predominance index (CPI) i n the 
n-C 2 3 through n-C ^ n-alkane region (18-20). 

Petrogenic nydrocarbons are ch a r a c t e r i z e d by a UCM of 
hydrocarbons i n the a l i p h a t i c f r a c t i o n , which i s comprised p r i m a r i l y 
of branched and c y c l i c saturated hydrocarbons too numerous to be 
resol v e d by gas chromatographic techniques (21-23). Various 
petrogenic hydrocarbon sources include tanker washings, storage 
t r a n s f e r s p i l l s , outboard motors, sewage and land runoff. 
C l a s s i f i c a t i o n may include r e f i n e d or crude o i l , recent or weathered 
o i l . Source i d e n t i f i c a t i o n can be accomplished through s p e c i f i c 
d i a g n o s t i c compounds i n the a l i p h a t i c and a r o m a t i c / o l e f i n i c 
f r a c t i o n s , aided by GC-M
(24-26). 

Petroleum that has been re c e n t l y introduced i n t o the marine 
environment i s i n d i c a t e d by a smooth alkane d i s t r i b u t i o n ( CPI = 1 ) 
over a UCM (14,26,27). Crude o i l GC patterns are c h a r a c t e r i s t i c of 
geographical o r i g i n , but generally e x h i b i t a wide b o i l i n g range of 
n-alkanes and UCM, sometimes with a bimodal UCM d i s t r i b u t i o n 
i n d i c a t i v e of tanker s p i l l a g e (26). Refined petroleum d i s t i l l a t e s 
favor l o w - b o i l i n g components, whereas r e s i d u a l o i l s show a 
predominance of the higher b o i l i n g compounds (28-30 ). 

I n t e r p r e t a t i o n of the a r o m a t i c / o l e f i n i c hydrocarbon d i s 
t r i b u t i o n has r e c e n t l y been developed t o help ch a r a c t e r i z e 
hydrocarbon sources. O l e f i n i c compounds are not abundant i n 
petroleum; thus t h e i r predominance would i n d i c a t e biogenic input 
(4,11,20,31). 

Although much information can be obtained from GC-FID, one of 
the most d i a g n o s t i c c h a r a c t e r i s t i c s of a petroleum sample i s the 
molecular nature of the aromatic hydrocarbon f r a c t i o n which can only 
be determined by GC-MS (6,18,24,32)· The reason f o r t h i s i s that i n 
ad d i t i o n to the many PNA parent compounds, there a l s o e x i s t C^-C. 
a l k y l a t e d homology s e r i e s f o r each parent PNA. In a d d i t i o n , each of 
these a l k y l a t e d homologs can be present as a number of d i f f e r e n t 
isomers f o r each parent s t r u c t u r e . 

Polynuclear aromatic hydrocarbons have r o u t i n e l y been used i n 
order to d i f f e r e n t i a t e s u i t e s of compounds i n petroleum from those 
o r i g i n a t i n g from combustion processes (24,25,33). This d i f 
f e r e n t i a t i o n i s based upon the r e l a t i o n s h i p between the parent 
aromatic compounds (such as phenanthrene) and the a l k y l a t e d homologs 
such as methyl phenanthrene, dimethyl phenanthrene and t r i m e t h y l 
phenanthrene, designated C^P, C 2P, and C 3P, r e s p e c t i v e l y . Under 
conditions of r e l a t i v e l y low temperatures and slow heating, such as 
i n petroleum formation, the a l k y l a t e d homologs are formed i n the 
greatest abundance. Under conditions of higher temperature and more 
r a p i d heating, such as during combustion, the a l k y l a t e d homologs 
undergo thermal cracking, r e s u l t i n g i n a greater abundance of the 
nonalkylated parent compounds. Spor s t o l et a l . (3£) have shown that 
the naphthalene homologs show a s i m i l a r homolog d i s t r i b u t i o n but the 
dibenzothiophenes do not. These authors suggest tha t the 
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benzothiophene a l k y l homolog s e r i e s i s not a s u f f i c i e n t l y s e n s i t i v e 
t o o l f o r d i s t i n g u i s h i n g petroleum from combustion PNA sources. 

Overton et a l . (3J5) have shown that the r a t i o s of a l k y l 
phenanthrenes to alkyldibenzothiophenes are u s e f u l i n d i c a t o r s f o r 
t r a c i n g petroleum hydrocarbon sources i n environmentally impacted 
samples. The r a t i o s of C^, C and C 3 a l k y l homologs f o r these PAH1 s 
have been shown to be uniquely c h a r a c t e r i s t i c of s p e c i f i c o i l s and 
are not r a p i d l y a l t e r e d by weathering processes. In an attempt to 
i d e n t i f y weathered petroleum between biogenic and pyrogenic 
hydrocarbons, we determined the concentrations of i n d i v i d u a l PNA 
compounds and reported the phenanthrene to dibenzothiophene homolog 
r a t i o as suggested by Overton et a l . ( 3 5 ) . In a d d i t i o n , the t o t a l 
amount of c -C^ naphthalenes, phenanthrenes, dibenzothiophenes and 
pyrenes as determined by GC-MS was c a l c u l a t e d f o r each sample and 
used to determine the r a t i o s of a l k y l a t e d homolog t o parent PHA 
compounds. These homolog d i s t r i b u t i o n s were also p l o t t e d and then 
used to d i f f e r e n t i a t e petrogeni  fro  pyrogeni  hydrocarbons

In summary, hydrocarbo
oysters c o l l e c t e d from
provided information regarding hydrocarbon contamination from 
s p e c i f i c c o a s t a l development a c t i v i t i e s as w e l l as background data 
from unimpacted areas. Although these data e s t a b l i s h areas of 
e x i s t i n g petroleum p o l l u t i o n with i d e n t i f i e d source m a t e r i a l , the 
baseline data represent samples c o l l e c t e d at one po i n t i n time. 
Baseline information needed to assess the f u l l impact of an o i l 
s p i l l should include samples c o l l e c t e d over time as w e l l as space. 
These a d d i t i o n a l data are needed to e s t a b l i s h rates of hydrocarbon 
input and degradation during d i f f e r e n t seasonal and environmental 
c o n d i t i o n s . 

Conclusions 

1) Petroleum contamination from s p e c i f i c land use a c t i v i t i e s 
was i d e n t i f i e d through GC-FID hydrocarbon c h a r a c t e r i z a t i o n supported 
by GC-MS a n a l y s i s of s p e c i f i c PNA compounds. 

2) Commercial marina and highway s e r v i c e s t a t i o n a c t i v i t i e s 
were found to provide a source f o r crankcase o i l - l i k e contamination 
to r e s i d e n t i a l canal systems. 

3) R e s i d e n t i a l canal systems not exposed to major highways or 
marinas d i d not e x h i b i t the o i l contamination. 

4) Hydrocarbon contamination from commercial f i s h i n g port 
f a c i l i t i e s was p r i m a r i l y from No. 2 f u e l o i l . Oysters within the 
i n t e r t i d a l region were contaminated up to one mile away. 

5) Samples c o l l e c t e d near m u n i c i p a l - i n d u s t r i a l a c t i v i t i e s at 
For t Myers e x h i b i t e d petroleum contamination representative of heavy 
r e s i d u a l f u e l o i l used for e l e c t r i c power pl a n t generators. 

6) Samples c o l l e c t e d several miles downstream from the 
m u n i c i p a l - i n d u s t r i a l area, however, d i d not r e f l e c t s i g n i f i c a n t 
petroleum hydrocarbon transport. 

7) Samples from nonimpacted areas e x h i b i t e d biogenic 
hydrocarbon chromatographic patterns which i n high biomass areas, 
such as mangroves, e x h i b i t e d chromatograms s i m i l a r t o c e r t a i n 
petroleum components. These data provide information e s s e n t i a l t o 
avoid erroneous conclusions regarding impact f o l l o w i n g an o i l s p i l l . 
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8) C h a r a c t e r i z a t i o n of petroleum contamination from c e r t a i n 
land use a c t i v i t i e s and from biogenic sources has provided 
information f o r assessing impact from continued c o a s t a l development 
a c t i v i t i e s and to assess the duration and extent of impact i n the 
event of a major o i l s p i l l i n the areas studied. However, time 
s e r i e s samples are needed to e s t a b l i s h rates of hydrocarbon input 
and degradation. 
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Distribution of Trace Organics, Heavy Metals, 
and Conventional Pollutants in Lake Pontchartrain, 
Louisiana 
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Polynuclear aromatic hydrocarbons from urban runoff 
were found at elevated levels in nearshore sediment 
samples from Lak
creased with distance from the New Orleans shoreline 
and approached background levels three to six miles 
offshore. Quantitative profiles for individual PAH 
isomers differed significantly between nearshore 
and offshore sediments. Similar trends were observed 
with chlorocarbons and lead, but concentrations of other 
heavy metals did not decrease with distance from the 
shoreline. Salt water intrusion causes stratification 
over the southeastern portion of the Lake in the 
summer. This stratification contributes to and 
exacerbates bottom anoxic conditions during warm 
weather months. 

The objectives of this year long study were twofold and included: 
(A) determination of the occurrence and distribution of chemicals 
in Lake Pontchartrain, Louisiana (particularly in the southern 
portion of the Lake near New Orleans) that resulted from 
anthropogenic activity; and (B) an overall water quality 
assessment of the Lake to ascertain any phenomena, in particular 
urban runoff related water pollution, that may be adversely 
affecting the ecological balance of the Lake. The strategies 
developed to address these objectives included: (1) Collection of 
biota and sediment samples and their analyses for a broad 
spectrum of chemical substances which included, but were not 
limited to, those designated as priority pollutants by the U.S. 
EPA. (2) Examination of the temporal and spatial variation of 
important estuarine water quality parameters, as well as 
conventional pollutants, that contribute to nutrient enrichment 
and other impairments such as increased turbidity and dissolved 
oxygen depression. 
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F i e l d and l a b o r a t o r y work was begun i n March of 1982. F i e l d 
work was undertaken by b i o l o g i s t s with the L o u i s i a n a Department 
of Environmental Q u a l i t y . Analyses of b i o t a and sediment samples 
f o r anthropogenic substances were performed at the Center f o r 
Bio-organic Studies at the U n i v e r s i t y of New Orleans. Water 
Q u a l i t y and conventional p o l l u t a n t analyses were provided by the 
l a b o r a t o r y s t a f f of the Department of Environmental Q u a l i t y . 

Lake P o n t c h a r t r a i n i s a shallow, open water embayment of a 
major estuar i n e system i n southeastern L o u i s i a n a . I t has a, ^ 
surface area of approximately 630 square miles (1.60 χ 10 m ). 
Depths i n offshore areas (greater than one mile from shore) range 
t y p i c a l l y from 12-18 f e e t (4 to 6 m) w i t h the bottom e x h i b i t i n g a 
gradual r e l i e f . L o c a l i z e d depressions proximate to three t i d a l 
passes, which connect the lake to the Gulf of Mexico, slope to 
depths up to 40 f e e t (12m). The passes themselves have depths 
approaching 100 f e e t (30m). 

Lake P o n t c h a r t r a i n
approximately 5,000 squar
Several r i v e r s d r a i n the L o u i s i a n a c o a s t a l p l a i n t erraces while 
two other r i v e r s d r a i n the former M i s s i s s i p p i River f l o o d p l a i n 
southwest and west of the l a k e . From the south, Lake 
P o n t c h a r t r a i n receives extensive wetland (marsh and swamp) 
drainage. The greater New Orleans area, which includes J e f f e r s o n 
and Orleans P a r i s h e s , i s now leveed o f f from the l a k e . However, 
t h i s metropolitan area, home fo r over a m i l l i o n people, i s 
drained by pumping from an extensive network of man-made canals 
i n t o Lake P o n t c h a r t r a i n . 

In a d d i t i o n to man-made stormwater drainage canals along the 
southern s h o r e l i n e , Lake P o n t c h a r t r a i n i s i n f l u e n c e d by a deep 
d r a f t (12m) channel known as the M i s s i s s i p p i River Gulf Outlet 
(MRG0). Highly s a l i n e waters are introduced d i r e c t l y i n t o Lake 
P o n t c h a r t r a i n v i a t h i s c a n a l . 

Because of the close proximity of the Greater New Orleans 
M e t r o p o l i t a n Area to Lake P o n t c h a r t r a i n , with no i n t e r v e n i n g 
b u f f e r zone, the southern p o r t i o n of the lake should l o g i c a l l y be 
the most a f f e c t e d by anthropogenic impacts. As such i t should 
serve as a "worst case" barometer of the lake's environmental 
h e a l t h . Therefore the major focus of t h i s study was d i r e c t e d 
toward the southern area of Lake P o n t c h a r t r a i n . 

Sampling S i t e s 

Primary sampling s t a t i o n s f o r the study were e s t a b l i s h e d at 16 
f i x e d l o c a l i t i e s i n the southern region of Lake P o n t c h a r t r a i n . 
These s t a t i o n s were sele c t e d from an approximate 100 square mile 
(2.6 χ 10 m ) g r i d adjacent to the southern s h o r e l i n e extending 
20 s t a t u t e miles along J e f f e r s o n and Orleans Parishes and 
extending to s i x miles offshore at i t s widest point (see Figure 
1 ) . Eight of these s t a t i o n s were located i n the immediate 
nearshore area adjacent to the mouths of major drainage canals. 
Each was e s t a b l i s h e d approximately .23 miles (370m) north of the 
r e s p e c t i v e canal's mouth. L0RAN C coordinates f o r each were 
recorded during the f i r s t sampling c r u i s e and then used during 
subsequent c r u i s e s to re-occupy the same sampling l o c a l i t y . Ten 
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Jefferson Parish Orleans Parish 

Figure 1. Map of Lake P o n t c h a r t r a i n showing l o c a t i o n s of the 
148 water q u a l i t y sampling s t a t i o n s and the l o c a t i o n s which 
were a l s o sampled f o r sediments. 
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a d d i t i o n a l s t a t i o n s were e s t a b l i s h e d offshore w i t h i n the 100 
square mile study area. On a monthly b a s i s , March 1982 to March 
1983, f i e l d and l a b o r a t o r y water q u a l i t y analyses were taken at 
16 of the primary s t a t i o n s . F i e l d WQ readings were taken during 
the summer months over the e n t i r e area of Lake P o n t c h a r t r a i n at 
148 sampling s t a t i o n s (see Figure 1). F i e l d water q u a l i t y 
measurements were made at one meter (m) i n t e r v a l s from one meter 
below the surface to 0.5m above the lake bottom. Readings were 
taken with Martek Instruments, Inc. ( I r v i n e , CA) multiprobe 
a n a l y z e r s . 

On a q u a r t e r l y basis between March 1982 and March 1983 l a k e 
sediment and b i o t a samples were c o l l e c t e d from ten of the s i x t e e n 
primary s t a t i o n s and analyzed f o r anthropogenic organic chemicals 
and trace metals. Stations were sele c t e d a l t e r n a t e l y so that 
each was sampled at l e a s t once during the study p e r i o d . Four 
s t a t i o n s designated LP07, LP10,LP11, and LP12, were sampled 
during each quarter. Sedimen
separate dredge grabs wit
Company). Sediment grab  composite
buckets (3 g a l l o n ) that were washed and then r i n s e d with 
nanograde hexane between each sampling s t a t i o n . A l i q u o t s of 
composited sediments were placed i n wide-mouth quart j a r s , pre-
r i n s e d with nanograde hexane. Nearshore sediments were w e l l 
s o r t e d f i n e s i l t s with between 1 and 2 percent organic carbon 
content. Offshore sediments were f i n e s i l t s or cla y s and 
g e n e r a l l y contained between 2 and 3 percent organic carbon 
content· 

A n a l y t i c a l Methods 

A n a l y t i c a l methods were designed to screen a r e l a t i v e l y large 
number of samples for a broad spectrum of organic compounds and 
se l e c t e d heavy metals. In the f i e l d , a l l samples were placed on 
i c e immediately f o l l o w i n g c o l l e c t i o n . Upon d e l i v e r y to the 
l a b o r a t o r y , samples were frozen and maintained at -10 C. Just 
p r i o r to analyses, the samples were thawed and thoroughly 
homogenized. 

The a n a l y t i c a l procedure f o r trace organics included 
e x t r a c t i o n of a l l samples, f r a c t i o n a t i o n of the e x t r a c t s by 
l i q u i d - s o l i d chromatography, and instrumental analyses of the 
f r a c t i o n s by fused s i l i c a c a p i l l a r y gas chromatography using 
flame i o n i z a t i o n (general) d e t e c t i o n , and, f o r some samples, 
e l e c t r o n capture (halogen s p e c i f i c ) d e t e c t i o n . Selected 
f r a c t i o n s were then chosen for d e t a i l e d instrumental analyses 
using computerized high r e s o l u t i o n gas chromatography-mass 
spectrometry (GCMS) (_1 ) . 

A l l GCMS data f i l e s were examined with a general search 
procedure developed f o r scanning GCMS data for anthropogenic 
chemicals at trace l e v e l s . Hard copies of the mass s p e c t r a l data 
were examined manually to v e r i f y computer matches and i d e n t i f y 
compounds not se l e c t e d by the computer program. I d e n t i f i e d 
compounds were then quantitated by m u l t i p l y i n g t h e i r peak area 
w i t h appropriate response f a c t o r s obtained from analyses of 
q u a n t i t a t i v e standards under i d e n t i c a l instrumental tunes and 
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c o n d i t i o n s . Standard compounds were not a v a i l a b l e f o r a l l the 
substances i d e n t i f i e d i n samples. Q u a n t i t a t i v e response f a c t o r s 
were estimated f o r those compounds not contained i n a n a l y t i c a l 
standards. I t i s important to note that the use of estimated 
response f a c t o r s gives data that can be compared with equivalent 
data w i t h i n a given data base. Comparison of the data with other 
r e s u l t s outside of the data base should be done w i t h i n the 
context of the l i m i t a t i o n s imposed by q u a n t i t a t i v e GCMS analyses. 
In g e n e r a l , these l i m i t a t i o n s i n the q u a n t i t a t i v e r e s u l t s are not 
s i g n i f i c a n t l y l a r g e when compared with v a r i a b i l i t i e s observed 
between samples c o l l e c t e d from marine environments. Experience 
from analyses of many r e p l i c a t e samples and p a r t i c i p a t i o n i n 
round-robin type i n t e r l a b o r a t o r y c a l i b r a t i o n programs (2) has 
produced data which i n d i c a t e s the a n a l y t i c a l v a r i a b i l i t i e s are 
compound dependent and range from 5% to 30%. This a n a l y t i c a l 
v a r i a b i l i t y i s g e n e r a l l y small when compared to v a r i a b i l i t i e s 
found between samples c o l l e c t e

EPA approved atomi
t r a c e metal analyses (3)· 

Standard q u a l i t y c o n t r o l procedures were fol l o w e d . These 
in c l u d e d : a) c a r e f u l washing of a l l glassware i n strong 
o x i d i z i n g s o l u t i o n s and with Type I water; b) frequent analyses 
of glassware and reagent blanks; c) analyses of procedural 
blanks with each batch of samples; and d) c a l i b r a t i o n of 
instruments before each set of analyses by analy z i n g standard 
s o l u t i o n s . A n a l y t i c a l p r o f i c i e n c y i n the a n a l y s i s of b i o t a and 
sediment samples have been demonstrated by p a r t i c i p a t i o n i n 
round-robin type I n t e r l a b o r a t o r y c a l i b r a t i o n e x e r c i s e s ( 2 ) . 

D i s c u s s i o n of Results 

S a l i n i t y . Concentration p r o f i l e s f o r top and bottom s a l i n i t i e s 
and d i s s o l v e d oxygen concentrations at four s e l e c t e d s t a t i o n s are 
shown i n Figure 2. S i m i l a r i t i e s i n surface s a l i n i t y are 
apparent, but the surface d i s s o l v e d oxygen concentrations v a r i e d 
a p p r e c i a b l y . The maximum surface s a l i n i t y at a l l four s t a t i o n s 
occurred i n the e a r l y F a l l (September and October, 1982). The 
minimum surface s a l i n i t y at a l l s t a t i o n s was measured i n 
February, 1983. Surface s a l i n i t y readings ranged from 1.3 ppt 
(p a r t s per thousand) at s t a t i o n s LP10 to 9.0 ppt at s t a t i o n LP07. 

Seasonal s i m i l a r i t i e s i n bottom s a l i n i t i e s between a l l 
s t a t i o n s were not apparent. Bottom s a l i n i t i e s d i f f e r e d 
a p p r e c i a b l y i n both magnitude and the time at which Increases 
began. S i g n i f i c a n t Increases i n bottom s a l i n i t i e s at the s t a t i o n 
nearest to the MRGO began between A p r i l and May, 1982. This was 
followed by a marked s a l i n i t y increase at s t a t i o n s 1.5 and 4.2 
miles o f f s h o r e between June and J u l y , 1982. The s t a t i o n 4.1 
miles o f f s h o r e i n J e f f e r s o n P a r i s h (the most remote from the 
MRGO) did not e x h i b i t the abrupt bottom s a l i n i t y increases that 
were noted at the other s t a t i o n s . Bottom s a l i n i t i e s of 7 to 9 
ppt and up g e n e r a l l y r e s u l t e d i n s t r a t i f i c a t i o n with s i g n i f i c a n t 
decreases i n bottom d i s s o l v e d oxygen concentrations· 
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Data c o l l e c t e d at 0.5 m above the Lake's bottom, from the 
148 lakewide s t a t i o n s i n J u l y and August 1982, are presented as 
i s o p l e t h s i n Figure 3. Highest bottom s a l i n i t i e s i n Lake 
P o n t c h a r t r a i n , during the two month sampling p e r i o d , occurred at 
and near the MRGO-Lake connection. Much lower s a l i n i t i e s were 
recorded i n the northern sections of the Lake due to freshwater 
inputs from northshore r i v e r s and passes. Bottom d i s s o l v e d 
oxygen concentrations taken i n J u l y were lowest (1.0 ppm) i n the 
south c e n t r a l area of the lake and 3.0 ppm along the south shore 
and i n mid-lake r e g i o n s . The lowest d i s s o l v e d oxygen readings 
recorded i n August were found to be c e n t r a l i z e d i n mid-lake 
areas. In general, low DO readings c l o s e l y f o l l o w regions of 
s i g n i f i c a n t s t r a t i f i c a t i o n during the summer months when mixing 
of the shallow lake from weather f r o n t s was minimized. 

Examination of the i s o h a l i n e s shown i n Figure 3 c l e a r l y 
i n d i c a t e s that the major source of h i g h l y s a l i n e waters was the 
MRGO. S a l i n i t i e s at th
a l s o c o n t r i b u t o r s of saltwate
as high as at the mouth of the MRGO. The MRGO complex which 
provides a d i r e c t man-made connection f o r h i g h l y s a l i n e waters 
from the Gulf of Mexico to enter Lake P o n t c h a r t r a i n , c o n t r i b u t e s 
s i g n i f i c a n t l y to s t r a t i f i c a t i o n . On the other hand, the two 
n a t u r a l passes a l l o w i n f l o w of waters c h a r a c t e r i z e d by s a l i n i t i e s 
that are c l o s e r i n concentration to those i n Lake P o n t c h a r t r a i n . 

Trace Organics. High r e s o l u t i o n gas chromatograms from analyses 
of the saturated hydrocarbon f r a c t i o n s of four sediment samples 
c o l l e c t e d from the lake i n January 1983 are shown i n Figure 4. 
The samples c o l l e c t e d o f f J e f f e r s o n P a r i s h contained saturated 
hydrocarbon p r o f i l e s t y p i c a l of t e r r e s t r i a l biogenic hydrocarbon 
inputs (4_) · These inputs are c h a r a c t e r i z e d by odd carbon number 
hydrocarbons, i n the range of ja-C24 to ja-C30, and have greater 
abundances than t h e i r even carbon numbered homologs. The samples 
c o l l e c t e d o f f Orleans P a r i s h contained large complex unresolved 
mixtures (CUM) which are i n d i c a t i v e of weathered petrogenic 
hydrocarbons. The source of the extremely high l e v e l s of 
weathered petrogenic hydrocarbons i n the nearshore J e f f e r s o n -
Orleans P a r i s h sample i s unclear. However, the hydrocarbon loads 
i n samples from t h i s s t a t i o n were not t y p i c a l of those found at 
any of the other sampling s t a t i o n s i n Lake P o n t c h a r t r a i n . 
Consequently, these l e v e l s cannot be a t t r i b u t e d to the normal 
types and loads of hydrocarbons found i n urban runoff and 
probably r e s u l t e d from the s p i l l a g e of weathered petrogenic 
hydrocarbons i n t o the drainage canal s i t u a t e d near t h i s sampling 
s t a t i o n . Because the l e v e l s of petrogenic hydrocarbon were so 
elevated at t h i s s t a t i o n , we have chosen to consider a l l data 
from t h i s s t a t i o n as anomalous. Consequently, data from t h i s 
s t a t i o n have been excluded from f u r t h e r d i s c u s s i o n s of the 
d i s t r i b u t i o n s and sources of organic contaminants i n Lake 
P o n t c h a r t r a i n . 

Figures 5 through 7 show concentrations of se v e r a l important 
c l a s s e s of organic compounds, as w e l l as s p e c i f i c organics as a 
f u n c t i o n of distance offshore and date of sample c o l l e c t i o n . The 
types of compounds, which are represented as sub-classes of the 
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Isohalines (0.5 m off bottom) DO Isopleths (0.5 m off bottom) 

Figure 3· I s o h a l i n e s and d i s s o l v e d oxygen i s o p l e t h s i n Lake 
P o n t c h a r t r a i n on consecutive months i n the summer of 1982. 
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t o t a l organics found i n mass spectra data, are shown i n Table I 
and i n c l u d e : TIC ( t o t a l i d e n t i f i a b l e compounds; PPAH (parent 
polynuclear aromatic hydrocarbons); TAAH ( t o t a l a l k y l aromatic 
hydrocarbons); C/N (chlordane and nonachlor); PCB 
( p o l y c h l o r i n a t e d b i p h e n y l s ) ; and DDT (sum of the DDT 
environmental degradation products). T o t a l hydrocarbon 
concentrations (THC) were derived from GC data. The q u a n t i t i e s 
of these various substances g e n e r a l l y decrease, i n a general 
exponential f a s h i o n , with distance from the southern s h o r e l i n e , 
reaching background l e v e l s at distances of 3 to 6 miles o f f s h o r e . 
This i s as expected since the m a j o r i t y of organic substances 
found i n these samples have extremely low water s o l u b i l i t y (5)· 
Consequently, they are g e n e r a l l y transported i n the marine 
environment as p a r t i c u l a t e matter (6, 7). There are s e v e r a l 
exceptions to t h i s general observation. For example, perylene 
concentrations showed  downward trend with distanc  fro  th
shore. This compound
combustion and n a t u r a
i t i s not s u r p r i s i n g that no s i g n i f i c a n t trends were observed 
r e l a t i n g perylene concentrations with distance from shore. The 
most abundant c l a s s of organics found i n Lake P o n t c h a r t r a i n 
sediments was the unsubstituted polynuclear aromatic hydrocarbon 
(PPAH). Figure 8 shows the q u a n t i t i e s and r e l a t i v e d i s t r i b u t i o n s 
of nine d i f f e r e n t PAH compounds at three d i f f e r e n t sampling 
s t a t i o n s . These s t a t i o n s were chosen to show the PAH 
d i s t r i b u t i o n s with distance from the southern s h o r e l i n e . As a 
general r u l e , s i m i l a r d i s t r i b u t i o n s were noted at other sampling 
s i t e s as a f u n c t i o n of distance o f f s h o r e . Offshore PAH l e v e l s 
were c h a r a c t e r i z e d by elevated concentrations of perylene while 
near-shore samples contained mostly four r i n g PAH compounds. 

Table I I shows the concentrations of s e l e c t e d trace organics 
i n b i o t a samples examined during t h i s study. In general, highest 
concentrations were observed i n the s p r i n g . Chlorocarbon 
concentrations were comparable to other areas along the Gulf 
Coast and g e n e r a l l y lower than commonly encountered along the 
eastern seaboard ( 9 ) . 

Heavy Metals. The concentrations of Barium, Lead and Cadmium, 
wit h distance from the s h o r e l i n e , are shown i n Figure 9. Lead 
concentrations g e n e r a l l y decreased with distance from the 
s h o r e l i n e but there was considerable v a r i a b i l i t y i n t h i s trend. 
Lead i s transported as p a r t i c u l a t e matter i n the marine 
environment (10, 11). Consequently, lower but h i g h l y v a r i a b l e 
concentrations offshore are to be expected. Other heavy metals 
st u d i e d d i d not e x h i b i t any detectable trend with distance from 
the s h o r e l i n e . Even the h i g h l y i n s o l u b l e heavy metal, Ba, d i d 
not show s i g n i f i c a n t l y lower concentrations i n offshore areas. 

Conclusions 

Factors which are c u r r e n t l y a f f e c t i n g environmental q u a l i t y i n 
Lake P o n t c h a r t r a i n are g e n e r a l l y those r e l a t e d to urban 
development and urban p o l l u t i o n , a l t e r e d land use p a t t e r n s , and 
hydrologie m o d i f i c a t i o n w i t h i n the lake's watershed. Paramount 
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Table I. Specific Compounds Found in Lake Pontchartrain Sediment Samples 
as well as the Identities of Compounds that Comprise the Various 
Sub-classes of Pollutants whose Concentration Trends are Highlighted 
i n this Report. 

Compound name TIC PPAH TAAH FP Phen DBT DDT PCB C/N 

ο naphthalene X X 
a l k y l naphthalenes X X 

ο acenaphthene X X 
ο acenaphthylene X X 

biphenyl 
a l k y l biphenyls 

ο fluorene 
a l k y l fluorenes X X 

ο phenanthrene X X X 
ο anthracene X X 

a l k y l phenanthrenes X X 
dibenzothiophene X X X 
a l k y l dibenzothlophenes X X 

ο fluoranthene X X X 
ο pyrene X X X 

a l k y l pyrenes X X 
ο benz(a)anthracene X X 
ο chrysene X X 

a l k y l chrysenes X X 
naphthylbenzothiophene X X 
a l k y l naphthylbenzo- X X 

thiophenes 
ο benzo Fluoranthenes X X 

benzo(e)pyrene X X 
ο benzo(a)pyrene X X 

perylene X X 
ο indo(l,2,3-od)pyrene X X 
ο dibenzo(a,h)anthracene X X 
ο benzo(ghi)perylene X X 
ο diethyl phthalate X 
ο bis(ethylhexyl)phthalate X 
ο other phthalates X 
ο DDE X X 
DDM X X 

ο chlordane X X 
ο nonachlor X X 
ο PCB X X 
Unknown MW = 252 BP = 237 X 

ο USEPA P r i o r i t y Pollutants 

In Organic Marine Geochemistry; Sohn, M.; 
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OVERTON ET AL. Chemicals in Lake Pontchartrain 

1 4 0 

Phen BF BEP BAP P e r y l 

Figure 8. The q u a n t i t i e s (ppb) and d i s t r i b u t i o n of nine 
polynuclear aromatic hydrocarbons, at three sampling 
s t a t i o n s , i n Lake Pontchartrain sediments. 
Phen = phenanthrene, F • fluoranthene, Ρ - pyrene, Bz • 
benzanthracene, C = chrysene, BF = benzofluoranthenes, BEP 
benzo-e-pyrene, BAP =benzo-a-pyrene, P e r y l = perylene. 
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Table I I . Concentration of: Total i d e n t i f i a b l e Compounds/Parent 
Polynuclear Aromatic Hydrocarbons (Top); PCBs/DDTs (Bottom) in the 
Selected Biota Samples Expressed as PPB wet Weight. 

Sample Location A p r i l '82 July '82 Oct. '82 Jan '83 

LP01 Shrimp 
* 800/15 

3/2 

Crab 
66/17 
1/2 

LP02 Clam 
360/11
6/6 

LP03 Crab 
178/48 
12/8 

LP05 Clam 
570/190 
130/13 

LP07 Croaker 
2000/85 
180/70 

Oyster 
140/63 
4/1 

Crab 
44/5 
ND/5 

Crab 
1600/27 
100/27 

LP10 Spot Fish 
2000/280 
200/130 

Spot Fish 
130/34 
17/14 

Croaker 
33/4 
1/4 

LP15 Crab 
66/4 
2/4 

Catfish 
*370/10 

ND/1 

* Contaminated with diethylhexyl phthalate. 
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among these i s the tremendous r a t e of u r b a n i z a t i o n that has 
spread i n recent decades from the metropolitan New Orleans area 
which occupies a major p o r t i o n of the southern lakeshore. 
Because of i t s immediate proximity to the lake and the f a c t that 
much of t h i s area i s at or below sea l e v e l , a network of canals 
on the east side of the M i s s i s s i p p i River drains the area i n t o 
the l a k e . These canals are catch basins for the s t r e e t drainage, 
stormwater r u n o f f , and point source discharges of t r e a t e d , 
p a r t i a l l y t r e ated and untreated sewage. In a d d i t i o n , many 
discharges from small commercial f a c i l i t i e s are made e i t h e r to 
the sewage systems or d i r e c t l y to the canals. No major 
i n d u s t r i a l f a c i l i t i e s (e.g. petrochemical or organic chemical 
manufacturing) are permitted to discharge i n t o Lake 
P o n t c h a r t r a i n . Therefore, the major chemical inputs of 
p o l l u t a n t s i n t o the lake may be categorized as coming from three 
major source c a t e g o r i e s . These are (1) urban stormwater 
drainage, (2) discharge
t r e a t e d to l e s s than acceptabl
s p i l l s from marine r e l a t e d f a c i l i t i e s and marine v e s s e l s . 

Examination of the data suggest that urban runoff i s 
resp o n s i b l e f o r the greater v a r i e t y and the higher l e v e l s of 
anthropogenic chemicals introduced i n t o the l a k e . Sewerage 
discharges introduce p o l l u t a n t s that c o n t r i b u t e to oxygen 
d e p l e t i o n and e u t r o p h i c a t i o n . 

The c o n t r i b u t i o n of o i l and other organic substances from 
marine associated f a c i l i t i e s and vessels i s more r e l a t e d to s p i l l 
events, e i t h e r a c c i d e n t a l or i n t e n t i o n a l , rather than r e g u l a r , 
long term i n p u t . Data reviewed to date i n d i c a t e that s p e c i f i c 
areas are impacted by o i l s and other petroleum hydrocarbons. 

Another f a c t o r of s i g n i f i c a n t environmental i n f l u e n c e i s the 
a l t e r a t i o n of s a l i n i t y patterns i n the southeastern and east-
c e n t r a l region of the lake o f f the mouth of the MRGO. This 
hydrologie m o d i f i c a t i o n f a c i l i t a t e s the i n t r u s i o n of h i g h l y 
s a l i n e marine waters from the Gulf of Mexico i n t o Lake 
P o n t c h a r t r a i n . This saltwater i n t r u s i o n i s most pronounced 
during the warm water months (May to October) of years with 
normal and below normal r a i n f a l l . I t s e f f e c t s reach t h e i r peak 
during the l a t e summer (August/September) when p r e v a i l i n g 
s o u t h e r l y and sou t h e a s t e r l y winds g r e a t l y f a c i l i t a t e the movement 
of marine waters up the MRGO and i n t o Lake P o n t c h a r t r a i n . 
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16 
Seasonal Cycles of Dissolved Methane 
in the Southeastern Bering Sea 

Joel D. Cline1, Charles N. Katz2, and Kimberly Kelly-Hansen3 

1Mobil Research and Development Corporation, Dallas, TX 75234 
2InterOcean Systems, Inc., San Diego, CA 92123 
3Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric 
Administration, Seattle, WA 98115 

Seasonal measurements of dissolved methane were made 
in the southeastern Bering Sea shelf waters between 
1975-1981. Thi
environment tha
in b i o l o g i c a l a c t i v i t y and cl imate. For these 
reasons, and others, t h i s region i s well suited to 
examine the seasonal d i s t r i b u t i o n s of methane and other 
biologically-generated gasses. 

Maximum concentrations of methane were observed in 
the f a l l of 1981, followed by a minimum in spring. 
Surface concentrations, on the average, were about 400 
nL/L(STP) in fall, dipping to concentrations near 100 
nL/L(STP) in spring. Near bottom concentrations were 
generally higher throughout the region, and in 
p a r t i c u l a r over St. George Basin, where concentrations 
in excess of 2500 nL/L(STP) were observed. 

The sea to a i r f lux of methane ranged from 0.021 g 
CH4 m-2 yr-1 in May 1981 to 0.34 g CH4 m-2 yr-1 in 
October 1980; the mean f lux was about 0.14 g CH4 m-2 

yr-1. Based on a t o t a l area of 31.9 x 1010 m2 and 
correcting for average ice coverage in winter, the 
annual transport of methane to the atmosphere for 
1980-81 was 4.6 x 1010 g. 

Seasonal and interannual variat ions in the 
concentration methane are large in the southeastern 
Bering Sea shelf . The dr iv ing force for these 
variations i s the timing and f l u x of organic carbon as 
well as the severity (i.e., amount of ice cover) of the 
winters. These observations point to the need for 
seasonal observations in near shore coastal waters i f 
meaningful budgets of methane, and presumably other 
trace gasses, are to be constructed. 

0097^6156/86/0305-O272$07.25/0 
© 1986 American Chemical Society 
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Methane is an ubiquitous trace gas found in a l l marine and 
freshwaters. Its concentration in the surface waters of the open 
ocean is near saturation ( 1 - 3 ) , however in some near shore areas, 
in anoxic basins, and in marine sediments the concentrations are 
s i g n i f i c a n t l y higher (4, 7) because of increased production rates. 
The highest production rates of methane are usually r e s t r i c t e d to 
anoxic environments, but s i g n i f i c a n t rates of production also have 
been observed in oxic marine water columns (8, 9 ) . 

The most complete set of published observaTions on the 
sources, s i n k s , and d i s t r i b u t i o n s of methane in coastal waters 
i s that by researchers at Texas A&M University. Without d e t a i l i n g 
an exhaustive l i s t of the observations, many of which deal with the 
thermogenic as well as biogenic sources of methane, the following 
papers are most relevant to our own discussion of coastal d i s t r i b u 
tions of methane (7, 10-14). 

Our intent here 'fs not to summarize the extensive observations 
of methane in the marine environment, but rather to set the stage 
for a discussion of seasona
environment. There are few studies of the seasonal variations of 
trace gases in a marine environment, and to our knowledge, none in 
a high l a t i t u d e , shallow sea, where b i o l o g i c a l influences are apt 
to be large. In t h i s report, we w i l l s p e c i f i c a l l y examine the 
seasonal d i s t r i b u t i o n s of dissolved methane in the southeastern 
Bering Sea and q u a l i t a t i v e l y discuss the physical and b i o l o g i c a l 
forcing that results in the observed d i s t r i b u t i o n s . 

Observations discussed in t h i s report were made as a part of 
an environmental study of Alaskan coastal waters. 

Methods 

SamplIinq. Discrete water column samples were obtained with 5-L 
Niskin bottles attached to a General Oceanics Rosette f i t t e d with 
Plessey Environmental Systems model 9040 CTD. A 1-L aliquot of 
seawater was transferred from the Niskin samplers into g l a s s -
stoppered bottles in such a way that a i r bubbles were not 
trapped. The bottles were then stored in the dark at 
approximately 5°C u n t i l analyzed; usually within one hour of 
sampling. 

Analysis Concentration. The analysis of methane was accomplished 
routinely in the f i e l d using a purge and trap technique (15). The 
method involves removal of the dissolved gases from a 0.2TT"volume 
of seawater by helium purging. The gasses removed from solution 
are passed through A s c a r i t e ® , D r i e r i t e ® and Tenax G.C.® traps to 
remove carbon dioxide, water vapor and heavy hydrocarbons respec
t i v e l y , before being concentrated on an activated alumina trap 
held at -196°C. After quantitative removal of the gasses from 
solution (approx. 6 minutes with a purge rate of 100 mL min" 1 ), 
the activated alumina trap was warmed to 100°C and the gasses 
backflushed into a gas chromatograph. 

Gas Chromatography. Detection and quantitation of methane was 
carried out on a Hewlett-Packard 5710A gas chromatograph equipped 
with a flame ionization detector (FID). The column packing used 
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was activated alumina, 60-80 mesh (1.8m χ 0.48 cm o . d . ) . The 
column temperature was held isothermally at 100 eC. 

Quantitation of the methane was obtained by comparing the 
detector response of a methane gas standard with that of the 
sample. The FID response was found to be l inear with 
concentration throughout the entire range of methane 
concentrations encountered in the study. Standard gasses 
prepared by Matheson Gas Products were intercal ibrated with a 
standard gas analyzed by the National Bureau of Standards (NBS). 
Analyt ical precision was generally less than 1% while accuracy, 
based on the NBS i n t e r c a l i b r a t i o n , was 5%. The detection l i m i t 
of the method, based on a s ignal - to-noise r a t i o of 2 i s 
approximately 5 nL CH^ L*1 seawater (STP). 

SalIinity-Temperature-Pressure (Depth). Conductivity, temperature 
and pressure data were col lected using a Plessey Systems CTD 
with model 8400 data logger. These sensors were interrogated 
f i v e times per second fo
( s a l i n i t y ) , and pressure (depth). Data were recorded during the 
down-cast using a lowering rate of 30 m min" 1 . Niskin bottle 
samples were taken on every other cast to provide temperature 
and s a l i n i t y c a l i b r a t i o n . Nominal precision of the s a l i n i t y , 
temperature and depth measurments was ± 0.02 g kg" 1 , ± 0.02 °C 
and ± 0.2 m, respectively. 

Physical Setting 

The survey area, which includes B r i s t o l Bay, is a broad shelf 
region located in the southeastern Bering Sea (Figure 1 ) . It i s 
bounded on the south by the Alaska Peninsula, on the west by the 
shelf break, and on the north by the coast of Alaska (1(6). The 
area out to the 200 m isobath is about 32 χ 1 0 1 0 m 2 ; the 
area-weighted mean depth is about 70 m. The pr incipal sources of 
fresh water are the Kuskokwim and Kvichak r i v e r s , which are 
located at the northern and eastern boundaries (Figure 1). 
Estimated discharge of these r i v e r s is about 47 km3 annually 
(17), but there are also numerous small , d i f fuse sources of fresh 
water along the entire c o a s t l i n e . Notable among them i s the Port 
Mol 1er estuary located along the north side of the Alaska 
Peninsula. Winter cooling results in a maximum of 60% of the 
southeastern Bering Sea being covered with ice between the months 
of December and A p r i l (16). This ice i s largely wind driven from 
the north, although during severe winters there is local ice 
formation. 

Hydrographically, the region is divided into three domains: 
coastal waters (z < 50m), middle shelf (50 m < ζ < 100m), and the 
outer shelf (z > 100m) (LB). The greatest seasonal variations in 
temperature and salinity"^are found in the coastal zone because of 
i t s shallow depth and close proximity to sources of fresh water. 
In contrast to the coastal regime, which i s u n s t r a t i f i e d most of 
the year because of wind and t i d a l mixing, the middle shelf is 
thermally s t r a t i f i e d much of the year. The outer s h e l f , p r i n c i 
p a l l y St. George Basin (Figure 1 ) , is characterized by s a l i n i t é s 
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Figure 1. Location of the southeastern Bering Sea, showing 
hydrographie regimes and bathymetry. Also shown in the position 
of a v e r t i c a l section across the region (see Figure 4 ) . 
Individual station locat ions, which varied from cruise to c r u i s e , 
are shown on the areal d i s t r i b u t i o n maps. 
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near 33%<> and a temperature range of 3-4°C. Surface temperatures 
and s a l i n i t i e s are somewhat greater in summer. Currents over the 
shelf are generally weak (19, 20). Along the outer shelf in summer, 
current t r a j e c t o r i e s trend northwest at speeds of approximately 
5 cm/sec. Across the inner s h e l f , currents are weak (~ 1 cm/sec) 
and counterclockwise. 

Seasonal Distr ibutions of Dissolved Methane 

The v e r t i c a l and horizontal d i s t r i b u t i o n s of dissolved 
methane are not only controlled by biological processes, but 
also by the local hydrography, which has a marked seasonal 
signature. S t r a t i f i c a t i o n strongly influences the v e r t i c a l 
transport of methane and other gasses, and is largest where the 
buoyancy input is the greatest. Warming of the surface layers 
and the addition of fresh water from land drainage leads to a 
reduction in the density of the surface waters and subsequent 
s t r a t i f i c a t i o n . Because
s i g n i f i c a n t way the v e r t i c a l transport of methane, a br ief 
description of the seasonal changes in s a l i n i t y and temperature 
is i n s t r u c t i v e . 

The coastal regime experiences large seasonal changes in 
water properties, because of i t s nearness to land and i t s 
shallow depth. Figure (2a) shows the temperature and s a l i n i t y 
f i e l d s for the three seasons, superimposed on the l ines of 
constant density {at= (p-1) χ 1000}. A large change in 
s a l i n i t y is seen in August and is the result of fresh water 
runoff along the Alaska Peninsula. The lowest s a l i n i t i e s are 
found near the Kvichak River, and the highest s a l i n i t i e s are 
found near Unimak Pass. Relat ively sal ine water entering Unimak 
Pass is driven c y c l o n i c a l l y around the basin and gradually 
becomes less sal ine due to freshwater d i l u t i o n . Winter and spring 
are characterized by isohaline conditions (30-32 ° Λ · ) , however 
the temperature r i s e s from near freezing in winter to 4-8 °C in 
May. 

The middle shelf is not so strongly influenced by seasonal 
changes in s a l i n i t y because i t i s farther removed from land. 
However, temperatures there range from near freezing in winter 
to about 10 °C in August ( F i g . 2b). The s a l i n i t y range is 30-32 
°/oe, about the same as observed in the coastal zone away from 
major sources of freshwater. 

Methane: August, 1980. The surface d i s t r i b u t i o n of dissolved 
methane (nL/L, STP) in August 1980 is shown in Figure 3a. The 
highest surface concentrations were found near the entrance to 
Port Mol 1er and near Unimak Pass (see Figure 1). At the entrance 
to Port Mol 1er, concentrations of dissolved methane were greater 
than 2500 nL/L (about 35 times the equilibrium value) and 
decreased along the coast toward the northeast. The direct ion of 
the methane plume marks the mean d r i f t of the coastal current. 
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Figure 2. Temperature and s a l i n i t y f i e l d s for the coastal (a) 
and middle shelf (b) regions. Surface measurements at each 
station were averaged and plotted for the three observational 
periods. 
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LONGITUDE β W 

Figure 3. The surface (a) and near-bottom (b) concentrations of 
methane (nL/L; S.T.P.) observed in August, 1980. The near-bottom 

measurements were routinely taken 5 m above the bottom. 
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Over the remainder of the region, concentrations of methane 
ranged from 300-500 nL/L. The small surface maximum observed near 
Unimak Pass arises from v e r t i c a l turbulence in Unimak Pass. 
Near-bottom waters south of the Alaska Peninsula are enriched in 
methane, which becomes entrained in the northerly flow through the 
pass. Again, the surface concentrations of methane indicate the 
mean surface current d r i f t as water moves into the Bering Sea. 

Distr ibutions of dissolved methane near the bottom ( i . e . , 
5m above the bottom) are shown in Figure 3b. The largest accumu
lations were found over St. George Basin, a topographic depression 
located on the outer shelf . These sediments are fine-grained and 
r e l a t i v e l y r i c h in organic carbon ( T O C ^ = 1%) (21). Contours of 
methane concentration generally follow the basin bathymetry, 
indicating weak c i r c u l a t i o n and a local ized source of methane in 
the basin. The maximum concentration of methane observed in 
August 1980 was 2500 nL/L, decreasing to background concentrations 
of 500 nL/L over the middle shelf . 

In contrast, concentration
and the coastal region were s i m i l a r to the concentrations seen 
in the surface waters of St. George Basin. Over most of the 
middle shelf , near-bottom concentrations of methane ranged from 
400-600 nL/L. 

An example of cross-shelf variations in water properties 
and t h e i r influence on the d i s t r i b u t i o n of methane is shown in 
Figure 4 (see Figure 1 for the location of the v e r t i c a l 
sect ion). The estuarine character of the embayment is c l e a r l y 
shown by the d i s t r i b u t i o n of s a l i n i t y , where low s a l i n i t y water 
at the surface moving seaward i s being replaced by higher 
s a l i n i t y water at depth. High concentrations of methane are 
evident in the bottom waters of St. George Basin (PL4-PL8) and 
are the result of increased production and s t r a t i f i c a t i o n . 
There, v e r t i c a l s t r a t i f i c a t i o n (Figure 4c) r e s t r i c t s the 
upward transport of methane. In the coastal zone (z < 50m), 
the concentration of methane is homogeneous with depth, 
indicating more intense mixing. 

Methane: January, 1981. In winter, surface concentrations of 
methane had f a l l e n to 200-400 nL/L, or about 50% of that seen 
the previous summer (Figure 5a). Once again, the highest 
surface concentrations were found near the entrance to Port 
Mol 1er and northeast of Unimak Pass. Ice covered much of the 
middle shelf and northern coastal regions, which r e s t r i c t e d 
observations to the southern reaches of the area. The maximum 
surface concentration of methane observed was 2500 nL/L at the 
entrance to Port Mol 1er, once again demonstrating that t h i s 
estuary is a s i g n i f i c a n t source of methane to the coastal 
regime, even in winter. 

High concentrations were again evident in the near-bottom 
waters of St. George Basin (Figure 5b). In contrast to concent
rations approaching 2500 nL/L seen the previous August ( F i g . 3b), 
maximum concentrations had decreased to about 1100 nL/L. Bottom 
concentrations over the middle shelf were about 200-300 nL/L, the 
same as the surface waters. 
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Figure 4. The v e r t i c a l d i s t r i b u t i o n s of s a l i n i t y , temperature, 
sigma-t ( i . e . , density) and methane observed along PL1-PL24 in 
August, 1980. See Figure 1 for the location of t h i s section. 
Sigma-t i s equal to (P -1) Χ 1000, where ρ i s the s p e c i f i c - g r a v i t y 
seawater. 
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Figure 5. The surface (a) and near-bottom (b) concentrations of 
methane (nL/L) observed in January, 1981. 
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Methane: May, 1981. By late spring, surface concentrations had 
decreased to about 70 nL/L over much of the middle shelf , but 
remained high in the North Aleutian coastal waters (Figure 6a). 
The maximum concentration near Port Mol 1er had decreased to 
about 600 nL/L. 

Maximum concentrations of methane near the bottom of St. 
George Basin approached 1200 nL/L, which was about the same 
concentration seen in January (Figure 6b). Near-bottom concen
t r a t i o n s over the middle shelf were only s l i g h t l y greater than 
the concentrations seen in the surface waters. 

Methane: SeptemberT 1975 and July, 1976. Concentrations of 
dissolved methane also were measured in the southeastern Bering 
Sea in the f a l l of 1975 and again during the following summer. 
These observations are shown for both surface and near-bottom 
waters in Figures (7a,b, and 8a,b). 

As noted e a r l i e r , the highest surface concentrations of 
methane were near Port
1500 nL/L in July 1976. Measurements were not obtained near 
the mouth of the estuary in September 1975, so comparable 
values were not a v a i l a b l e , but the coastal plume appears weaker 
than that seen in July 1976 (compare Figures 7a and 8a). Over 
the remainder of the embayment, concentrations were generally 
less than 100 nL/L, except as previously noted in the coastal 
zone. 

Maximum concentrations of methane were again observed in 
the near-bottom waters of St. George Basin, however, the 
r e l a t i v e l y large amounts observed in 1980-1981 were s i g n i f i 
cantly lower in July 1976 (Figure 8b). The near bottom plume 
was more pronounced in October 1975, but maximum concentrations 
of 600 nL/L were below the concentrations seen in 1980-1981. 

Processes Control l ing the Distr ibut ion of Methane 

Internal Sources and Atmospheric Exchange of Methane. Methane i s 
produced by special ized groups of obligate anaerobic bacteria 
(22, 23). The formation of methane as a metabolic product 
results either from the microbial reduction of C O 2 with molecular 
H 2 , or v ia the fermentation of acetic a c i d . More s t r u c t u r a l l y 
complex substrates may also serve as electron acceptors/donors, 
but the end result of methanogenesis is to produce methane and 
C0 2 as end products (23). 

Large production rates of methane are apparently only 
real ized in the absence of dissolved oxygen and sulfate ions 
(6, 24), although methanogenesis and sulfate reduction should not 
be thought of as mutually exclusive processes (24, 25). While i t 
may be macroscopically u n r e a l i s t i c to consider methane production 
in the presence of oxygen and/or sulfate ions, s i g n i f i c a n t 
amounts of methane can be produced in oxic (9) and s u l f a t e -
bearing waters (24, 26), presumably within organic-r ich 
microenvironments. mese microenvironments might be organic 
p a r t i c l e s in the water column, organic f loes at the sediment-
water interface, or anaerobic metabolism in the gut of 
planktonic animals. For these reasons, i t is reasonable to 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



CLINE ET AL. Seasonal Cycles of Dissolved Methane 283 

ι tr\r /<gy^K ι ι ι 1 1 1 
172° 168° 164° 160° 156° 

LONGITUDE 0 W 

Figure 6. The surface (a) and near-bottom (b) concentrations of 
methane (nL/L) observed in May, 1981. 
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Figure 7. The surface (a) and near-bottom (b) concentrations of 
methane (nL/L) observed in October, 1975. 
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Figure 8. The surface (a) and near-bottom (b) concentrations of 
methane (nL/L) observed in July, 1976. 
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assume that the bulk of the methane production occurs in marine 
sediments at depths where both oxygen and sulfate are absent. 

However, much of the methane produced in bottom sediments 
never reaches the atmosphere because i t is oxidized to C02 by 
microorganisms living in the surficial layers of the sediments 
and in the oxic, overlying waters. The oxidation of methane 
by sulfate reducers (or other organisms in the community) also 
has been examined and i t is the principal removal mechanism of 
methane from shallow marine sediments (24, 25). Methane is 
also oxidized by certain chemoautotrophic bacteria in the 
presence of dissolved oxygen, although at much lower rates 
compared to those observed in sediments (27). 

Methane is also lost from surface waters by air-sea 
exchange. If the surface concentration of methane exceeds i ts 
equilibrium concentration, there wil l be a net flux to the 
atmosphere. The empirical relationship commonly used to 
quantify the transfer flux (F) is the stagnant-film boundary 
layer model (28, 29). 

F = ν {[Cry - [CHJ'} (1) 

where [CH ]̂ is the observed mixed layer concentration of 
methane, [CH^]' is the equilibrium concentration, and ν is the 
exchange velocity, a quantity proportional to the thickness of 
the hypothetical diffusive film at the sea surface. Later in the 
discussion we wil l adopt this model to compute the flux from the 
surface waters of the southeastern Bering Sea. 

In the southeastern Bering Sea, the seasonal variations in 
the concentration of methane are large, as shown in Table 1. 
The seasonal range is about a factor of four; the highest 
concentrations occur in late summer and the lowest in spring. 
There did not appear to be much difference in the mean concen
trations for each hydrographie area during a given season, which 
was unexpected because the production rates and bottom sediment 
organic carbon concentrations are rather different in that each 
of the three hydrodynamic domains examined (21, 30). The 
observed surface concentrations of methane represent a balance 
between in-situ production and oxidation rates, vertical 
transport rates, and air-sea exchange. Since the air-sea 
exchange and in-situ oxidation rates are both proportional to the 
seawater concentrations (27, 29), which are seasonally invariant 
over the entire study area, uniform surface concentrations are 
largely maintained by differences in local production rates and 
vertical transport rates. Primary production rates control the 
former, while the later is largely a function of vertical s t r a t i 
fication and mixing. 

The coastal zone is somewhat anomalous. There, the depth 
of water is shallow (z < 50m) and the bottom sediments are 
coarse-grained and low in organic carbon. Because of these 
factors, the concentration of methane in the water column should 
be near its atmospheric equilibrium solubil ity, however the 
coastal waters receive large amounts of freshwater, which are 
rich in dissolved methane, thus raising the concentration above 
that expected from in situ sources along. 
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There is undoubtedly some water column production of methane, but 
i t s contribution r e l a t i v e to freshwater runoff is probably small . 

Table I. Mean values for s a l i n i t y , temperature, and methane in the 
three hydrographie regions of the southeastern Bering Sea. The 
number of values (n) used to compute the mean and standard 
deviation is also given. These observations were taken from the 
data report by Katz et a l . , (39). 

Region Season η S a l i n i t y Temperature CH4 

β / ο ° °C nL/L 

Coastal Aug. 1980 104 30.6 ± 1.8 10.0 ± 1.0 418 + 78 
(z < 50 m) Feb. 1981 182 31.2 ± 0.4 0.3 + 1.2 288 + 72 (z < 50 m) 

May 1981 45 31.3 ± 0.2 6.3 + 0.9 120 43 

Middle Shelf Aug. 1980 92 31.6 ± 0.2 5.9 + 0.8 400 55 
(50m <z <L00m)Feb. 1981 188 31.8 ± 0.2 2.2 + 0.8 248 ± 52 

May 1981 48 31.8 ± 0.2 5.9 + 1.0 88 + 13 

St. George Aug. 1980 22 32.4 ± 0.3 8.0 ± 0.4 404 + 68 
(z > 100 m) Feb. 1981 77 31.8 ± 0.2 3.4 + 0.3 275 + 65 (z > 100 m) 

May 1981 38 31.9 ± 0.2 5.8 + 0.6 103 + 17 

The surface waters over St. George basin are the most 
productive waters in the southeastern Bering Sea (30). Some of 
t h i s carbon finds i t s way to the sea f l o o r and is converted into 
methane, which i s turbulently mixed upward into the pycnocline 
(see Figure 4 ) . S t r a t i f i c a t i o n and higher net production over 
St. George Basin results in higher concentrations observed in the 
bottom waters. Because of t h i s s t r a t i f i c a t i o n (Figure 4 ) , surface 
concentrations are balanced by v e r t i c a l transport through the 
pycnocline and a i r - s e a exchange, modulated to some degree by 
i n - s i t u water column production and oxidation. I n - s i t u oxidation 
of methane may be an important removal process in the pycnocline 
because the concentrations are r e l a t i v e l y high and the mixing rate 
i s low. Unfortunately we have no information on i n - s i t u 
production and oxidation rates or the v e r t i c a l transport 
parameters. 

Surface waters over the middle shelf are characterized by 
methane concentrations s i m i l a r to that seen over St. George 
basin (Table I ) . Here the water column and sediment production 
rates are lower than those in St. George Basin, p r i n c i p a l l y 
because the primary production rates are lower. Also, v e r t i c a l 
s t r a t i f i c a t i o n i s reduced, r e s u l t i n g in near bottom and surface 
concentrations being more nearly the same. 

The sea to a i r seasonal f lux of methane was computed for 
each hydrographie domain according to equation (1). Mean 
monthly averages were obtained by l inear interpolation of the 
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seasonal data col lected over the period 1980-81. These 
calculat ions are summarized in Table I I . The mean monthly f l u x 
was computed for the entire survey region by summing the 
contributions from each of the three hydrographie domains 
(area-weighted). 

In order to estimate the sea to a i r f l u x , the exchange 
v e l o c i t y must be known or estimated. We assume that the 
exchange v e l o c i t y is proportional to the quotient of the 
molecular d i f f u s i v i t y of methane, D, and the hypothetical 
thickness of the surface d i f f u s i v e f i l m , h* (29). The exchange 
v e l o c i t y was computed from estimates of the fTTm thickness (31) 
as a function of wind v e l o c i t i e s (32) and temperature dependent 
molecular d i f f u s i v i t i e s (33). The equil ibrium concentration of 
methane, [CH^]', was complied from s o l u b i l i t y data (34) and the 
temperatures given in Table I I I . The atmospheric parTial 
pressure of methane at the time the measurements were made was 
about 1.66 ppm(v) (35)
c o e f f i c i e n t predicts a
range of 61-70 nL/L, depending on temperature. These 
c a l c u l a t i o n s , together with the mean monthly methane f l u x , also 
are summarized Table I I I . 

The minimum f lux of methane occurs in late spring when the 
wind v e l o c i t y and surface concentrations of methane are near 
both r e l a t i v e l y low. The maximum flux i s observed in late f a l l 
at a time when surface concentration and wind v e l o c i t i e s are near 
t h e i r maxima. The average f l u x , based on the observations made 
in 1980-1981, i s 5.1 ± 3.9 ng CH1+ m"2 s " 1 , while the seasonal 
range i s about 12 ng CH^ m"2 s~ A , with a factor of 20 difference 
between the spring minimum and f a l l maximum. 

The largest uncertainty in the c a l c u l a t i o n is the 
dependence of the f l u x on the f i l m thickness, or the wind 
v e l o c i t y . I n t u i t i v e l y one would expect the f lux of methane to 
be related to the magnitude of surface wind s t r e s s , however, 
the dependence may not be the factor of f i v e indicated in Table 
I I I . Even i f the wind had no e f f e c t on the methane transfer 
f l u x , the seasonal var iat ion in the concentration alone would 
predict a factor of 3.5 between the spring minimum and f a l l 
maximum. 

The mean monthly transport of methane (Mt month"1) i s 
shown in the l a s t column of Table I I I . Summing the estimated 
monthly contributions after correction for ice cover, the t o t a l 
annual transport for the southeastern Bering Sea i s 46 χ 1 0 3 , Mt, 
based on a t o t a l area of 31.9 χ 1 0 1 0 m 2. Correction for ice 
coverage was based on p r o b a b i l i t y curves (36). We assumed that 
the f l u x of methane was zero for probabilrETes > 50%, which may 
turn out to be too severe a r e s t r i c t i o n . On a s t a t i s t i c a l 
basis, i t i s seen that the maximum ice cover occurs in March 
(Table I I I ) , which may reduce the e f f e c t i v e area for gas 
transfer in that month to about 50 % of the t o t a l . Whether or 
not the p r o b a b i l i t y curves are representative of conditions in 
1980-1981 i s not known, however, the f lux of methane under 
p a r t i a l to t o t a l ice cover i s c e r t a i n l y not zero, although the 
f lux w i l l undoubtedly decrease due to a reduction in both 
surface area and the e f f e c t i v e wind stress on the surface. 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



16. CLINE ET AL. Seasonal Cycles of Dissolved Methane 289 

Table II . Mean monthly values of methane and temperature computed 
by l i n e a r interpolation of the mean values given in Table 
I. The areas of the coastal zone, middle shelf , and St. 
George Basin are 1.4 χ 1 0 1 1 m 2 , 1.3 χ 1 0 1 1 m 2, and 
4.6 χ 1 0 1 0 m 2 , respectively. 

Month Τ CH. 
nL/L °C nL/L °C nL/L °c nL/L °c 

Coastal Middle Shelf St. George Area-Weighted 
Jan. 350 2.8 300 3.6 330 4.3 320 3.8 
Feb. 290 1.1 250 2.4 270 3.5 264 2.7 
Mar. 230 2.6 200 3.3 220 4.1 213 3.6 
Apr. 180 4.0 160 4.4 170 4.3 167 4.5 
May 120 5.5 100 5.4 120 5.5 112 5.4 
Jun. 200 7.0 150 6.4 150 6.2 157 6.4 
J u l . 300 8.2 250 7.5 250 6.9 257 7.3 
Aug. 380 9.5 350 8.5 350 7.6 354 8.2 
Sept. 400 9.3 380 8.5 400 7.5 391 8.2 
Oct. 390 7.7 370 7.3 370 6.7 372 7.1 
Nov. 380 6.0 350 6.1 360 5.9 358 6.0 
Dec. 360 4.4 330 4.8 350 3.1 343 4.0 
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The mean annual f lux of methane from the shelf waters of 
the southeastern Bering Sea is about 0.14 g CH4 m- 2 y r - 1 , or a 
factor of three greater than observed in the p r i s t i n e shelf 
waters of the Gulf of Mexico (Table IV). However, a i r - s e a 
exchange from the shelf waters of Texas and Louisiana are much 
larger because of thermogenic gas seepage and underwater 
venting from offshore petroleum operations (13). By way of 
comparison, the f lux of methane from the Bering Sea shelf i s 
considerably larger than the open ocean estimate by Ehhalt 
(37). His estimate, based on few measurements, was about 
0.012 g CHi+ n r 2 y r - i and that value i s probably excessive. The 
surface concentration of methane i s probably no more than 10 % 
supersaturated on the average (Weiss, R., Scripps Inst itute of 
Oceanography, personal communication), which translates into a 
mean oceanic f lux of < 0.003 g CHi* n r 2 y r - 1 , again assuming a 
mean piston v e l o c i t y of 2.1 m d a y - 1 . If these numbers are 
reasonably correct, then we might expect other high l a t i t u d e 
shelf environments to
marine methane f l u x , at least seasonally. On a global basis, 
ocean waters probably contribute less than 1% of the atmospheric 
transport of methane (35, 37), but in terms of marine sources of 
methane to the atmosphere, the coastal and shelf environments are 
the most important. Shelf waters are generally more productive 
than the open ocean and are much shallower, hence the time 
scale for cycl ing methane to the atmosphere is much shorter in 
shelf waters. 

Table IV. A comparison of sea-air exchange fluxes for several 
d i f ferent marine environments. The area of the open 
ocean is 3.34 χ 101** m2 (42). 

Region 
Flux 

g CHi* m- 2 y r - 1 Investigators 

S.E. Bering Sea 0.14 This study 
Gulf of Mexico 1 0.04 (13) 
Texas/Louisiana 2 0.85 Œ D 

Open Ocean 0.012 (37) 
Open Ocean3 < 0.003 This Tfudy 

1 Does not include the Texas-Louisiana Shelf. 
2 Recalculated, assuming a piston v e l o c i t y of 2.1 m d - 1 . 
3 Assumes that the mean supersaturation of surface waters 

i s < 10% (Weiss, R., Scripps Inst itute of Oceanography, 
personal communication). 

Inter-Annual Variations of Dissolved Methane 

Methane concentrations also were measured in F a l l of 1975 
and Summer of 1976. The average surface concentrations for the 
three regions are summarized in Figure 9. It i s r e a d i l y obvious 
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Figure 9. The average surface concentration of methane for each 
of the three hydrographie domains (see Table I I I ) . The equi
l ibrium concentration of methane ranged from about 62-68 nL/L, 
assuming an atmospheric mixing r a t i o of 1.66 ppm(v). 
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that the concentrations of methane were suppressed in 1975-76 
compared to 1980-81. Surface concentrations in October 1975 were 
only 100-150 nL/L, roughly the same as those seen in May 1981. 

The cause of the lower concentrations in 1975-76 i s not 
precisely known, but one clue comes from the near-bottom 
concentrations of methane in St. George Basin. The maximum 
concentrations in October 1975 and July 1976 were only 600 nL/L 
and 400 nL/L, respectively (38), compared to concentrations in 
excess of 1800 nL/L in 1980-ΉΓ (Figures 3 - 5 ) . While the lower 
concentrations were most evident in St. George Basin, 
near-bottom concentrations were also lower throughout the shelf 
waters of the southeastern Bering Sea in 1975-76. 

The lower concentrations of methane correlate with lower 
sea surface temperatures (SST) and near-bottom temperatures 
over the middle shelf . Bottom temperatures over the middle 
shelf were < - l e C in October 1975 and July 1976, compared to 
temperatures of 3.5-4.5 °C observed in May 1981 (39). Water 
temperatures t h i s low indicat
winter. On the other hand, bottom temperatures in St. George 
Basin in May 1981 were about the same as those observed in 
October 1975 and July 1976 (17) indicating that these waters were 
less influenced by the abnormally cold winters than the middle 
shelf region. This i s expected because the north-setting coastal 
current brings r e l a t i v e l y warm Gulf of Alaska water across the 
outer shelf (19). 

Nevertheless, the lower than normal SST and near-bottom 
temperatures signaled a s i g n i f i c a n t short term c l i m a t i c event over 
the eastern Bering Sea (40). The winters of 1974-75 and 1975-76 
caused extensive ice formation over the region (41). For example, 
the southern l i m i t of ice in A p r i l 1979 (a normaT~year), was near 
Nunivak Island (Figure 1 ) , whereas i t was southwest of the P r i b i l o f 
Islands in A p r i l 1976 (36). It i s hypothesized that the extensive 
ice coverage and i t s persistence into the late spring of 1975 and 
1976 s i g n i f i c a n t l y affected the supply of carbon to the benthos, 
thus reducing the seasonal production rate of methane. This 
seems to be the case for St. George Basin and the middle shelf . 
Another important factor i s the near-bottom water temperature 
over the middle shelf . Temperatures near and below freezing may 
have inhibited methanogenous in the near-bottom waters long after 
the ice had melted. We have independent evidence from Port Mol 1er 
that methanogeneous i s severely retarded in organic-r ich sediments 
at temperatures near the freezing point of seawater (unpublished 
data), hence the low concentrations of methane over the middle 
shelf may be due to the combined effects of a reduced f lux of 
carbon and cold bottom temperatures. 

The apparent importance of the seasonal production of carbon 
to the water column inventory of methane suggests that the surface 
layers of the bottom sediments or the water column i t s e l f are 
important l o c i for methanogenesis. Deeper horizons within the 
sediment column are not going to be influenced by seasonal 
productivity and w i l l generate methane at some integrated rate 
determined by the long term depositional rate of carbon. 

Summarizing, we observed that the low surface concentrations 
of methane seen in October 1975 and July 1976 were correlated 
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with low water temperatures and severe ice conditions in the 
winters of 1974-75 and 1975-76. Extensive ice coverage had 
presumably reduced the f lux of carbon below the euphotic zone, 
thereby decreasing the amount of carbon available for 
methanogenesis at the sediment-water interface and in the water 
column. These observations indicate that high l a t i t u d e shelf 
environments experience large inter-annual variations in the 
concentration of dissolved methane, and presumably other biogenic 
gases as w e l l . 

Summary 

Distr ibutions of dissolved methane in the southeastern Bering Sea 
were made in 1975-76 and again 1980-81. These observations show 
large seasonal and inter-annual variations that appear to be 
related to the magnitude and timing of primary production. 
However, the relat ionshi
tions of methane correlate with the season of maximum productivity. 
Seasonal and inter-annual production rates of methane suggest that 
s i g n i f i c a n t quantit ies are produced in the water column or from 
s u r f i c i a l layers of bottom sediments. The r e l a t i v e proportions of 
of methane produced in the water column and bottom sediments could 
not be determined from these observations, however. 

The highest concentrations of dissolved methane are found in 
the near-bottom waters of St. George Basin, which over l ie organic-
r i c h sediments and are thermally s t r a t i f i e d much of the year. Weak 
c i r c u l a t i o n and mixing allows concentrations to reach 2,500 nL/L 
(STP). High concentrations of methane also were observed near Port 
Mol 1er, but t h i s source of methane i s related to freshwater sources 
within the estuary. 

Season d i s t r i b u t i o n s of methane also show that methane is a 
q u a l i t a t i v e descriptor of mean current flows in Unimak Pass, along 
the North Aleutian s h e l f , and in the near-bottom waters of St. 
Geoge Basin. 
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Stable Hydrogen and Carbon Isotopic Compositions 
of Biogenic Methanes from Several Shallow Aquatic 
Environments 

Roger A. Burke, Jr., and William M. Sackett 

Department of Marine Science, University of South Florida, St. Petersburg, FL 33701 

Stable hydrogen (<δD) and carbon (δ13C) isotopic 
compositions of methane gas bubbles formed in the 
sediments of several shallow aquatic environments 
were measured and found to range from -346o/oo to 
-263o/oo and fro
respectively. Evaluatio
previously published model implies that acetate 
dissimilation accounts for about 50% to 80% of the 
total methane production. δD-CH4 and δ13C-CH4 are 
generally inversely correlated; this indicates that 
the observed isotopic variation is not solely due to 
differential methane oxidation. δl3C-CH4 values 
reported in this paper imply that methane produced 
in these sediments is generally substantially more 
13C-depleted than the estimated average atmospheric 
methane source. Methane with a δD near the 
estimated atmospheric source average is produced in 
some of these sediments; this apparent agreement may 
be fortuitous as few relevant data are available. 

The process of biological methane formation is of considerable 
current interest because biogenic methane can accumulate in 
commercially significant quantities in certain geological 
situations, and methane emitted to the atmosphere may affect the 
earth's climate. It has been estimated that more than 20% of the 
world's proven gas reserves are of biogenic origin (1). Recent 
studies (2,3) of polar ice cores indicated an apparent doubling of 
atmospheric methane concentrations during the past few hundred 
years. Because methane strongly absorbsinfrared radiation within 
the atmospheric window (700 to 1400 cm-1) that transmits most of 
the thermal radiation from the earth's surface to outer space (4), 
the atmospheric methane increase is a potential contributor to 
global warming. Various investigators (2,4,5) estimated the 
contribution of methane to increasing global temperatures to be 
about 20-40% of that attributed to the carbon dioxide increases. 

The microbial decomposition of complex organic matter under 
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anaerobic c o n d i t i o n s to methane and carbon d i o x i d e i s a m u l t i - s t e p 
process r e q u i r i n g the p a r t i c i p a t i o n of at l e a s t three (6.»7) 
d i f f e r e n t t r o p h i c groups of b a c t e r i a . The f i n a l step i n t h i s 
process, methanogenesis, i s thought to occur mainly v i a two 
pathways, CO^ r e d u c t i o n and acetate d i s s i m i l a t i o n (8). Carbon-14 
l a b e l l i n g s t u d i e s have suggested that acetate d i s s i m i l a t i o n 
normally accounts f o r about 60-70% of the t o t a l methane production 
i n sewage sludge d i g e s t o r s (9,10) , paddy s o i l s (11,12), and some 
freshwater lake sediments (13-15) w i t h CO^ reduc t i o n r e s p o n s i b l e 
f o r the remainder. In other freshwater lake sediments, however, 
the CO^ red u c t i o n pathway i s apparently predominant, accounting 
f o r >90% of the t o t a l methane production i n Russian Lake 
Kuznechikha (16) and about 75% of the methane generated i n the 
sediments of Blelham Tarn i n the E n g l i s h Lake D i s t r i c t (17). 
Incubation of sediment samples from Cape Lookout B i g h t , North 
C a r o l i n a (CLB), a s m a l l , nearshore marine b a s i n w i t h r a p i d l y 
accumulating, organic r i c
acetate i n d i c a t e d that mor
f l u x could be accounted f o r by acetate d i s s i m i l a t i o n (18). In 
c e r t a i n s i t u a t i o n s i n which sediments r e c e i v e a f a i r l y s p e c i f i c 
type of organic matter input or when methanogens are competing 
w i t h s u l f a t e reducing b a c t e r i a f o r H 2 and aceta t e , a s i g n i f i c a n t 
f r a c t i o n of the t o t a l methane production can r e s u l t from 
a l t e r n a t e substrates such as methanol and trimethylamine (19,20). 

A l l of the aforementioned s t u d i e s used C-14 l a b e l l e d 
s ubstrates as t r a c e r s to estimate the r e l a t i v e c o n t r i b u t i o n s of 
the methanogenic pathways to t o t a l methane production. An 
a l t e r n a t e method of o b t a i n i n g an estimate of r e l a t i v e pathway 
c o n t r i b u t i o n , based on measurements of the s t a b l e hydrogen 
i s o t o p i c compositions of bio g e n i c methane and the as s o c i a t e d 
water, has been proposed (21,22). Estimates obtained using t h i s 
method f o r methane generated from sewage sludge (21) and 
freshwater lake sediments (22) are i n good agreement w i t h some of 
the estimates of r e l a t i v e pathway c o n t r i b u t i o n (9,10, 13-15) 
obtained from C-14 l a b e l l i n g s t u d i e s . 

We report here measurements of the s t a b l e hydrogen i s o t o p i c 
composition of methane and water, the s t a b l e carbon i s o t o p i c 
composition of methane and carbon d i o x i d e , and a n c i l l a r y 
parameters from s e v e r a l freshwater environments and from a few 
l o c a t i o n s w i t h i n the Tampa Bay estuary. The s t a b l e i s o t o p i c 
compositions determined i n t h i s study are reported as a 
pa r t s - p e r - m i l ( /oo) d e v i a t i o n (δ) from a standard w i t h a known 
s t a b l e i s o t o p i c r a t i o . The d e f i n i t i o n of the δ value i s : 

δ = (R(Sample)/R(Standard) - 1) χ 1000 (1) 
13 12 

where R i s D/H and C/ C and the standards are SMOW and PDB, f o r 
hydrogen and carbon i s o t o p i c compositions, r e s p e c t i v e l y . Using 
these measurements and the model proposed by Woltemate e£ a l . (22) 
we can estimate the r e l a t i v e importance of the two primary 
methanogenic pathways, acetate d i s s i m i l a t i o n and CO^ r e d u c t i o n , to 
methane production i n these systems. 
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Methods 

Gas samples were obtained by a g i t a t i n g the sediment w i t h a rod and 
f u n n e l i n g the released gases i n t o 125 ml serum b o t t l e s (Wheaton 
S c i e n t i f i c , M i l l v i l l e , N.J.) that were i n i t i a l l y f i l l e d w i t h lake 
water. The b o t t l e s were f i l l e d as completely as p o s s i b l e w i t h gas 
and stoppered w i t h a s p e c i a l l y manufactured b l a c k rubber stopper 
(no. 2048-11800, B e l l c o G l a s s , Inc., V i n e l a n d , N.J.) that was then 
crimped w i t h an aluminum s e a l (Wheaton). The samples were stored 
on i c e during t r a n s i t back to the l a b o r a t o r y where they were kept 
i n a f r e e z e r u n t i l a n a l y s i s . Water samples f o r δD determinations 
were c o l l e c t e d i n screw cap v i a l s , the mouths of which were 
covered w i t h p a r a f i l m to r e t a r d evaporation. Sediment samples 
were obtained by scraping s u r f i c i a l m a t e r i a l i n t o Whirlpak p l a s t i c 
bags and were froz e n u n t i l a n a l y s i s . 

The methane gas samples were prepared f o r i s o t o p i c analyses 
w i t h the system i l l u s t r a t e
chromatographic (GC) separatio
f o l l o w e d by combustion to CO  and water i n a vacuum l i n e . 
Methane i s combusted i n a c u p r i c oxide furnace (^850°C), to which 
5-10 t o r r of oxygen has been added, as i t i s swept through by the 
GC c a r r i e r gas. A d d i t i o n of oxygen gas to the system i s necessary 
to assure complete combustion of the methane. We have found that 
the i s o t o p i c values of incompletely combusted methane are 
s i g n i f i c a n t l y more negative than the a c t u a l Q v a l u e s ; δΕ-CH^, and 
Ô 1 3c-CH^ d e v i a t i o n s of up to 60°/oo and 3.5°/oo, r e s p e c t i v e l y , 
were observed. The C0 2 and water r e s u l t i n g from the combustion of 
methane are condensed by l i q u i d n i t r o g e n (^-196°C) i n the trap 
immediately downstream from the combustion oven, the excess oxygen 
and helium are pumped away, and the C0« and water are 
c r y o g e n i c a l l y (%-90°C) separated. The ô 1 3C of the C0 2 i s then 
measured us i n g a Finnigan-Varian MAT 250 isotope r a t i o mass 
spectrometer (IRMS). The water from the combustion i s reduced to 
hydrogen gas using the z i n c metal method (23) and analyzed w i t h 
the IRMS. The GC used Is a Hewlett-Packard 5710 A equipped w i t h a 
thermal c o n d u c t i v i t y detector and two 6 mm OD s t a i n l e s s s t e e l 
columns (3 m grade 12 s i l i c a g e l and 2 m molecular s i e v e 5A) 
connected i n s e r i e s through a Valco ten port s w i t c h i n g v a l v e 
configured f o r column sequence r e v e r s a l and b a c k f l u s h of the 
s i l i c a g e l column to the d e t e c t o r . This GC c o n f i g u r a t i o n allows 
b a s e l i n e separatio n of H 2 > 0 2, N 2 > CH^ and C0 2. Helium c a r r i e r 
f l o w i s 50 ml/min and the oven temperature i s h e l d constant at 
90°C. The system described here i s a flow-through system i n which 
methane i s combusted as i t i s swept through the furnace by the GC 
c a r r i e r gas. There i s no Toepler pump or bellows to c y c l e the gas 
repeatedly through the furnace. As a r e s u l t , i t i s reasonable to 
expect that the time the methane spends i n the oven, which i s 
determined by the GC c a r r i e r gas flow r a t e , could be an important 
v a r i a b l e . To t e s t t h i s , a methane working standard was analyzed 
s e v e r a l times using GC c a r r i e r gas flow r a t e s of 25 ml/min and 50 
ml/min. I s o t o p i c values obtained at 50 ml/min ( mean δϋ-CH, = 
-164°/oo, std.dev. = 1.0°/oo, η = 12; mean ô 1 3C-CH 4 = -44.2°/oo, 
std.dev. = 0.14 /oo, η • 12) were not s i g n i f i c a n t l y d i f f e r e n t from 
those obtained at a GC flow of 25 ml/min (mean ôD-CH A = -164°/oo, 
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VENT^ 

Figure 1. System f o r preparing methane f o r i s o t o p i c analyses. 
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std.dev. = 1.7°/oo, η - 6; mean <$ C-CĤ , = -44.1°/oo, std.dev. * 
0.17 /oo, η - 10). Repeated analyses of a second working 
standard, analyzed d a i l y during the course of t h i s work, y i e l d e d 
standard d e v i a t i o n s (mean δϋ-CH, = -189.3 /oo, std.dev. - 1.7 /oo, 
η = 36; mean 6 1 3C-CH 4 = -39.6°/oo, std.dev. = 0.21°/oo, η = 32) 
that are s i m i l a r to those obtained above f o r the GC flow r a t e t e s t 
and are comparable to those reported by S c h o e l l (21). 

The combustion e f f i c i e n c y of the GC-combustion system (Figure 
1) was test e d by comparing the methane concentration of the gas 
atmosphere i n the vacuum l i n e that r e s u l t e d from the i n j e c t i o n of 
^2 ml of methane under normal operating c o n d i t i o n s (three separate 
t r i a l s ) to the methane concentration of the vacuum-line gas 
atmosphere a f t e r i n j e c t i o n of ^2 ml of methane w i t h the 
combustion furnace turned o f f (three separate t r i a l s ) . The t r a p 
immediately downstream from the combustion oven was immersed i n a 
Dewar f l a s k c o n t a i n i n g an i s o p r o p y l a l c o h o l s l u s h (^-90°C). The 
r e s u l t i n g methane concentrations
equipped w i t h dual flam
combustion e f f i c i e n c y >99%. 

Water samples were prepared f o r δ D determination by the z i n c 
metal method as described by Coleman et a l . (23). Repeated 
analyses of the water reference samples V-SMOW (n = 10, s t d . dev. 
= 1.4 /oo) and NBS-1 (n = 10, s t d . dev. = 1.3°/oo), performed 
during the course of t h i s work, i n d i c a t e d that the u n c e r t a i n t y 
(one standard d e v i a t i o n ) i n v o l v e d w i t h the δϋ-Ι^Ο analyses was 
about 1.5 /oo. P r e p a r a t i o n of the carbon d i o x i d e gas f o r a n a l y s i s 
by IRMS i n v o l v e d cryogenic se p a r a t i o n of the CO2 from the other 
gases. This was accomplished by i n j e c t i n g an a l i q u o t of the gas 
through a rubber septum i n t o a vacuum l i n e w i t h a trap cooled by 
l i q u i d n i t r o g e n and then simply pumping away the l i q u i d n i t r o g e n 
non-condensable gases (0 2,N 2,CH 4). Water vapor was then removed 
c r y o g e n i c a l l y (v-90°C) from the CO^. The methane and carbon 
d i o x i d e concentrations (mol%) of the gas samples were c a l c u l a t e d 
from the GC-integration u n i t s (HP-3390A I n t e g r a t o r ) f o l l o w i n g 
a p p l i c a t i o n of appropriate T.C. Weight Factors as given by McNair 
and B o n e l l i (24). Sedimentary organic matter was prepared f o r 
δ^-30 a n a l y s i s by IRMS i n a C r a i g type combustion apparatus (25) . 

Model of Methane Formation 

Figure 2 i s a p l o t of δ D-Ĥ O versus δ D-CH^ f o r samples obtained 
from l i t t o r a l zone sediments of s e v e r a l freshwater lakes and from 
s e v e r a l shallow (1 m or l e s s water depth) areas of the Tampa Bay 
estuary. A l s o shown on Figure 2 are l i n e s that describe p r e d i c t e d 
δϋ-Η20/δD-CH^ i s o t o p i c p a i r s r e s u l t i n g from v a r y i n g the r e l a t i v e 
c o n t r i b u t i o n s to methane production of the acetate d i s s i m i l a t i o n 
and C0 2 r e d u c t i o n pathways. This model was o r i g i n a l l y proposed by 
Woltemate et a l . (22) and used i n that study to estimate that 
methyl group t r a n s f e r (from acetate or other methyl group donors 
such as methanol) was res p o n s i b l e f o r about 76% of t o t a l methane 
production i n the sediments of Wurmsee, a shallow lake near 
Hannover, FRG. 

In c o n s t r u c t i n g t h i s model, Woltemate et a l . (22) assumed 
that f o r the C0 ? r e d u c t i o n pathway a l l four methane hydrogens are 
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s u p p l i e d by the environmental water (21,26), and f o r the acetate 
d i s s i m i l a t i o n pathway only one hydrogen comes from water, w i t h the 
remaining three coming from the methyl group of acetate (27). As 
a r e s u l t , the slopes of the 0:100 (acetate d i s s i m i l a t i o n : C0 2 

r e d u c t i o n , not shown here) and the 100:0 (not shown here) l i n e s 
are 1 and 0,25, r e s p e c t i v e l y . The slopes of the intermediate 
l i n e s are obtained by m u l t i p l y i n g the r e l a t i v e amount of each 
pathway by the appropriate slope (1 or 0.25) and summing. For 
example, the slope of the 80:20 l i n e would be: 0.80(0.25) + 
0.20(1) = 0.4. The y - i n t e r c e p t of the 80:20 l i n e was obtained 
from the sewage sludge i n c u b a t i o n experiment of S c h o e l l (21). In 
that experiment, a l i q u o t s of sewage sludge were incubated i n 
p l a s t i c b o t t l e s spiked w i t h d i f f e r e n t amounts of D 20. The r e s u l t s 
i n d i c a t e d a l i n e a r c o r r e l a t i o n between <$D-H90 and ôD-CH, that was 
described (2J_) by: L * 

The y - i n t e r c e p t of the 0:100 l i n e r e s u l t e d from the 
observation that ôD-I^O/ôD-CH^ p a i r s obtained from the 
measurement of n a t u r a l samples, i n which methane was presumably 
formed v i a C0 2 r e d u c t i o n (21), f i t the r e l a t i o n s h i p (21, 28): 

The y - i n t e r c e p t s of the remaining l i n e s (22) are obtained by 
assuming that the y - i n t e r c e p t s are spaced e q u a l l y ((323-160)/4 = 
41 /oo) apart. Equations (2) and (3) are based on analyses of 
methane formed under widely d i f f e r e n t environmental c o n d i t i o n s . 
V a r i a t i o n s i n the magnitude of i s o t o p i c f r a c t i o n a t i o n , due to 
v a r i a t i o n i n parameters such as the r a t e of r e a c t i o n and time 
(degree of i s o t o p i c e q u i l i b r a t i o n ) , may introduce e r r o r i n t o 
p r e d i c t i o n s of r e l a t i v e methanogenic pathway s e l e c t i o n obtained 
w i t h the model (Figure 2 ) . We b e l i e v e , however, that the model 
y i e l d s r e s u l t s that are g e n e r a l l y v a l i d , and that a p p l i c a t i o n of 
the model to our data y i e l d s u s e f u l i n t e r p r e t a t i o n . 

Importance of A l t e r n a t e Methanogenic Substrates 

Lovley and Klug (29) reported that methanol and methylamines were 
the precursors f o r l e s s than 5 and 1%, r e s p e c t i v e l y , of t o t a l 
methane production i n the sediments of eutrophic Lake Wintergreen, 
Michigan. The l i k e l y e xplanation f o r t h i s i s the low abundance of 
methanol and methylamine precursors r e l a t i v e to H 2 and acetate 
precursors i n the organic matter input to the sediments (29). Low 
r a t e s of methane production from methanol and methylamines i n 
near-surface, s u l f a t e - r i c h marine sediments have been reported 
r e c e n t l y (20,30). Although methane production from these 
"noncompetitive" substrates (30) i s of i n t e r e s t f o r s e v e r a l 
reasons, we would argue that i t i s l i k e l y to generate l a r g e 
q u a n t i t i e s of methane (defined here as a s i g n i f i c a n t f r a c t i o n of 
that r e q u i r e d to achieve s a t u r a t i o n ) only under r e l a t i v e l y unusual 
c o n d i t i o n s . Many marine organisms use methylamines or methylamine 
precursors (31) i n osmoregulation (32). In response to s a l t 

<5D-CH

<5D-CH4 = 6D-H20 - 160(±10)°/oo (3) 
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s t r e s s , the halophyte S p a r t i n a a l t e m i f l o r a has been shown to 
concentrate up to 30% of i t s t o t a l l e a f n i t r o g e n i n g l y c i n e 
betaine (33), which can be metabolized to acetate and 
trimethylamine i n marine sediments (31). Oremland et a l . (19) 
reported that metabolism of methanol and trimethylamine could 
account f o r the bulk of methane produced i n s a l t marsh sediments 
c o n t a i n i n g 8 ml of methane per l i t e r of wet sediment. The 
experiments that y i e l d e d these r e s u l t s were conducted i n f l a s k s 
c o n t a i n i n g 60 ml of San Francisco Bay water, 40 ml of sediment, 
and 10 ml of homogenized Sparti n a f o l i o s a m a t e r i a l s (19). While 
known (macroalgae (34)) and p o t e n t i a l (mangroves, seagrasses) 
c o n t r i b u t o r s of methylamine precursors (unknown concentrations) 
account f o r some organic i n p u t , sediments as r i c h i n organic 
matter as those used above (19), are r a r e l y encountered (35) i n 
the Tampa Bay estuary. From a l l of t h i s , we conclude that methane 
production from methanol and methylamines i s q u a n t i t a t i v e l y 
unimportant i n the sample
t h e r e f o r e , i n applying
we consider acetate to be by f a r the major source of methyl groups 
to the methanogens a c t i v e i n these sediments. 

R e l a t i v e C o n t r i b u t i o n s of the Methanogenic Pathways 

Our measurements of oD-H20/<5D-CH4 p a i r s from v a r i o u s freshwater 
and e s t u a r i n e sediments (Figure 2) imply that about 50% to 80% of 
the t o t a l methane production i n these sediments can be a t t r i b u t e d 
to acetate d i s s i m i l a t i o n . This agrees w i t h some e a r l i e r s t u d i e s 
(13-15,22), but i s i n c o n f l i c t w i t h others that i n d i c a t e d that C0 2 

reduction dominates methane production i n other freshwater lake 
sediments (16,17). This v a r i a t i o n i n pathway importance between 
i n d i v i d u a l lakes and even between d i f f e r e n t l o c a t i o n s w i t h i n the 
same lake (Figure 2) may be a t t r i b u t a b l e to n a t u r a l q u a l i t a t i v e 
and q u a n t i t a t i v e v a r i a t i o n s i n the organic matter and b a c t e r i a 
occuring i n these sediments as suggested by Belyaev et a l . (16). 
The predominance of the acetate d i s s i m i l a t i o n pathway under 
estuarine-marine ( S a l i n i t y (S) - 6-34°/oo) c o n d i t i o n s i n f e r r e d 
from our data has been found i n other nearshore-marine 
circumstances (18,36). In c o n t r a s t , the biogenic methane found i n 
deep-sea sediments i s thought to o r i g i n a t e almost e x c l u s i v e l y from 
CO2 r e d u c t i o n (21, 37) and i s i s o t o p i c a l l y d i s t i n g u i s h a b l e (δϋ 5 8 

-170 to -190 /oo (38)) from the marine methane measured here 
(Figure 2 ) . The δϋ-CH^ values reported here support the idea that 
w i t h respect to methane production, h i g h l y productive b r a c k i s h and 
marine sediments can bear a greater resemblance to freshwater than 
deep-sea sediments i f s u l f a t e i s depleted near the sediment -
water i n t e r f a c e due to high r a t e s of r e s p i r a t i o n (30,39). 

Methane Oxidation 

An important area of study i n organic geochemistry concerns the 
o r i g i n of n a t u r a l gas; two of the more u s e f u l parameters i n 
addressing t h i s problem are δϋ-CH^ and o^C-CH^. As discussed 
above, δϋ-CH^ i s u s e f u l i n e s t i m a t i n g r e l a t i v e pathway 
c o n t r i b u t i o n i n b i o l o g i c a l methane formation. Combined w i t h 
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information concerning the molecular composition of a n a t u r a l gas, 
ôl3c-CH4 can be u s e f u l i n determining whether the gas was formed 
b i o l o g i c a l l y or from the t h e r m o c a t a l y t i c breakdown of complex 
organic matter (40). Consequently, processes that a l t e r the 
i s o t o p i c compositions and confuse i n t e r p r e t a t i o n are of great 
i n t e r e s t . One process that can cause extensive i s o t o p i c 
f r a c t i o n a t i o n i s b i o l o g i c a l methane o x i d a t i o n (41). Based on 
r e s u l t s obtained from a l a b o r a t o r y study by Coleman et a l . (41), 
i t can be c a l c u l a t e d that aerobic o x i d a t i o n of 40% of an a l i q u o t 
of methane would leave the remaining 60% about 12.5 /oo and 
125"/oo more 13c- and D-enriched, r e s p e c t i v e l y . I f the percentage 
of methane o x i d a t i o n and the degree of i s o t o p i c f r a c t i o n a t i o n 
v a r i e d depending upon l o c a t i o n w i t h i n a given freshwater l a k e , f o r 
example, i s o t o p i c v a r i a t i o n (Figure 2) could be created. The 
g e n e r a l l y negative c o r r e l a t i o n between 6 1 3C-CH 4 and ôD-CH^ 
i n d i c a t e d i n Figure 3 i n d i c a t e s that the i s o t o p i c v a r i a t i o n seen 
i n our samples i s not s o l e l
c o r r e l a t i o n does not mea
by i n s i t u methane o x i d a t i o n , but i t does imply that some 
a d d i t i o n a l process ( i . e . , v a r i a t i o n i n pathway) c o n t r i b u t e d to the 
i s o t o p i c v a r i a t i o n . A l l c u r r e n t l y known examples of anaerobic 
methane o x i d a t i o n , other than minor (2% of the r a t e of CH^ 
production) o x i d a t i o n by methanogenic b a c t e r i a (42) have taken 
place i n the presence of d i s s o l v e d s u l f a t e , which i s apparently 
r e q u i r e d as an e l e c t r o n acceptor (39). Thus, i t i s u n l i k e l y that 
extensive anaerobic methane o x i d a t i o n would occur i n low s u l f a t e 
freshwater environments. Methanogenic b a c t e r i a are s t r i c t 
anaerobes and produce methane only under h i g h l y reducing 
c o n d i t i o n s ( 6 ) . Methane produced under these c o n d i t i o n s could 
only be o x i d i z e d by the aerobic process i f i t e i t h e r migrated (as 
a bubble or i n s o l u t i o n ) to a l e s s reducing l o c a t i o n , or i f the 
depth of oxygen p e n e t r a t i o n i n t o the sediment increased. I f a 
bubble moved upward from the depth at which i t was formed, i t 
would probably e x i t the sediments e n t i r e l y because the distance 
between the methane production zone and the sediment i s short 
(<50cm), and would not be sampled by the methods employed here. 
L i k e w i s e , methane that d i s s o l v e d would not be sampled, and because 
the process of p a r t i a l d i s s o l u t i o n i t s e l f would not be expected to 
induce much i s o t o p i c f r a c t i o n a t i o n (43), any methane remaining i n 
bubble form should maintain i t s i s o t o p i c s i g n a t u r e . Deeper 
pe n e t r a t i o n of oxygen i n t o the sediments, because of a temperature 
induced decrease i n oxygen consumption, might a l l o w p a r t i a l 
o x i d a t i o n of trapped bubbles. This could be r e s p o n s i b l e f o r the 
s l i g h t increase (Table I) i n the i s o t o p i c compositions of methane 
sampled from Crescent Lake (#2) on 1/23/85 compared to that 
sampled at the same l o c a t i o n on 12/21/84. This s l i g h t d i f f e r e n c e 
has very l i t t l e e f f e c t on any of our i n t e r p r e t a t i o n s , and when 
considered along w i t h the other arguments advanced above, argues 
against extensive i s o t o p i c f r a c t i o n a t i o n of samples reported here 
(Figures 2,3) by aerobic methane o x i d a t i o n . 

A n c i l l a r y Data 

A l l of the i s o t o p i c and a n c i l l a r y data considered i n t h i s study 
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are l i s t e d i n Table I. Concentrations of methane and carbon 
dioxide ranged from 33% to 86% and from 4% to 13%, r e s p e c t i v e l y , 
i n the samples that we analyzed. The carbon i s o t o p i c comgosition 
of the sedimentary organic matter (SOM) ranged from -26.9 /oo to 
-28.0 /oo f o r a l l but one of the freshwater sediment samples 
measured here (Table I ) ; t h i s implies that higher land plants (C^ 
pathway) and low 1 3 C / 1 2 C aquatic plants (44) dominate organic 
matter input to these sediments. For instance, an u n i d e n t i f i e d 
emergent aquatic macrophyte from Lake Dias (#3) yi e l d e d a fil3C of 
-28.1°/oo. We determined a 6 1 3C of -22.5°/oo f o r the SOM of 
Mi r r o r Lake (Table I) which Is s u b s t a n t i a l l y heavier than the 
other freshwater values. P o s s i b l e explanations f o r t h i s include a 
r e l a t i v e l y greater c o n t r i b u t i o n of i s o t o p i c a l l y heavy C^ pathway 
plant (44) m a t e r i a l ( i . e . , domestic Bermuda grass), and 
u t i l i z a t i o n of i s o t o p i c a l l y heavier source carbon by the submerged 
aquatic plants (45). There i s no obvious r e l a t i o n s h i p between 
e i t h e r 6 1 3C-SOM or %C-S0
here (Table I ) . For example
#2 i s 8-12°/oo l i g h t e r than the ôl3c-CH4 of Crescent Lake #1, 
there i s no s u b s t a n t i a l d i f f e r e n c e between the two s i t e s with ^ 
respect to 6l3c-S0M or %C-S0M. Factors other than amount and δ C 
of the source organic matter, such as pathway s e l e c t i o n (Figure 
2), must also be involved i n determining 6l3c-CH,. F r a c t i o n a t i o n 
f a c t o r s aC(a(C0 2/CH 4)) and aD(a(H 20/CH 4)) of the freshwater 
samples, c a l c u l a t e d from measured i s o t o p i c compositions, ranged 
from 1.042 to 1.073 and from 1.343 to 1.456, r e s p e c t i v e l y (Table 
I ) . These values are s i m i l a r to those that were determined f o r 
German lake Wurmsee (22), although the ranges reported here are 
greater. The greater range (higher aC, lower aD) r e f l e c t s the 
l a r g e r r e l a t i v e c o n t r i b u t i o n of the C0 2 reduction pathway i n some 
of our samples (Figure 2). The f r a c t i o n a t i o n f a c t o r s c a l c u l a t e d 
from t y p i c a l deep-sea sediment i s o t o p i c compositions (1,37,38) are 
s i g n i f i c a n t l y l a r g e r (aCv/1.08) and smaller (aD^1.25) than the 
f a c t o r s determined here; t h i s f u r t h e r implies that both isotopes 
are a f f e c t e d by the methanogenic pathway and i n d i c a t e s the 
p o t e n t i a l a p p l i c a b i l i t y of these parameters ( p a r t i c u l a r l y 
together) to the genetic c h a r a c t e r i z a t i o n of biogenic methane 
deposits. 

Atmospheric Methane Isot o p i c Composition 

As discussed e a r l i e r , recent studies (2_>3) i n f e r r e d a doubling of 
atmospheric methane concentrations over the past few hundred 
years. Furthermore, during the l a s t 3-4 years, atmospheric 
methane concentrations have increased at rates of 1-1.9% per year 
(46). Decomposition of organic matter i n water-covered s o i l s , 
i n t e s t i n a l fermentation i n ruminants, biomass burning, and d i r e c t 
anthropogenic input ( i . e . , leakage of f o s s i l f u e l s ) are thought to 
be the major sources of methane to the atmosphere, c o n t r i b u t i n g 
approximately 46, 22, 5 and 7% of the t o t a l f l u x , r e s p e c t i v e l y 
(46). The major sink of atmospheric methane i s thought to be 
re a c t i o n with tropospheric OH r a d i c a l s (46). A recent study by 
H a r r i s s et a l . (47) i n d i c a t e d that p e r i o d i c a l l y inundated s o i l s 
may a l s o be a s i t e of atmospheric methane removal during dry 
periods. 
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Recent measurements (1980) i n d i c a t e that the 6 A JC of 
atmospheric methane i s about -47.0i0.3°/oo (48). The average 
i s o t o p i c f r a c t i o n a t i o n a s s o c i a t e d w i t h the s i n k process i s 
-2.511.5 /oo, and there i s a +0.3°/oo isotope e f f e c t r e s u l t i n g 
from the nonsteady s t a t e i n c r e a s i n g methane concentrations (48). 
This i m p l i e s that the average o^C-CH^ f o r a l l sources i s about 
-4911.5 /oo; t h i s i s s i g n i f i c a n t l y l e s s l^C-depleted than most 
known biogenic sources (48), and i s about 10 /oo l e s s negative 
than the average 6 1 3C-CH 4 of a l l sources (-61l3°/oo) c a l c u l a t e d by 
Senum and Gaffney (49). Biomass burning and f o s s i l f u e l s are the 
only known s i g n i f i c a n t sources of methane more 13c-enriched than 
-49 /oo (48), and they apparently account f o r a r e l a t i v e l y s m a ll 
f r a c t i o n of the t o t a l i n p u t . Bubble e b u l l i t i o n i s the dominant 
mode of methane input to the atmosphere from some shallow 
freshwater (50) and marine (51) aquatic environments. A l l of the 
gas samples analyzed f o r t h i s work were c o l l e c t e d as bubbles from 
sediments covered by ver
the freshwater lakes (Crescen
have been observed to r e l e a s e gas bubbles from t h e i r sediments, 
and i t i s very l i k e l y that a c t i v e bubbling a l s o occurs i n the 
other environments studied here. There i s a good d e a l of 
v a r i a t i o n (^24°/oo) i n the 6 1 3C-CH 4 data presented here (Table I ) ; 
however, most of the samples are s u b s t a n t i a l l y l i g h t e r than 
-49 /oo, i n agreement w i t h other data from shallow aquatic 
environments (48). Though l i m i t e d i n number, these data suggest 
that e b u l l i t i o n from these sediments i s u n l i k e l y to provide an 
atmospheric input of methane as 1 3 C - e n r i c h e d as the estimated (48) 
source average. Based on t h e ^ r e s u l t s of a study by Rust (52) , 
which demonstrated that the δ C of methane produced by ruminants 
depends on the 6 1 3C of the p l a n t s i n t h e i r d i e t , Stevens and Rust 
(48) proposed that the anaerobic decomposition of i s o t o p i c a l l y 
heavy C^ pl a n t d e b r i s i n l a r g e wetlands, such as the Sudd marshes 
and the Everglades, might be a s i g n i f i c a n t source of i s o t o p i c a l l y 
heavy methane to the atmosphere. ^As mentioned b e f o r e , no such 
simple r e l a t i o n s h i p between the δ C-CH^ and o 1 3C-S0M of aquatic 
sediments i s i n d i c a t e d by our data (Table I ) . According to Wolfe 
( 7 ) , four w e l l - d e f i n e d groups of b a c t e r i a are i n v o l v e d i n the 
conversion of complex organic matter to methane i n sediments, 
whereas i n the rumen only two of the groups are i n v o l v e d and there 
i s no s i g n i f i c a n t production of methane from a c e t a t e . A l s o , 
s u b s t r a t e i n p u t , product output, and environmental c o n d i t i o n s are 
more c l o s e l y c o n t r o l l e d i n the rumen than i n sediments where 
d i s o r d e r i s i n h e r e n t l y greater (53). Thus, i n a d d i t i o n to 
ô-^C-SOM, other f a c t o r s such as pathway s e l e c t i o n and p o s s i b l y 
k i n e t i c e f f e c t s are probably important i n s e t t i n g the ô^C-CH^ Q f 
aquatic sediments. Escape of d i s s o l v e d methane across the 
a i r - w a t e r i n t e r f a c e , r a t h e r than e b u l l i t i o n , may be the more 
l i k e l y means of t r a n s f e r r i n g i s o t o p i c a l l y heavy methane from 
shallow aquatic environments to the atmosphere. D i s s o l v e d methane 
should be more r e a d i l y a v a i l a b l e f o r aerobic methane-oxidation 
(39) and i s o t o p i c f r a c t i o n a t i o n (41); however, assessment of the 
p o t e n t i a l c o n t r i b u t i o n s of e b u l l i t i o n and d i s s o l v e d methane to 
atmospheric ô-^C-CH, i s hindered by a l a c k of r e l e v a n t data. 
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Using data obtained i n 1960 and 1970 (54-56), Senum and 
Gaffney (49) noted an apparent decrease i n atmospheric methane 6D 
w i t h time that they e x t r a p o l a t e d to the present to y i e l d an 
estimate of -104±4 /oo f o r the 6D of present-day atmospheric 
methane. The extr a p o l a t e d 6D value was correct e d f o r k i n e t i c 
i s o t o p i c f r a c t i o n a t i o n r e s u l t i n g from the r e a c t i o n of methane w i t h 
hydroxyl r a d i c a l s (the magnitude of the f r a c t i o n a t i o n was 
a t t r i b u t e d to Gorden and Mulac (57)) i n the troposphere to y i e l d 
an estimate of -322 /oo as the present-day average δϋ of a l l 
methane sources to the atmosphere (49). Analyses reported i n 
(Table I) and by Woltemate et a l . (22) i n d i c a t e that methane as 
deuterium-depleted as -322 /oo i s produced i n some freshwater 
sediments. Organic matter decomposition i n sewage sludge may a l s o 
y i e l d methane as deuterium-depleted as -322 /oo (21). According 
to the genetic c h a r a c t e r i z a t i o n model of S c h o e l l (38) , which i s 
based on approximately 500 n a t u r a l gas analyses, thermogenic 
methane i s g e n e r a l l y l e s
our knowledge, there ar
produced from e i t h e r th
biomass burning. Although an important source of atmospheric 
methane w i t h a 6D near the estimated source average (49) has been 
i d e n t i f i e d (freshwater sediments), there are p r e s e n t l y too few 
measurements of the δϋ of atmospheric methane and i t s sources 
a v a i l a b l e to determine whether or not t h i s apparent agreement has 
any r e a l s i g n i f i c a n c e w i t h regard to e v a l u a t i n g the r o l e of 
shallow aquatic sediments i n the atmospheric methane budget and i n 
determining the δϋ of atmospheric methane. 

Summary 

Stable hydrogen and carbon i s o t o p i c compositions of biogenic 
methane produced i n the sediments of s e v e r a l freshwater and 
es t u a r i n e environments have been measured and i n t e r p r e t e d using a 
p r e v i o u s l y published model. The r e s u l t s i n f e r that acetate 
d i s s i m i l a t i o n i s the dominant methanogenic pathway i n these 
sediments, accounting f o r about 50 to 80% of the t o t a l methane 
production, w i t h C0 2 r e d u c t i o n r e s p o n s i b l e f o r the remainder. In 
gene r a l , δϋ-CH^ and o 1 3C-CH 4 are i n v e r s e l y c o r r e l a t e d , implying 
that methane o x i d a t i o n alone can not e x p l a i n the i s o t o p i c 
v a r i a t i o n s . The inverse r e l a t i o n s h i p a l s o i m p l i e s that both 
isotopes are a f f e c t e d by methanogenic pathway s e l e c t i o n . 
F r a c t i o n a t i o n f a c t o r s , aD and aC, c a l c u l a t e d from the i s o t o p i c 
data presented here are s i g n i f i c a n t l y l a r g e r and s m a l l e r , 
r e s p e c t i v e l y , than aD and aC t y p i c a l l y found i n deep-sea 
sediments. Measurements performed to date i n d i c a t e that the 
ô 1 3C-CH, of gas bubbles formed i n shallow aquatic sediments i s 
g e n e r a l l y s i g n i f i c a n t l y more negative than the average of a l l 
sources to the atmosphere. There are p r e s e n t l y too few 
measurements of the δϋ of atmospheric methane and i t s sources 
a v a i l a b l e to a l l o w e v a l u a t i o n of the r o l e of shallow aquatic 
sediments i n determining the δϋ of atmospheric methane. 
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Polybromomethanes 
A Year-Round Study of Their Release to Seawater 
from Ascophyllum nodosum and Fucus vesiculosis 

Philip M. Gschwend and John K. MacFarlane 

Ralph M . Parsons Laboratory for Water Resources and Hydrodynamics, Department of 
Civil Engineering, Massachusetts Institute of Technology, Cambridge, M A 02139 

Polybromomethanes (CHBr3, CHBr2Cl, and CH2Br2) were 
released to seawater in laboratory incubations by 
Ascophyllum nodosum and Fucus vesiculosis at nanograms 
to micrograms eac
throughout the year  biologica
halogenated compounds was detectable in nearshore 
seawater during high tides when these littoral algae 
were submerged. The weak seasonality of 
polybromomethane formation, together with various 
evidence from the literature, suggest that these 
brominated organic compounds may arise from fungal 
epiphytes closely associated with these algae. 

It has long been recognized that marine macroalgae contain 
halogenated metabolites Ο - 3 ) . A few investigations have provided 
evidence that certain of the volatile halogenated compounds are 
released from these algae into coastal seawater (4 - ])· In 
particular, of a l l the volatile halogenated compounds observed, 
three polybromomethanes (CHBr3, CHBr 2Cl, and CH 2Br 2) were released In 
the greatest quantities in a survey of several temperate macroalgae 
(7)· This natural source of halogenated organic compounds to the 
marine environment is especially Important In light of our concern 
for emissions of halogenated solvents and haloforras in coastal 
discharges (8 - 9) and to the atmosphere (10). Such natural sources 
must be quantified to place man's Impact In perspective and to 
suggest natural sink mechanisms which may have evolved In response to 
these sources. 

In this report, we describe a seasonal study of polybromomethane 
releases from two common fucold algae, Ascophyllum nodosum and Fucus 
veslculosls. We performed this investigation to evaluate the 
yearround variations in algal Impact on coastal seawater chemistry. 
Further, we hoped to observe seasonal correlations between 
polybromomethane releases and factors in the l i f e cycles of these 
algae to provide insights as to the genesis and function of these 
natural products. 
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METHODS 

Algal Incubations, Our procedures for quantifying polybromomethane 
releases from macroalgae to seawater have been described previously 
(7). A brief description follows. Ascophyllum nodosum and Fucus 
vesiculosls specimens were collected approximately monthly from the 
rocky intertidal shoreline of the Cape Cod Canal, Sagamore MA. Algae 
were collected by breaking off a piece of the rock to which the 
plants were attached, thereby not causing any tissue lesions, and 
were held in a bucket of seawater until delivery to the laboratory 
within 2 hours. Plants supporting visible epiphytes were avoided, 
but i t was not possible to exclude closely associated microscopic 
organisms. Seawater temperature and tidal stage were recorded at the 
time of sampling and water samples were taken for nutrients and 
stored frozen un t i l analysis. Nltrate-N was determined by the 
cadmium reduction method and phosphate-P was assesed by the ascorbic 
acid or stannous chlorid

At the laboratory,
f i l l e d with seawater and maintained without headspace by a tightly 
f i t t i n g glass l i d . The aquarium was kept in a temperature and 
light-controlled Incubation refrigerator set to mimic the current 
environmental conditions. Water motion was maintained using a 
two-inch magnetic s t i r bar. Algal incubations typically lasted one 
day. After incubating, seawater was withdrawn from the aquarium, 
sρiked with a volatile halogenated organic Internal standard, and 
analyzed for polybromomethane content. 

Analysis of Polybromomethanes In Seawater. Polybromomethanes In 
aquarium water and Cape Cod Canal seawater samples were determined by 
a hybrid procedure of the "purge and trap" method (12) and the Grob 
closed-loop-stripping analysis (13). Briefly, headspace a i r was 
bubbled through a 1.8 l i t e r water sample at a rate of 650 mL/mln for 
10 minutes. The effluent vapors pass through a condenser maintained 
at 10°C to reduce the water content of the gas stream, and then 
through a Tenax trap (65 mm long χ 3 mm i.d., containing about 20 mg 
Tenax solid adsorbent) where the nonpolar organic compounds are 
collected. The "cleansed" a i r stream then recycles via a metal 
bellows pump to the water sample. 

After stripping the water, the Tenax trap was immediately 
transferred to the hot injection port of a Hewlett Packard 5995B 
benchtop gas chromatograph-mass spectrometer (GC-MS). The volatiles 
were then thermally desorbed from the Tenax and carried with the gas 
stream onto the front of a glass capillary column (coated with 
SE54). The f i r s t loop of the capillary column was dipped in a Dewar 
containing liquid nitrogen and served to cryogenlcally focus the 
volatile concentrate at the column front. After 5 minutes of thermal 
desorptlon and transfer, the liquid nitrogen Dewar was removed and 
chromatography was begun. Data from the GC-MS was corrected for 
instrument response factors and stripping efficiencies to ultimately 
derive the amounts of polybromomethanes present in the sample. 
Seawater held in the aquarium without macroalgae never showed any 
polybromomethane formation. 1-Chloropentane, added to the seawater 
as an Internal standard to monitor stripping efficiency, was 
recovered with a precision of 74 ± 18% (N-200). 1-Chlorobenzene 
added directly to the Tenax trap prior to thermal desorptlon was 
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recovered w i t h a p r e c i s i o n of 89 ± 12% (N=120). Given the c o n d i t i o n s 
of our a l g a l incubations and a n a l y t i c a l c a p a b i l i t i e s , our lower l i m i t 
of d e t e c t i o n f o r a l g a l r e l e a s e s was about 50 ng polybromomethane/g 
dry algae»d. Polybromomethanes could be detected i n Canal seawater 
down to approximately 10 ng/L. 

RESULTS AND DISCUSSION 

The seasonal v a r i a t i o n s i n temperature and n u t r i e n t concentrations i n 
the Canal where the algae were growing are shown i n Table I . Water 
temperature v a r i e d by about 20°C being lowest i n January and highest 
i n August. N i t r a t e and phosphate were detectable yearround, 
undoubtedly r e f l e c t i n g the i n f l u e n c e of n u t r i e n t - r i c h Cape Cod Bay 
seawater. In l i g h t of the l i t e r a t u r e and given these environmental 
c o n d i t i o n s , these f u c o i d s grew o p t i m a l l y i n the s p r i n g , summer, and 
f a l l , and i n the winter grew slower due to decreased l i g h t and c o o l e r 
temperatures (14 - 17). 

Polybromomethanes wer
v e s i c u l o s l s to l a b aquarium seawater throughout the year (Figure 1). 
Tribromomethane (or bromoform) was emitted by both algae a t rates 
between 0.1 and 10 μg CHBr3/g«d. Release was high i n f a l l of 1983, 
but d i d not show any subsequent s e a s o n a l i t y . Dibromochloromethane 
was always observed from A^ nodosum, but was undetectable i n s e v e r a l 
F. v e s i c u l o s l s i n c u b a t i o n s . Dibromomethane was only produced and 
released by A^ nodosum, although not during the w i n t e r . This 
dihalo-compound was released a t g e n e r a l l y lower ra t e s (note s c a l e 
d i f f e r e n c e i n Figure 1) than the two haloforms. Dibromochloromethane 
and dibromomethane appear to be released somewhat more e x t e n s i v e l y 
during the summer and f a l l . 

Cape Cod Canal seawater samples c o l l e c t e d a t high t i d e ( i . e . , 
when both f u c o i d populations would be submerged) always contained 
detectable bromoform, although no seasonal p a t t e r n could be seen 
(Figure 2 ) . Low t i d e water samples g e n e r a l l y showed undetectable 
bromoform, except f o r a few s p r i n g and summer samples. C l e a r l y these 
f u c o i d populations imparted s u b s t a n t i a l bromoform to the surrounding 
seawater, and t h i s polybromomethane t y p i c a l l y had no other detectable 
sources as r e f l e c t e d by most low t i d e samples. 

Dibromochloromethane and dibromomethane were only observed i n 
two Canal water samples each. Since dibromochloromethane i s released 
by these algae a t comparable rates to bromoform, i t appears that some 
si n k i s r e l a t i v e l y more important f o r t h i s compound. Kaczmar e t a l . 
(18) r e p o r t that CHBr 2Cl v o l a t i l i z e s about 50% f a s t e r than CHBr 3, and 
p o s s i b l y i t Is t h i s mechanism which maintains CHBr 2Cl concentrations 
below our d e t e c t i o n l i m i t s i n high t i d e Cape Cod Canal seawater. 
Dibromomethane was only released from ^. nodosum and then a t s e v e r a l 
times lower ra t e s than bromoform, thus I t s nondetection i n the Canal 
water I s not s u r p r i s i n g . 

A simple c a l c u l a t i o n suggests that the a l g a l i n c u b a t i o n r e l e a s e 
r a t e s we observed i n the l a b o r a t o r y could r e a d i l y account f o r the 
Canal water concentrations. I f A. nodosum and v e s i c u l o s l s 
biomasses are about 10 3g dry algae per m 2 (17), they w i l l r e l e a s e 
about 100pg of bromoform/m2«hr. Thus, a 20-50 cm deep l a y e r of water 
covering the algae a t high t i d e w i l l take only s e v e r a l minutes to 
b u i l d up the concentrations we observe. Thus our f i e l d observations 
of 20-80 ng bromoform/L seem c o n s i s t e n t w i t h the l a b o r a t o r y r e s u l t s . 
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TABLE I . Temperature and n u t r i e n t data f o r Cape Cod Canal seawater 
(September 1983-December 1984). 

Cape Cod Canal Seawater 

Date Temp(°C) N0 3 (μΜ) Ρ0 4 (μΜ) 

9.10.83 17.5 - -9.20 15.0 - -9.25 15.8 - -9.29 15.0 - -10.05 14.5 - -10.18 14.5 - -10.26 11.0 3.5 0.16* 
11.01 10.0 1.1 0.99t 
11.08 
11.15 
11.22 9.0 - -12.01 8.5 2.4 0.95t 
12.06 6.5 4.3 0.93t 
12.13 7.0 4.5 1.12t 
12.22 - 4.6/2.6 0.79t 

1.04.84 1.5 8.0 1.68t 
3.01 3.5 - -3.07 3.7 2.4 0.25* 
3.15 1.5 4.0 0.22* 
3.21 3.8 3.7 -4.03 5.0 5.2 0.12* 
5.03 8.0 3.2 0.16* 
5.10 10.0 0.7/1.4 -5.15 9.2 3.5 -5.22 10.3 5.5 -6.04 12.0 4.9 -6.18 13.5 7.8 0.44/0.13* 
7.10 16.5 2.2 0.19/0.15* 
7.24 14.5 3.3 0.15/0.19* 
8.07 21.0 1.4 0.18±0.01* 
8.22 21.5 - 0.19/0.34* 
9.12 14.3 - -10.04 14.4 - -10.24 14.1 - 0.34/0.35* 
11.15 9.5 - 0.34* 
12.12 7.2 - 0.34/0.34* 

- no data a v a i l a b l e f o r t h i s sample date. 

* ΡΟΐψ3" analyzed by the Stannous c h l o r i d e method (Standard 
Methods, APHA, 1980). 

t ΡΟΐψ3" analyzed by the A s c o r b i c a c i d method (Standard Methods, 
APHA, 1980). 
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Flgure 1. Seasonal r e l e a s e r a t e s of CHBr 3, CHBr 2Cl, and CH 2 B r 2 t o 
seawater by the brown alga e , Ascophyllum nodosum and Fucus 
v e s i c u l o s l s . Open symbols I n d i c a t e no detectable r e l e a s e . 
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Figure 2. Seasonal CHBr 3 concentrations (ng-ΙΓ1) i n nearshore 
seawater of the Cape Cod Canal, Sagamore, MA. 
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A l g a l versus E p i p h y t i c Source. Our observations may a l s o provide 
some I n s i g h t to the genesis of the polybromomethanes. Foremost i n 
t h i s regard i s whether the algae or some attached microorganisms 
synthesize these halogenated compounds. Gschwend e t a l . (7) 
p r e v i o u s l y reasoned that algae were most l i k e l y r e s p o n s i b l e ; however, 
the absence of a strong s e a s o n a l i t y i n the polybromomethane releases 
from ^. nodosum and F\ v e s i c u l o s l s i n d i c a t e d that t h i s c o n c l u s i o n may 
be wrong, si n c e n e a r l y every other process a s s o c i a t e d w i t h these 
macrophytes does vary yearround. F i r s t , numerous st u d i e s of 
temperate f u c o i d algae have demonstrated major changes i n t h e i r 
growth r a t e s and reproductive physiology throughout the year (15, 
17). I n v e s t i g a t i o n s of a l g a l m e t a b o l i t e s , i n c l u d i n g the halogen I , 
a l s o show r e g u l a r s e a s o n a l i t y (_16, 1̂9» 20)· Further a l g a l peroxidase 
enzymes, which could reasonably be proposed to o x i d i z e h a l l d e s p r i o r 
to t h e i r a d d i t i o n to organic s u b s t r a t e s , have a l s o been found to vary 
g r e a t l y In a c t i v i t y i n both A. nodosum and F. v e s i c u l o s l s (21). Both 
species e x h i b i t e d the g r e a t e s
nodosum peroxidase a c t i v i t
September and P\ v e s i c u l o s l y
t h i s enzymatic a c t i v i t y by July-September. C l e a r l y we d i d not see 
these magnitudes of changes In polybromomethane re l e a s e on a seasonal 
b a s i s . F u r t h e r , Hewson and Hager (3) and V i l t e r (22) r e p o r t that 
peroxidase preparations from ^. nodosum and v e s i c u l o s l s could not 
o x i d i z e bromide (a p r e r e q u i s i t e step to polybromomethane formation). 
Thus i t appears that these algae do not b i o s y n t h e s i z e and r e l e a s e the 
polybromomethanes we observe. 

We have attempted to support t h i s c o n c l u s i o n by i n o c u l a t i n g 
seawater w i t h surface m a t e r i a l g e n t l y scraped o f f the surfaces of A. 
nodosum and F\ v e s i c u l o s l s p l a n t s and monitoring f o r polybromomethane 
formation. In both cases bromoform concentrations i n the water were 
observed to increase (Figure 3 ) . Mercuric c h l o r i d e poisoning, 0.2 pm 
f i l t e r i n g , and a u t o c l a v i n g the i n o c u l a t e d seawater prevented t h i s 
bromoform production. Thus, some component of the e p i p h y t i c 
community may be i n v o l v e d . 

The e p i p h y t i c commun!tes of Â. nodosum and F. v e s i c u l o s l s 
i n c l u d e b a c t e r i a , y e a s t s , other f u n g i , and phytoplankton. Most of 
these microorganisms appear to undergo yearround v a r i a t i o n s i n t h e i r 
abundance. Using v i a b l e count techniques, Chan and McManus (23) 
found the fewest b a c t e r i a on A. nodosum during the summer months of 
J u l y and August. Sieb u r t h and Tootle (24) extended t h i s r e s u l t by 
examining both A. nodosum and J ? . v e s i c u l o s l s w i t h scanning e l e c t r o n 
microscopy (S E M T. They found b a c t e r i a l c o l o n i z a t i o n of these algae 
was g r e a t e s t i n November and A p r i l and diminished to v i r t u a l l y c l e a n 
In May to J u l y . Seshadrl and S i e b u r t h (25) a l s o enumerated the 
yeasts growing on these f u c o i d algae and again discovered a strong 
seasonal v a r i a t i o n . Further, these same yeast species were most 
abundant on a red a l g a , Chondrus c r i s p u s , which e x h i b i t s l i t t l e or uo 
polybromomethane production ( 7 ) . F i n a l l y , some microalgae grow as 
epiphytes on f u c o i d s (24); but no bromination c a p a b i l i t i e s have ever 
been demonstrated i n a microalgae ( 7 ) . Although c u l t u r i n g and SEM 
approaches to e v a l u a t i n g microorganisms on f u c o i d s may be somewhat 
crude f o r our purpose, these assays c o n s i s t e n t l y demonstrate strong 
seasonal trends i n the dominant m i c r o b i a l subpopulatlons l i v i n g on 
A. nodosum and F. v e s i c u l o s l s . Consequently, we suspect these 
microorganisms do not make the polybromomethanes. 
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F i n a l l y , V i l t e r e t a l . (21) have suggested th a t an ascoraycete, 
Mycosphaerella a s c o p h y l l l , growing s y m b i o t i c a l l y on A. nodosum may be 
respo n s i b l e f o r the bromoperoxldase a c t i v i t y a t t r i b u t e d to that 
f u c o i d . This fungus i s apparently always present on t h i s brown a l g a 
(26), c o n s i s t e n t w i t h the continuous production of 
polybromomethanes. M. a s c o p h y l l l has been I s o l a t e d and c u l t u r e d by 
Pederson and F r i e s (27) and production of brominated phenols by the 
c u l t u r e was observed. Although the ascomycete I s thought to be r a r e 
on f\ v e s i c u l o s l s (26), the same bromophenols are observed from that 
algae (28), suggesting a s i m i l a r source. Since bromoperoxidases 
capable of forming bromophenols would a l s o be ab l e to y i e l d bromoform 
from the appropriate organic p r e c u r s o r s , M. a s c o p h y l l l ubiquitous on 
k* nodosum, or s i m i l a r f u n g i on other a l g a e , appears to be the most 
l i k e l y source of the polybromomethanes. As we have noted p r e v i o u s l y 
(])» these or other epiphytes are i n v o l v e d , the microorganisms 
must be q u i t e h o s t - s p e c i f i c to account f o r the d i f f e r e n t combinations 
and r a t e s of polybromomethan
a l g a l s pecies. 

I f ascomycetes l i v i n g i n mycophycobiotic r e l a t i o n s h i p s w i t h 
f u c o i d s (25) are indeed the answer, i t i s tempting to speculate on 
the f u n c t i o n of t h e i r bromoperoxldase a c t i v i t y . Such a strong 
o x i d a t i v e enzymatic c a p a b i l i t y i s common to fu n g i (29), and i t could 
be used by the ascomycete to brominate the p l a n t surface chemicals 
(e.g., forming bromophenols such as l a n o s o l ) . These metabolites may 
then p r o t e c t the algae from herbivores and m i c r o b i a l c o l o n i z a t i o n , i n 
r e t u r n f o r macrophyte supply of n u t r i t i o n to the fungus. 

3 Γ 

X 
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Seawater amended with 
A. nodosum scrape 

Unamended Seawater 

2 3 r 

Ο July S e a w a t e r amended with 
F. vesiculosis scrape 

00 
X 

Unamended Seawater 

0 100 200 

Time (hours) 

Figure 3. Production of CHBr 3 i n seawater w i t h and without 
macroalgae surface m a t e r i a l added. 
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SUMMARY 

Polybromomethanes (CHBr 3, CHBr 2Cl, CH 2Br 2) were found to be released 
yearround from two common rockweeds, A. nodosum and v e s i c u l o s l s , 
or t h e i r c l o s e l y a s s o c i a t e d m i c r o f l o r a . This b i o l o g i c a l source 
appears s u f f i c i e n t to support p a r t s per t r i l l i o n l e v e l s of these 
halogenated organic compounds i n nearby seawater. Several l i n e s of 
evidence i n d i c a t e that e p i p h y t i c f u n g i may a c t u a l l y accomplish the 
polybromomethane b i o s y n t h e s i s . Future research c l a r i f y i n g the 
genesis and fu n c t i o n s of these v o l a t i l e brominated compounds i s 
s u r e l y warranted. 
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Biogeochemical Cycling of Sulfur 
Thiols in Coastal Marine Sediments 
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Thiols are major intermediates in the microbial 
cycling of sulfur and, because of their high 
reactivity, they may also play important roles in 
geochemical processes
new, highly sensitiv
are present at concentrations up to 100μΜ in 
intertidal marine sediments from Biscayne Bay (FL). 
Methanethiol (MeS) and 3-mercaptopropionate (MP) were 
the major thiols found. The presence of the latter 
compound suggests that, in addition to protein 
degradation, anaerobic decomposition of 
dimethylpropiothetin (DMPT), a major sulfur compound 
of marine algae and higher plants, may be an important 
source of thiols and a significant degradation pathway 
for DMPT in the environment. Acrylic acid produced 
from this pathway readily adds HS across the double 
bond, via Michael addition, to form 3-mercaptopro
pionate. Alternatively, this thiol may be formed 
directly from DMPT by successive anaerobic 
demethylations; however the biochemical feasibility of 
this pathway is presently not known. Addition of a 
specific disulfide cleaving reagent to sediments 
revealed that thiols are dominantly present in bound 
forms. Binding of thiols to sediment particles may be 
an important mechanism for the incorporation of 
organic sulfur into geopolymers. 

Diagenesis of organic matter i n the water column and sediments 
r e s u l t s i n the production of a wide v a r i e t y of organosulfur 
compounds. Most studies i n v o l v i n g these compounds i n the marine 
environment have focussed on gaseous and hydrophobic species (1 ). 
In contrast, information regarding reduced, h y d r o p h i l i c s u l f u r 
organics, i n p a r t i c u l a r the t h i o l s (general formula R-SH, where R i s 
an organic group), i s almost nonexistent. 
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T h i o l s , or s u l f h y d r y l compounds, play important biochemical 
r o l e s i n maintaining macromolecular s t r u c t u r e s , binding metals at 
a c t i v e s i t e s of enzymes and e l e c t r o n transport components, capturing 
and d e t o x i f y i n g m e t a l s , and s e r v i n g as coenzymes. I n a q u a t i c 
sediments these compounds a r i s e during m i c r o b i a l processes of 
s u l f a t e reduction and l i t h o t r o p h i c o x i d a t i o n ( o x i c and a n o x i c ) , and 
from biodégradation of organic matter (2,3). A b i o t i c sources of 
t h i o l s i nclude r e a c t i o n s of d i s s o l v e d organic matter w i t h H^S and 
elemental s u l f u r present i n pore water and on p a r t i c l e surfaces 
(4,5,6). 

F u n c t i o n a l group, spectrophotometry, e l e c t r o c h e m i c a l and 
elemental analyses have shown the presence of s i g n i f i c a n t 
concentrations of t h i o l s and other organo s u l f u r compounds i n anoxic 
marine waters and sediments (5,7-10). For example, using 
p o l a r o g r a p h i c techniques, Luther et a l . (10) reported that t h i o l s 
were the major reduced s u l f u r species, e i t h e r i n o r g a n i c or organic, 
i n the porewaters of saltmars
w i t h t o t a l concentration
the high chemical r e a c t i v i t y of t h i o l s s t r o n g l y suggest that these 
compounds play a major r o l e i n the e a r l y diagenesis of organic 
m a t t e r i n sediments, as w e l l as i n the i n c o r p o r a t i o n of s u l f u r i n t o 
o r g a n i c geopolymers. For example, t h i o l s r e a d i l y react to form 
d i s u l f i d e and p o l y s u l f i d e bridges ( 5 ) , which may enhance the 
c r o s s l i n k i n g and, hence, the molecular weight of organic matter i n 
sediments. In a d d i t i o n , t h i o l s form strong complexes w i t h metal 
i o n s , e s p e c i a l l y t r a n s i t i o n metals ( 5 ) , and may promote the 
m o b i l i z a t i o n of m e t a l s , e.g. a r s e n i c ( 1 1 ) . I t i s l i k e l y t h a t 
through complexation w i t h metals on p a r t i c l e surfaces that t h i o l s 
a l s o become s t r o n g l y bound. 

Despite the biogeochemical s i g n i f i c a n c e of t h i o l s , r e l a t i v e l y 
l i t t l e i s known about the nature and d i s t r i b u t i o n of these species 
i n s e d i m e n t s . T h e r e f o r e , w i t h the a i d of a newly developed 
a n a l y t i c a l method, a study was i n i t i a t e d to explore the r o l e that 
t h i o l s play i n the marine sedimentary s u l f u r c y c l e . Some of the 
questions addressed were: (1) What t h i o l s are present i n sediments? 
(2) What are the p o s s i b l e formation pathways; that i s , what i s the 
r e l a t i v e importance of b i o l o g i c a l (e.g. m i c r o b i a l ) versus 
n o n b i o l o g i c a l (e.g. chemical r e a c t i o n s ) sources f o r t h i o l s i n 
sediments? (3) Are t h i o l s bound to sediment p a r t i c l e s and (4) What 
i s the nature of the binding? The major f i n d i n g s and conclusions of 
t h i s i n i t i a l study are presented i n t h i s r e p o r t . 

Experimental 

T h i o l s , as w e l l as s u l f i d e and s u l f i t e , were determined i n porewater 
samples by reversed phase high performance l i q u i d chromatography 
(HPLC). The technique i s based on precolumn d e r i v a t i z a t i o n w i t h an 
_o_ phthalaldehyde/amine reagent (Figure 1) followed by HPLC and 
f l u o r o m e t r i c d e t e c t i o n . D e r i v a t i z e d porewater samples were i n j e c t e d 
d i r e c t l y i n t o the HPLC system; the d e t e c t i o n l i m i t i s 0.1 nM ( f o r 
100 u l i n j e c t i o n ) . D e t a i l s of the method are given i n Mopper and 
Delmas (_12). 

I n t e r t i d a l Biscayne Bay (FL) sediments were p e r i o d i c a l l y 
c o l l e c t e d (using glass j a r s ) during June through September of 1984. 
A t o t a l of 27 samples were taken during t h i s p e r i o d . S l u r r i e s were 
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prepared using two parts sediment and one part deaerated seawater 
(V/V). The s l u r r i e s (~ 500ml) were stored at 25°C under argon i n 
glas s j a r s . Background data f o r t y p i c a l sediment samples are given 
i n Table I . 

Table I . T y p i c a l Background Data on I n t e r t i d a l 
Biscayne Bay Sediments 

Date Porewater Size F r a c t i o n % Dry CaC0~ Organic C 

64.8 Ν.A. 
39.9 1.53 

64.1 N.A. 
37.7 1.34 

58.1 N.A. 
41.7 1.76 

pH urn Sediment 

Aug. 1, 1984 7.4 φ > 300 72.3 
300 < φ > 63 20.1 

Aug. 8, 1984 7.4 φ > 300 74.1 
300 < φ > 63 16.1 
63 < φ 9.8 

Aug. 24, 1984 7.5 φ > 300 69.7 
300 < φ > 63 22.3 
63 < φ 8.0 

N.A. - not analyzed; φ = medium g r a i n s i z e . 

P r i o r to t h i o l a n a l y s i s , s l u r r i e s were allowed to s e t t l e and a 
2 ml a l i q u o t of the supernatant was f i l t e r e d (0.2 pm, Nucleopore) 
and d e r i v a t i z e d . Some sediment s l u r r i e s were tre a t e d w i t h a s p e c i f i c 
S-S c l e a v i n g reagent, t r i b u t y l p h o s p h i n e (13), i n order to evaluate 
the degree to which t h i o l s were bound v i a d i s u l f i d e l i n k a g e s . The 
reagent was added to a f i n a l c o n c e n t r a t i o n of 0.5-1.0 ml per l i t e r 
s l u r r y . 

R esults and D i s c u s s i o n 

I d e n t i f i c a t i o n of T h i o l s i n Marine Sediment Porewaters. T h i o l s were 
p r e s e n t a t s i g n i f i c a n t l e v e l s (up t o about 100 uM) i n a n o x i c , 
i n t e r t i d a l Biscayne Bay sediments during the e n t i r e sampling p e r i o d . 
The concentrations found were s i m i l a r to those reported f o r other 
low molecular weight organics i n sediment porewaters (Table I I ) . 
More than 30 i n d i v i d u a l t h i o l s were d e t e c t e d of wh i c h 13 were 
p o s i t i v e l y or t e n t a t i v e l y i d e n t i f i e d (Figure 2 and Table I I I ) . 
Peaks were i d e n t i f i e d by c o - i n j e c t i o n w i t h authentic compounds under 
d i f f e r e n t chromatographic and d e r i v a t i z a t i o n c o n d i t i o n s , as o u t l i n e d 
i n F i g u r e 3. For example, a l t e r i n g the pH of the mobile phase was 
p a r t i c u l a r l y e f f e c t i v e f o r the i d e n t i f i c a t i o n of carboxylated 
t h i o l s , such as 3-mercaptopropionate, because protonation of the 
carboxy group s e l e c t i v e l y enhanced the r e t e n t i o n of these compounds. 
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S-R 

O - P h t h a l a l d e h y d e T h i o l I s o i n d o l e 

F i g u r e 1. Fluorescence d e r i v a t i z a t i o n of t h i o l s ; the e x c i t a t i o n 
and emission maxima of the f l u o r e s c e n t i s o i n d o l e product are at 
340 nm and 450 nm r e s p e c t i v e l y (12). 

STANDARD 
 6 

Figure 2. Upper; Gradient separation of ο-phthalaldehyde 
d e r i v a t i v e s of 11 t h i o l s and sodium s u l f i t e according to Mopper 
and Delmas (12). Peaks: (1) sodium s u l f i t e (100 pmol); (2) 
g l u t a t h i o n e (7 pmol); (3) t h i o g l y c o l l a t e (200 pmol); (4) 
Ν-acetylcysteine (7 pmol); (5) 2-mereaptoethanesulfonate (Co-M) 
(10 pmol); (6) 3-mercaptopropionate (10 pmol); (8) 
monothioglycerol (10 pmol); (9) 2 mercaptoethanol (10 pmol); 
(10) methanethiol (15 pmol); (11) e t h a n e t h i o l (10 pmol); (12) 
2-propanethiol (15 pmol); (13) 1 propanethiol (15 pmol). 
Middle: T h i o l s i n porewater i n reducing sediment s l u r r y from 
B i s c a y n e Bay. Porewater water was f i l t e r - s t e r i l i z e d p r i o r to 
d e r i v a t i z a t i o n . Peak 7: s u l f i d e (Note: response f a c t o r i s about 
200 times l o w e r than f o r t h i o l s ) . Lower : reagent b l a n k i n 
porewater matrix. 
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Table I I . Concentration Range of T h i o l s i n Comparison to 
Other Low Molecular Weight Organics i n Sediment Porewaters 

Compounds T y p i c a l Concentrations Reference 

T h i o l s 

Sugars 

Amino Acids 

L̂MW Carboxylie 
Acids 

LMW Carbonyls 

0.1 - 100 μΜ; 0.1 - 2.4 mM 

0.2 - 2 uM 

1 - 200 μΜ * 

1 - 30 μΜ 

0.1 - 5 μΜ 

This work and 10, 
r e s p e c t i v e l y 

33_, 34 

35, 36 

37, 38 

Mopper 

* Note: The highest value was measured i n Thioploca mats underlying 
the Peru u p w e l l i n g . Maximum amino a c i d concentrations found i n 
t y p i c a l marine sediments are 10 - 20 uM. 
f LMW = Low molecular weight. 

Table I I I . T h i o l s I d e n t i f i e d i n S l u r r i e s of Marine Sediments 

Major T h i o l s (0.5 - 20 μΜ) 
3-Mercaptopropionate (dominant) 
Methanethiol (dominant) 
E t h a n e t h i o l 
Monothioglycerol 
2 -Mercaptoethanol 
2 -Mercaptopyruvate 

Minor T h i o l s (<0.5 uM) 
Mercaptoacetate ( t h i o g l y c o l l a t e ) 
Glutathione 
Coenzyme M (2-mercaptoethanesulfonate) 
1 -Propanethiol 
2-Propanethiol 
Ν-Acetylcysteine 
2-Mercaptopropionate 

Unknowns 
At l e a s t 20 unknown t h i o l s , i n c l u d i n g 4 or 5 which are major. 

Methanethiol (MeS) and 3-mercaptopropionate (MP) were by f a r 
the dominant t h i o l s (Figure 2 ) . Biochemical formation pathways are 
f e a s i b l e f o r these t h i o l s , although the importance of these pathways 
r e l a t i v e to a b i o t i c pathways i s pr e s e n t l y unknown, e s p e c i a l l y f o r 
3-mercaptopropionate, as summarized i n Figure 4. The r e l a t i v e 
importance of these pathways are discussed i n the f o l l o w i n g 
s e c t i o n s . 
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CHANGE C H E M I C A L S T R U C T U R E OF THE F L U O R E S C E N T D E R I V A T I V E : 

3 2 9 

S - R 

N - C H 2 C H 2 0 H 
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D E R I V A T I V E 
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D E R I V A T I V E 

S - R 

H C H 3 

C O U H 

A L A N I N E 
D E R I V A T I V E 

LOWER PH OF M O B I L E P H A S E R E S U L T I N G IN P R O T O N A T I O N OF CARBOXY GROUP: 

S C H 2 C H 2 C 0 0 " S C H 2 C H 2 C 0 0 H 

Figure 3 . I d e n t i f i c a t i o n of t h i o l s i n sediments by a l t e r i n g 
chromatographic s e l e c t i v i t y . 
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2-KETO-4-MERCAPTOBUTYRATE 

H S C H o C H o C H N H 7 C O O H 
HOMOCYSTEINE 

F i g u r e 4 . P o s s i b l e routes f o r the formation of 
3-mercaptopropionate and methanethiol. I = Oxidative 
deamination or transamination; I I . Oxidative decarboxylation; 
I I I . Nonoxidative decarboxylation; IV. Oxidation; V. 
Demethylation; VI. Demethiolation; V I I . Aerobic/anaerobic 
catabolism; V I I I . Michael a d d i t i o n . 
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M i c r o b i a l Production of T h i o l s . S u l f u r c o n t a i n i n g amino acids have 
been shown to be important precursors of t h i o l s i n many 
environments, i n c l u d i n g sediments (14-17). Biscayne Bay sediments 
are not l i k e l y to be an exception. Thus, methionine degradation 
might c o n t r i b u t e to the production of methanethiol and 3-mercapto
propionate (the major t h i o l s detected i n the porewaters, Table I I I ) . 
Microbes i n anoxic environments, s p e c i f i c a l l y the rumen and lake 
sediments, convert methionine to methanethiol (14-17). Oxidative 
deamination or transamination of methionine, followed by o x i d a t i v e 
d e c a r b o x y l a t i o n , y i e l d s 2-keto-4-methiolbutyrate and then 
3-methiolpropionate (18); subsequent demethylation would produce 
3-mercaptopropionate (Figure 4 ) . S i m i l a r mechanisms, but without 
the n e c e s s i t y f o r a f i n a l demethylation r e a c t i o n , could convert 
homocysteine i n t o 3-mercaptopropionate v i a 2-keto-4-thiolbutyrate 
(Figure 4 ) . The pathway from homocysteine would be analogous to 
that from c y s t e ine to 2-mercaptoacetate v i a 3-mercaptopyruvate (18). 
E t h a n e t h i o l (Table I I I
e t h i o n i n e (19). A l k y l a t e
e t h a n e t h i o l , could be derived from e i t h e r a l k y l a t e d analogs of 
methionine or v i a mechanisms i n v o l v i n g r e ductive deaminations and 
nonoxidative decarboxylations. 

W h i l e amino a c i d s are und o u b t e d l y i m p o r t a n t p r e c u r s o r s of 
t h i o l s , i n c o a s t a l marine h a b i t a t s d i m e t h y l p r o p i o t h e t i n (DMPT) i s 
probably a l s o an important precursor because of i t s high 
i n t r a c e l l u l a r concentrations (up to 300 mM) i n algae and seagrasses 
(20,21). D i m e t h y l p r o p i o t h e t i n i s degraded under o x i c c o n d i t i o n s by 
b a c t e r i a l and a l g a l enzymes y i e l d i n g p r i n c i p a l l y a c r y l i c a c i d and 
d i m e t h y l s u l f i d e (DMS) (19,22,23): 

DMS i s a l s o generated during anaerobic fermentation of dimethylpro
p i o t h e t i n (24) and was detected as the p r i n c i p a l v o l a t i l e s u l f u r 
compound evolved from s a l t marsh f l a t s (25). Therefore, i t i s 
reasonable to hypothesize that DMPT, i s a l s o a major precursor f o r 
o t h e r organosulfur compounds, e.g. t h i o l s , i n anoxic marine 
sediments. However, no studies have been reported on the m i c r o b i a l 
production of t h i o l s from t h i s compound. H y p o t h e t i c a l formation 
pathways f o r methanethiol and 3-mercaptopropionate from DMPT are 
given i n Figure 4. Two successive demethylations of DMPT would 
y i e l d 3-methiolpropionate and 3-mercaptopropionate. The f i r s t 
demethylation of d i m e t h y l p r o p i o t h e t i n i s bio c h e m i c a l l y f e a s i b l e ; f o r 
example, homocysteine can accept a methyl-group from DMPT, i n a 
r e a c t i o n analogous to that i n v o l v i n g d i m e t h y l t h e t i n (26), to y i e l d 
methionine and 3-methiolpropionate (27). The second demethylation, 
that of 3-methiolpropionate, has not been demonstrated but i t might 
be c a t a l y z e d by methanogenic and/or acetogenic b a c t e r i a . Methyl 
t r a n s f e r r e a c t i o n s from methylated s u l f u r substrates could operate 
and i n v o l v e cobalamine-containing enzymes as shown f o r methanol (28) 
and postulated f o r methylamines and methoxy-aromatic molecules 
(29,30). F i n a l l y , 3-methiolpropionate i s a known precursor of 
methanethiol (18). 

-> CH 3SCH 3 + CH2=CHC00H 

DMPT DMS a c r y l i c a c i d 
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A b i o t i c P r o d u c t i o n of T h i o l s . W h i l e the f o r m a t i o n pathway of 
3-mercaptopropionate from successive demethylations of DMPT remains 
to be proven, DMPT may nonetheless be an important precursor of t h i s 
t h i o l by a l e s s s p e c u l a t i v e pathway i n v o l v i n g e s t a b l i s h e d r e a c t i o n s . 
The f i r s t r e a c t i o n i s the anaerobic cleavage of DMPT to DMS and 
a c r y l i c a c i d ( r e a c t i o n V I I , Figure 4 ) . I f t h i s r e a c t i o n occurs i n 
the s u l f a t e reducing zone, a c r y l i c a c i d w i l l then r a p i d l y react w i t h 
HS (a powerful n u c l e o p h i l e ) by adding i t across the double bond v i a 
the w e l l known Michael a d d i t i o n r e a c t i o n (31) (Figure 4 ) . In the 
p a s t , t h i s r e a c t i o n has been studied at high concentrations of 
r e a c t a n t s and i n the absence of water ( 3 2 ) . T h e r e f o r e , the 
environmental relevance of t h i s r e a c t i o n i s questionable. 

S e v e r a l experiments were performed to examine t h i s p o s s i b l e 
r e a c t i o n . A c r y l i c a c i d and sodium s u l f i d e were added to deaerated, 
aged G u l f Stream seawater to f i n a l concentrations of 0.1 mM and 1.0 
mM, r e s p e c t i v e l y . Controls c o n s i s t e d of seawater alone, seawater 
plus a c r y l i c a c i d , and
was run at pH 8.2-8.
h o u r s , a l i q u o t s were removed f o r t h i o l a n a l y s i s by HPLC. Only two 
t h i o l s were detected, of which 3-mercaptopropionate, the expected 
product, was one. The i d e n t i t y of the other t h i o l has not been 
e s t a b l i s h e d . Controls showed n e g l i g i b l e t h i o l production (Figure 
5 ) . The apparent y i e l d of the r e a c t i o n (% a c r y l i c a c i d converted to 
3-mercaptopropionate) was about 1-2% at 60"C and 0.3-0.4% at 25"C. 
A d d i t i o n of t r i b u t y l p h o s p h i n e , a d i s u l f i d e c l e a v i n g reagent, to the 
r e a c t i o n mixture e i t h e r before or a f t e r the 2 hour i n c u b a t i o n , 
i n c r e a s e d the t h i o l y i e l d by about a f a c t o r of two. These r e s u l t s 
suggest that a b i o t i c r e a c t i o n s may indeed be responsible f o r the 
formation of some t h i o l s i n the environment and that t h i o l s o x i d i z e 
r a p i d l y to form d i s u l f i d e compounds even under reducing c o n d i t i o n s . 
A k i n e t i c study of the Michael r e a c t i o n i n seawater i s c u r r e n t l y 
being undertaken. 

I n o r d e r to p r o v i d e a d d i t i o n a l e v i d e n c e i n s u p p o r t of the 
proposed M i c h a e l a d d i t i o n r e a c t i o n , a sediment s t u d y was a l s o 
performed. A c r y l i c a c i d was added d i r e c t l y to s l u r r i e s of reducing 
sediments from Biscayne Bay and the formation of 3-mercaptopro
pionate i n the porewater, r e l a t i v e to unspiked c o n t r o l s , was 
mo n i t e r e d by HPLC. The concentration of added a c r y l i c a c i d was 0.1 
mmol per l i t e r s l u r r y ( 0.2 mM i n the porewater) and the s l u r r i e s 
were i n c u b a t e d under argon at 37°C f o r 2 hours p r i o r to t h i o l 
a n a l y s i s . Figure 6 c l e a r l y shows that a d d i t i o n of a c r y l i c a c i d to 
reducing sediment gives r i s e to 3-mercaptopropionate, the main 
product expected from the Michael a d d i t i o n of HS to a c r y l i c a c i d . 

The a d d i t i o n of h^S, traces of which w i l l be present at the pH 
of the porewater (Table I ) , to a c r y l i c a c i d probably f o l l o w s the 
Markownikoff a d d i t i o n r u l e to y i e l d 2-mercaptopropionate: 

I n f a c t , 2-mercaptopropionate was t e n t a t i v e l y i d e n t i f i e d (at t r a c e 
concentrations) i n some Biscayne Bay sediments (Table I I I ) . 

I t i s tempting to conclude from these studies that a b i o t i c 
r e a c t i o n s play a major r o l e i n the formation of t h i o l s i n sediments. 

SH 
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SEAWATER ALONE 

Figure 5. Upper: Abiotic production of 3-mercaptopropionate (MP) 
and an unknown thiol (?) in deaerated seawater from reaction of 
acrylic acid (0.1 mM) with sodium sulfide (1.0 mM) at 60°C for 2 
hours under argon; detection by fluorescence derivatization and 
HPLC. Middle: Control = sodium s u l f i d e (1.0 mM) alone in 
seawater under identical reaction conditions as above. Lower: 
Control = seawater alone under identical reaction conditions as 
above. 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



MOPPER AND TAYLOR Thiols in Coastal Marine Sediments 333 

H S " 

T H I O L S IN 

I N C U B A T E D 

S E D I M E N T SLURRY 

MP 
II 

S L U R R Y S P I K E D 

WITH A C R Y L I C 

AC ID 

F i g u r e 6. Upper: 3-mercaptopropionate (MP) and hydrogen s u l f i d e 
(HS ) present i n aqueous phase of Biscayne Bay sediment 
incubated at 37 C f o r 2 hours under argon; d e t e c t i o n by 
fluorescence d e r i v a t i z a t i o n and HPLC; the large i n i t i a l peaks 
are probably humic substances. Lower : A l i q u o t of same sediment 
s l u r r y sample incubated under the same co n d i t i o n s as above but 
w i t h added a c r y l i c a c i d (10 pmole per 100 ml s l u r r y ) ; n o t e 
increase i n 3-mercaptopropionate and decrease i n HS . 
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While t h i s may be true f o r 3-mercaptopropionate, the a c t u a l 
importance of these r e a c t i o n s r e l a t i v e to m i c r o b i a l production of 
t h i o l s can only be properly assessed w i t h t r a c e r experiments using 
r a d i o l a b e l l e d substrates and r e a c t a n t s . 

Release of Bound T h i o l s . Tributylphosphine q u a n t i t a t i v e l y and 
r a p i d l y reduces d i s u l f i d e s to t h i o l s and, by maintaining reducing 
c o n d i t i o n s , prevents t h e i r r e o x i d a t i o n (13): 

R'-S-S-R + ( C 4 H 9 ) 3 P + H 20 > R'SH + RSH + ( C ^ ^ P ^ O 

A l t h o u g h t h i s reagent had only been used i n the past to preserve 
standard t h i o l s o l u t i o n s , i t was f e l t t hat i t could a l s o be employed 
to q u a n t i f y the r e l a t i v e amounts of -S-S- bound t h i o l s i n sediments. 
However, since t r i b u t y l p h o s p h i n e had not been p r e v i o u s l y used i n 
seawater media, a p r e l i m i n a r y t e s t was performed to evaluate i t s 
chemical behavior unde
o x i d i z e d g l u t a t h i o n e wer
of 1 μΜ e a c h . T r i b u t y l p h o s p h i n e was added (0.5 ml per l i t e r 
s e awater) and the samples were incubated at 25 C i n the presence of 
a i r . A l i q u o t s were p e r i o d i c a l l y removed f o r t h i o l a n a l y s i s . A f t e r 
20 min, 95% of the d i s u l f i d e s were reduced to t h i o l s (Figure 7 ) . 
The t h i o l s were s t a b l e f o r three days even i n the presence of a i r . 
A f t e r t h i s p e r i o d , r e o x i d a t i o n occurred probably due to l o s s of the 
excess and p r o t e c t i v e phosphine by r e a c t i o n w i t h oxygen. From these 
t e s t s i t was concluded that the phosphine reagent could be used to 
study the r e l a t i v e abundance of f r e e versus -S-S- bound t h i o l s i n 
reducing sediments. 

Sediment s l u r r i e s were incubated at 30°C (approximate i n s i t u 
temperature) w i t h and without t r i b u t y l p h o s p h i n e . A l i q u o t s of 
porewater were p e r i o d i c a l l y removed f o r t h i o l a n a l y s i s over the 
f o l l o w i n g 2-4 days. During the course of t h i s study, a t o t a l of 7 
such incubations were performed on f r e s h l y c o l l e c t e d sediment. 
Results were s i m i l a r i n a l l cases and t y p i c a l l y showed that 
t r i b u t y l p h o s p h i n e induced a dramatic and r a p i d r e l e a s e of bound (or 
ox i d i z e d ) t h i o l s (Table IV and Figure 8 ) . Bound t h i o l s were present 
at approximately 20 times greater concentrations than f r e e t h i o l s 
( i . e . , ^ 9 5 % of a l l t h i o l s released from sediment were i n i t i a l l y 
bound). I f a i r i s not excluded during the i n c u b a t i o n , released 
t h i o l s become r e o x i d i z e d a f t e r s e v e r a l days (Figure 8) probably due 
to the o x i d a t i o n of the p r o t e c t i v e phosphine. A d d i t i o n of f r e s h 
t r i b u t y l p h o s p h i n e regenerated the t h i o l s . 

A d d i t i o n of t r i b u t y l p h o s p h i n e to ex t r a c t e d porewater ( p a r t i c l e 
f r e e ) r e s u l t e d i n only a minor increase i n t h i o l c oncentrations. 
This r e s u l t i n d i c a t e s that the dramatic increases obtained w i t h 
s l u r r i e s (Table IV and Figure 8) are probably due to release of 
t h i o l s bound t o p a r t i c l e s u r f a c e s , as opposed t o r e l e a s e from 
d i s u l f i d e s d i s s o l v e d i n the i n t e r s t i a l water. 

Surface b i n d i n g i s most l i k e l y through -S-6- l i n k a g e s , but i t 
i s a l s o conceivable that some f r a c t i o n of the released t h i o l s may be 
due t o displacement of t h i o l s from metal complexes on p a r t i c l e 
surfaces by the phosphine n u c l e o p h i l e . However, when an equivalent 
amount of a strong metal complexing agent (EDTA) was s u b s t i t u t e d f o r 
the phosphine, only n e g l i g i b l e releases of t h i o l s were observed, 
suggesting t h a t , f o r the sediments s t u d i e d , b i n d i n g by metal 
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1 uM GLUTATHIONE ( O X , ) 

RED. GLUT. 

I 1 μΜ GLUTATHIONE ( O X . ) 

I TRIBUTYLPHOSPHINE 

r ^ u _ _ j 1 M— ^ 

RED. GLUT. 

2 μΜ GLUTATHIONE (RED. ) 

r K J / V L _ U^-Lr 

F i g u r e 7 . Cleavage of o x i d i z e d g l u t a t h i o n e i n seawater by 
t r i b u t y l p h o s p h i n e to y i e l d reduced g l u t a t h i o n e (red. G l u t . ) ; 
d e t e c t i o n by f l u o r e s c e n c e d e r i v a t i z a t i o n and HPLC. Upper : 
O x i d i z e d g l u t a t h i o n e (luM) alone. Middle: Oxidized g l u t a t h i o n e 
(luM) plus t r i b u t y l p h o s p h i n e (50 μΙ/lOOml seawater) reacted f o r 
20 min at 25 C; Lower : Reduced g l u t a t h i o n e standard (2μΜ) i n 
seawater. 

I n c u b a t i o n t i m e ( h r ) 

F i g u r e 8. R e l e a s e of t h i o _ l s ( 3 - m e r c a p t o p r o p i o n a t e - MP and 
methanethiol - MeS) and HS upon a d d i t i o n of t r i b u t y l p h o s p h i n e 
(50μ1 per 100 ml s l u r r y ) to a Biscayne Bay sediment s l u r r y ; 
incubated at 25 C; c o n t r o l s l u r r i e s received no 
tributylphosphine· 
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complexation may not be as important as binding by -S-S- bond 
formation. Specific methods for releasing metal bound thiols are 
being explored. 

Table IV. Release of Bound Thiols from Sediment 

Incubated Sediment* 3-Mercaptopropionate Methanethiol HS~ SO^ 
(μΜ) (μΜ) (mM) (mM) 

Control Slurry* 0.19 0.05 4.24 0.071 

Slurry with 
Tributylphosphine* 6.5

% Thiol Bound* 97% 96% 31% 0% 

* 8/24/84; Biscayne Bay intertidal sediment incubated for 23h at 
25 C; thiols detected in the "control slurry" (no tributylphosphine 
added) are interpreted as being in the unbound (or free) state; 
t h i o l s detected in "slurry with tributylphosphine" are interpreted 
as free plus bound species; the "% thiol bound" was calculated from: 
[(thiols in tributylphosphine treated slurry) - (thiols in control)] 
χ 100%/(thiols in tributylphosphine treated slurry). 

Summary and Conclusions 

Thiols are present at significant levels in reducing, intertidal 
sediments and apparently arise as a result of interacting biotic 
(microbial) processes and abiotic reactions (Figure 9). Over 30 
thiols were detected, of which methanethiol and 3-mercaptopropionate 
were present in the highest concentrations throughout the entire 4 
month sampling period. Methanethiol can readily arise through a 
number of known anaerobic pathways; however, no such pathways have 
been reported for the formation of 3-mercaptopropionate. It can be 
speculated that this compound is produced by successive anaerobic 
demethylations of dimethylpropiothetin (DMPT), a major sulfur 
compound of marine algae and plants. On the other hand, the known 
anaerobic breakdown pathway of DMPT is via enzymatic cleavage to 
yield dimethylsulfide and acrylic acid. Acrylic acid is a highly 
reactive species and, in zones of active sulfate reduction, i t w i l l 
readily undergo a Michael addition with HS to yield 
3-mercaptopropionate (Figure 6). If this reaction i s in fact 
occurring in sediments and in the water column of anoxic basins, a 
number of important geochemical implications can be inferred. For 
every mole of DMPT hydrolyzed, up to two moles of organosulfur 
compounds (dimethylsulfide and 3-mercaptopropionate) are produced. 
If direct biological sources are indeed negligible for the latter 
compound, then i t s concentration and turnover may be used to 
estimate that of acrylic acid and indirectly that of DMPT hydrolysis 
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i n the environment. More generally, the results imply that a major 
chemical pathway for the incorporation of sulfur into organic 
geopolymers is by reaction of HS with reactive sites, e.g. olefinic 
double bonds, displaceable halogens (39), within sedimentary organic 
matter. The Michael addition reaction of HS to acrylic acid may be 
used as a model case of such interactions. 

Addition of a specific -S-S- cleaving reagent, 
tributylphosphine, to reducing marine sediments resulted in a 
dramatic and rapid release of t h i o l s into the porewater. The 
results showed that In the sediments studied bound t h i o l s are 
present in at least 20 times greater concentration than freely 
dissolved thiols or disulfides. These results imply that another 
important route for the incorporation of sulfur into organic 
geopolymers may be binding of thiols to reactive sites (e.g., R-SH 
groups and metal ions) on particles. 

The results of this i n i t i a l study indicate that thiols play an 
active role i n the biogeochemica
sediments (Figure 9).
particular, how fast is the turnover of thiols in sediments and what 
organisms are involved? What fraction of sedimentary sulfur passes 
through the thiol pool? What are the precursors of the thiols? How 
do thiol-metal interactions affect the geochemistry (e.g. migration 
and binding) of heavy metals and thiols in sediments? How is biotic 
and abiotic production of thiols in porewaters related to the sulfur 
content and sulfur speciation within organic geopolymers? 
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Polarographic techniques are capable of measuring a 
variety of sulfur species. These species include 
thiosulfate, sulfite  polythionates  sulfide  organic 
sulphydryl group
polysulfides. Al
marsh porewaters as a result of sulfate reduction and 
the consequent oxidation of sulfide and sulfide 
minerals. Other wet and instrumental methods 
generally are not capable of measuring all of these 
sulfur species or distinguishing between these 
species. 

Sulfur speciation in the porewaters of two salt 
marshes (Great Marsh, Delaware and Great 
Sippewissett, Cape Cod, Massachusetts) are presented. 
A major finding is that the porewaters from Great 
Sippewissett salt marsh are dominated by inorganic 
sulfur species throughout the depth profile. 
However, Great Marsh, Delaware porewaters are 
dominated by organic sulphydryl species at millimolar 
concentrations from the surface to 12 cm and by 
inorganic sulfur species below 12 cm. Glutathione 
may be the thiol principally responsible for the 
field observations. The physical and geochemical 
characteristics of the two salt marshes differ widely 
and appear to be related to the differences in sulfur 
chemistry. There appears to be an interconversion 
between the inorganic and organic forms of sulfur in 
Great Marsh. Pyrite oxidation may be important to 
the formation of thiols. 

S u l f u r can form a number of i n o r g a n i c and organic species w i t h 
o x i d a t i o n s t a t e s v a r y i n g from -2 to +6 and as a r e s u l t undergoes a 
v a r i e t y of biogeochemical transformations i n the estuarin e environ
ment. Target compounds or ions f o r study i n the d i s s o l v e d phase 
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are s u l f a t e , s u l f i d e , p o l y s u l f i d e [S(-2) and S ( 0 ) ] , t h i o s u l f a t e , 
s u l f i t e , p o l y t h i o n a t e s and organic compounds such as t h i o l s . Most 
research over the l a s t s e v e r a l years has shown that s u l f u r species 
w i t h intermediate o x i d a t i o n s t a t e s are present i n porewaters i n 
s u b s t a n t i a l q u a n t i t i e s and are important to many biogeochemical 
processes Q-8). 

In p a r t i c u l a r , the p a r t i a l l y o x i d i z e d forms of s u l f u r may be 
produced bv^ a v a r i e t y of r e a c t i o n s i n c l u d i n g the o x i d a t i o n of 
hydrogen suifideÇl,2), the r e d u c t i v e d i s s o l u t i o n of g o e t h i t e ( 3 ) , 
the o x i d a t i o n of s u l f i d e minerals(4) and m i c r o b i a l processes(5). 
Inorganic p o l y s u l f i d e s are important to metal c y c l i n g ( j ) ) and to 
p y r i t e f o r m a t i o n Q ) . T h i o s u l f a t e as w e l l as p o l y s u l f i d e s have been 
l i n k e d to energy export i n s a l t marsh ecosystems(8-10). 

The formation of organic s u l f u r compounds i n s a l t marsh 
porewaters i s not as w e l l understood(11) as the i n o r g a n i c moieties 
although progress has been made i n c o a s t a l marine sediments(12). 
Their presence as t h i o l
g e n e r a l l y i n trace amounts(12-16)
organic s u l f u r compounds to atmospheric s u l f u r emissions i s 
pr e s e n t l y an area of intense research(14,15). Less appears to be 
known about organic s u l f u r compounds i n s a l t marsh porewaters. 

T r a d i t i o n a l techniques to measure d i s s o l v e d s u l f u r i n marine 
porewaters are iodometric t i t r a t i o n s and c o l o r i m e t r i c methods based 
on methylene blue c o l o r development. However, these methods(17-19) 
are not capable of measuring a wide v a r i e t y of s u l f u r species or 
d i s t i n g u i s h i n g between s u l f u r species. Major s u l f u r species are 
defined as those w i t h concentrations t y p i c a l l y greater than 10 uM. 
Iodometric t i t r a t i o n s can determine s u l f u r i n -1 and -2 o x i d a t i o n 
s t a t e s as shown i n equations (1) through ( 4 ) . However, these 
t i t r a t i o n s cannot d i s t i n g u i s h between a l l of the various forms. 
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Thus, iodometric t i t r a t i o n s are l i m i t e d to the a n a l y s i s of pure 
standards. The popular methylene blue c o l o r i m e t r i c techniques of 
Cline ( 1 7 ) and Gilboa-Garber(18) only measure i n o r g a n i c s u l f i d e and 
not organic s u l f u r compounds. UV-VIS spectroscopy can measure a 
number of organic and i n o r g a n i c s u l f u r compounds but many of these 
compounds have overlapping peaks and thus cannot be d i s t i n g u i s h e d . 
Inorganic and organic s u l f u r can be determined by a Raney n i c k e l 
r e d u c t i o n of many s u l f u r compounds followed by c o l o r i m e t r i c 
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measurement of the in o r g a n i c s u l f i d e formed(19). However, t h i s 
method cannot d i s t i n g u i s h the forms of s u l f u r r e a d i l y . Therefore, 
q u a n t i t a t i v e a n a l y s i s of a l l major s u l f u r compounds i s d i f f i c u l t at 
best w i t h these methods. 

To date only two methods have been able to give a r a t h e r 
complete s p e c i a t i o n of major s u l f u r species i n s a l t marsh 
porewaters. F i r s t , Boulegue et al(20,21) have used elec t r o c h e m i c a l 
t i t r a t i o n s w i t h UV-VIS spectrophotometry to determine organic and 
in o r g a n i c s u l f u r species i n Great Marsh, Delaware. The t i t r a t i o n s 
y i e l d s p e c i f i c i n f o r m a t i o n on i n o r g a n i c s u l f i d e S (-2), s u l f i t e , 
t h i o s u l f a t e and p o l y s u l f i d e s and general i n f o r m a t i o n on organic 
compounds. The major drawback to these t i t r a t i o n s i s that they are 
tedious. The method a l s o uses UV-VIS spectrophotometry to 
determine t h i o l s and p o l y s u l f i d e s and to check on i n o r g a n i c species 
which are b e t t e r determined by ele c t r o c h e m i c a l t i t r a t i o n s . The 
a n a l y s i s of i n o r g a n i c and organic compounds by UV-VIS spectrophoto
metry i s complicated by

Secondly, Luther e
to measure i n o r g a n i c s u l f u r s p e c i a t i o n i n a New England s a l t marsh. 
T h i o s u l f a t e , s u l f i t e , i n o r g a n i c S(-2) (as p o l y s u l f i d e and s u l f i d e ) 
and S(0) p o l y s u l f i d e s were measured. Pol y t h i o n a t e s and t h i o l s were 
not determined although each react at the mercury electrode(22,23). 
The o b j e c t i v e s of t h i s paper are (1) to show the usefulness of 
polarographic techniques i n determining organic s u l f u r and i t s 
l i k e l y s t r u c t u r e ( s ) , (2) to show that polarographic techniques can 
provide r o u t i n e f i e l d data and (3) to compare the chemistry of 
major s u l f u r species i n s a l t marsh porewaters from two d i f f e r e n t 
s a l t marshes - Great Marsh, Delaware and the Great Sippewissett 
Marsh, Cape Cod, Massachusetts. 

Experimental 

Reagents. Iodine and t h i o s u l f a t e standard s o l u t i o n s were purchased 
from F i s h e r S c i e n t i f i c Co.. Sodium s u l f i d e was purchased from A l f a 
Products and was checked f o r p u r i t y by d i f f e r e n t i a l scanning 
c a l o r i m e t r y (DSC), X-ray d i f f r a c t i o n (XRD) and polarographic 
methods. F i n a l s t a n d a r d i z a t i o n was by iodometric methods. Pure 
sodium p o l y s u l f i d e s were prepared and standardized as p r e v i o u s l y 
described(22). Glutathione(GSH), o x i d i z e d g l u t a t h i o n e , L-cysteine 
* HC1, DL-penici11amine, L - c y s t i n e , D-penicillamine d i s u l f i d e , 
2-mercaptoethylamine, 3-mercaptoproprionic a c i d and mercapto-
s u c c i n i c a c i d were purchased from Sigma Chemical Co.. Methane
t h i o l , e t h a n e t h i o l , 1,2-ethanedithiol and 2-mercaptoethanol were 
purchased from Eastman Kodak Co.. The t h i o l s were standardized by 
iodometric methods. In the case of mercaptosuccinic a c i d , 
iodometric t i t r a t i o n s y i e l d e d 1.3 t h i o l groups per formula weight 
ra t h e r than the expected 1.0 i n d i c a t i n g an impure sample. The 
d i s u l f i d e s were used without f u r t h e r p u r i f i c a t i o n . A l l s o l u t i o n s 
were prepared w i t h deoxygenated and deionized water i n a ni t r o g e n 
f i l l e d glove bag or by using Schlenk type apparatus. 

Apparatus. Polarograms were recorded w i t h a Pr i n c e t o n A p p l i e d 
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Research (PAR) model 174A or 364 system with a model 303 static 
mercury drop electrode (SDME). The SDME c e l l assembly was modified 
for a SCE reference electrode as described previously(22). 
Prepurified argon was used to purge the c e l l assembly. Linear 
Sweep Voltammetry (LSV) was performed at a 50 or 100 mV/s scan rate 
from 0 to -1.5 V using the SDME in the hanging mercury drop 
electrode mode (HMDE). Differential pulse polarography (DPP) and 
sampled DC polarography (SDC) were performed with a 2 or 5 mV/s 
scan rate from 0 to -1.5V and a one s drop time for the SDME in the 
dropping mercury electrode mode. 

Field sampling. Marsh cores from Great Sippewissett Marsh, 
Massachusetts were taken near the eastern most site and in the 
short Spartina zone as described in Giblin and Howarth(24). Cores 
were taken in August, 1984 at the beginning of senescence. Marsh 
cores from Great Marsh, Delaware were taken in June and August 1984 
at the site described i
handled in a nitrogen f i l l e
cores were sectioned i , presse  Reeburg
squeezer and filt e r e d as previously described(10,25). The filt e r e d 
samples were placed into gas tight syringes until ready for 
splitting and analysis. Measurements of pH were made on aliquots 
of these samples. 

Sulfur analytical scheme. The polarographic analysis of many of 
the major sulfur species which are found in porewaters has been 
described in detail by Luther et al(22). Tables I and II show the 
relevant reactions of sulfur species at the mercury electrode. 
Sulfur species are quantified by the method of standard additions. 
Briefly, the samples are spl i t in the following manner. 

The f i r s t subsample (5 mL) i s analyzed by LSV or DPP to 
determine thiosulfate, tetrathionate, and sulf i t e . A l l samples are 
acidified with 1M HCL (degassed) to a pH of 5 and then purged to 
remove sulfide. This step i s necessary to determine s u l f i t e . 
Replicate measurements are always precise to ±5% and are frequently 
precise to +1%· 

The second subsample (2 to 5 mL) i s placed in an ampoule and 
spiked with an excess of freshly prepared 0.01 M sodium sul f i t e and 
covered with a septum. The ampoule is later sealed under nitrogen 
and heated to 60°C for 2 hours. Sulfite reacts with inorganic 
zerovalent polysulfide, S(0), to form thiosulfate. Thiosulfate i s 
measured again by LSV or DPP. The difference between the values of 
thiosulfate in this subsample and the f i r s t subsample equals the 
total S(0) from polysulfides. 

A third subsample (25 uL to 500 uL) i s added to 5 mL of a' pH 
10 buffer of 0.2 M nitrate/0.2 M bicarbonate as described 
previously(22,23). This solution i s analyzed by SDC for thiols, 
disulfides, inorganic S(-2) and inorganic polysulfide S(0). Figure 
1 shows the anodic wave for a thiol and inorganic S(-2) (negative 
current) and the cathodic wave for inorganic polysulfide S(0) 
(positive current) in two separate f i e l d samples from Great Marsh, 
Delaware. Figure 2 shows the anodic wave for glutathione and the 
cathodic wave for i t s disulfide in the pH 10 buffer. 
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Figure 1. SDC polarographic waves f o r two f i e l d samples from 
Great Marsh, Delaware. 
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Figure 2. SDC polarogram of g l u t a t h i o n e and o x i d i z e d 
g l u t a t h i o n e prepared by adding i o d i n e to g l u t a t h i o n e . 
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S u l f a t e and c h l o r i d e i o n were measured by i o n chromatography 
using a Dionex model 20101 system on samples from Great 
Sippewissett Marsh. On samples from Great Marsh, s u l f a t e i o n was 
determined g r a v i m e t r i c a l l y as BaSO^ and c h l o r i d e i o n was determined 
by an argentometric Mohr t i t r a t i o n . 

R e s u l t s and Discussion 

Methods. In a recent study(22), polarography was used to determine 
i n o r g a n i c s u l f u r species i n marine porewaters as i n Tables I and 
I I . In that study, no t h i o l s or organic p o l y s u l f i d e s were detected 

Table I . Oxidation r e a c t i o n s at the mercury e l e c t r o d e . 

(1) 2 S 203~ + Hg >

(2) 2 SO3" + Hg > Hg(S0 3) 2" + 2e~ Ε χ / 2 = -0.60 V 

(3) SH" + Hg > HgS + H + + 2e~ Ε χ / 2 = " ° · 6 8 v 

(4) S^~ + Hg > HgS + ( x - l ) S + 2e~ E l / 2 = " ° · 6 8 v 

(5) 2 RSH + Hg > (RS) 2Hg + 2 H + + 2 e"" E ^ 2 < -0.68 V 

E 1 / 2 f o r (1) and (2) are f o r 0.01 mM s o l u t i o n s i n 0.60 M NaCl. 

E ^ 2 f o r (3-5) are f o r 0.1 mM s o l u t i o n s i n pH = 10 b u f f e r . 

For r e a c t i o n (5) E ^ 2 v a r i e s w i t h R. 

when the porewaters were prepared according to the t h i r d subsample 
described i n the experimental s e c t i o n . In t h i s study, a one 
e l e c t r o n r e v e r s i b l e polarographic wave representing a t h i o l was 
observed i n porewaters from the surface to 12 cm zone i n Great 
Marsh, Delaware. This wave occurred at a h a l f wave p o t e n t i a l of 
-0.45 V (Figure 1) w i t h an η value f o r the el e c t r o d e process of 
0.997. In a d d i t i o n , two samples (0-3 cm and 3-6 cm) from Great 
Marsh gave broad i r r e v e r s i b l e r e d u c t i o n waves at h a l f wave 

In Organic Marine Geochemistry; Sohn, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



346 ORGANIC MARINE GEOCHEMISTRY 

p o t e n t i a l s of -0.59 V and -0.75 V. The wave at -0.59 V i s s i m i l a r 
to organic d i s u l f i d e standards (Figure 2 ) . The wave at -0.75 V has 
not yet been assigned but may be i n d i c a t i v e of p o l y s u l f i d e s of 
composition . Thus, we were not able to c a l c u l a t e the 
conce n t r a t i o n of the species r e s p o n s i b l e f o r t h i s l a t t e r wave. 

Table I I . Reduction r e a c t i o n s at the mercury e l e c t r o d e . 

(1) S x" + 2 ( x - l ) e" + χ H 20 > χ 0H~ + χ SH~ Ε χ / 2 = -0.68 V 

(2) S 40^" + 2e" > 2 S 2 0 3 " E 1 / 2 = -0.32 V 

(3) RSSR + 2e~ > 2 RS~ E l / 2 = " ° * 5 4 V 

E ^ 2 f o r (2) i s f o r 0.01 mM s o l u t i o n s i n 0.60 M NaCl. 

E ^ 2 f o r (1) and (3) are f o r 0.1 mM s o l u t i o n s i n pH = 10 b u f f e r . 

E ^ 2 f o r (3) i s f o r c y s t i n e . E ^ 2 and s e n s i t i v i t y vary w i t h R. 

In previous s t u d i e s of Great Marsh, Delaware(25), the C l i n e 
method was used to measure i n o r g a n i c s u l f i d e , and no d i s s o l v e d 
s u l f u r was detected i n the 0-12 cm zone. The Cline(17) and the 
Gilboa-Garber(18) methods depend upon methylene blue formation to 
determine f r e e i n o r g a n i c s u l f i d e . Because t h i o l s have strong C-S 
bonds and no f r e e s u l f i d e , the c o l o r i m e t r i c methods should not 
measure t h i o l compounds. This hypothesis was tested using c y s t e i n e 
and g l u t a t h i o n e . Neither of these compounds reacted w i t h the 
reagents to develop the methylene blue c o l o r used f o r i n o r g a n i c 
s u l f i d e a n a l y s i s . Thus, these c o l o r i m e t r i c methods are not u s e f u l 
f o r the study of t h i o l s i n porewaters from the marine environment. 
As part of t h i s study, an i n t e r c a l i b r a t i o n was performed using the 
c o l o r i m e t r i c methods and the polarographic techniques f o r i n o r g a n i c 
s u l f i d e . The r e s u l t s were g e n e r a l l y s a t i s f a c t o r y . In seven 
samples from Great Sippewissett s a l t marsh, the c o l o r i m e t r i c and 
polarographic methods agreed w i t h i n 5%. However, the polarographic 
technique has a wider l i n e a r range. 

Polarography of t h i o l s . In an e f f o r t to d u p l i c a t e the f i e l d 
r e s u l t s , s e v e r a l t h i o l s which are commercially a v a i l a b l e were 
s t u d i e d . The compounds were prepared i n the pH 10 matrix which i s 
used f o r the porewater a n a l y s i s . The half-wave p o t e n t i a l s are 
given f o r O.lmM s o l u t i o n s of each compound i n pH 10 b u f f e r . Our 
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r e s u l t s f o r these compounds are l i s t e d i n Table I I I . The compounds 
range from simple t h i o l s and amino acids to the t r i p e p t i d e 
g l u t a t h i o n e , which i s commonly found i n pla n t and animal t i s s u e at 
i n t e r c e l l u l a r concentrations ranging from 0.1 to 10 mM(26). 

Table I I I . Polarographic data f o r s e l e c t e d s u l f u r s pecies. 

Compound E . / 9 ( V o l t s ) uA/M 

Th i o l s 

1,2-Ethanedithiol -0.759 3490 
Sodium s u l f i d e 
2-Mercaptoethanol 
Mercaptosuccinic A c i d -0.533 1964 
D-L P e n i c i l l a m i n e -0.530 1743 
2-Mercaptoethylamine -0.526 2878 
L-Cysteine -0.525 2000 
3-mercaptoproprionic a c i d -0.492 2800 
Glutathione -0.462 1731 

D i s u l f i d e s 

Cystine -0.540 800 
P e n i c i l l a m i n e d i s u l f i d e -0.550 96 
Oxidized g l u t a t h i o n e -0.582 3615 

The h a l f wave p o t e n t i a l s f o r each compound or c l a s s i s 
i n d i c a t i v e of i t s r e l a t i v e s t r u c t u r e . The r e a c t i o n of each of 
these t h i o l s w i t h the mercury e l e c t r o d e i s g e n e r a l l y a r e v e r s i b l e 
one e l e c t r o n o x i d a t i o n of the mercury e l e c t r o d e (anodic 
d e p o l a r i z a t i o n of the e l e c t r o d e ) . Large negative values of the 
half-wave p o t e n t i a l i n d i c a t e a stronger i n t e r a c t i o n between the 
t h i o l and the mercury e l e c t r o d e . The highest negative p o t e n t i a l 
f o r the compounds studi e d i s f o r 1,2-ethanedithiol and shows that 
both s u l p h y d r y l groups form a complex w i t h the mercury e l e c t r o d e 
over a wide range of p o t e n t i a l s . Inorganic s u l f i d e which forms a 
st a b l e HgS f i l m at the el e c t r o d e i s the next highest. As reported 
before(22,27), simple mercaptans w i t h only the t h i o l f u n c t i o n a l 
group form s t a b l e mercury complexes and y i e l d half-wave p o t e n t i a l s 
near -0.58 V. Amino acids and low molecular weight t h i o l s w i t h at 
l e a s t one other f u n c t i o n a l group y i e l d more p o s i t i v e half-wave 
p o t e n t i a l s i n d i c a t i n g o v e r a l l weaker i n t e r a c t i o n s w i t h the mercury 
e l e c t r o d e . Glutathione y i e l d s the most p o s i t i v e h a l f wave 
p o t e n t i a l and the value corresponds to that of the f i e l d data from 
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Great Marsh, Delaware. The η value f o r g l u t a t h i o n e equals 0.965. 
Because the pK values of the s u l p h y d r y l groups i n c y s t e i n e , 
p e n i c i l l a m i n e and g l u t a t h i o n e are s i m i l a r ( 2 8 ) , the l a r g e r e l a t i v e 
s i z e of the t r i p e p t i d e should make the mercury complex (RS^Hg weak 
because of s t e r i c hindrance. Because g l u t a t h i o n e i s the only 
commonly found t r i p e p t i d e c o n t a i n i n g SH groups i n nature(26), i t i s 
l i k e l y that i t i s the t h i o l p r i n c i p a l l y r e s p o n s i b l e f o r our f i e l d 
observations. 

The r e l a t i v e slopes from current versus concentration p l o t s 
(Table I I I ) f o r these t h i o l s show that they are a n a l y t i c a l l y u s e f u l 
and s i m i l a r i n s e n s i t i v i t y . Figure 3 and Table I I I show that the 
slopes of most of these t h i o l s i s lower than that of i n o r g a n i c 
s u l f i d e . The p r i n c i p a l reason f o r t h i s d i f f e r e n c e i n s e n s i t i v i t y 
i s due to the η value of the e l e c t r o d e process f o r i n o r g a n i c 
s u l f i d e versus t h i o l s . The η value f o r i n o r g a n i c s u l f i d e i s 2.0 
and the η value f o r t h i o l s i s t y p i c a l l y 1.0 per t h i o l group. As a 
r e s u l t , t h i o l s have broade  polarographi  tha  i n o r g a n i
s u l f i d e as shown i n Figure
and S ( 0 ) ] , y i e l d s a s i m i l a
i n o r g a n i c s u l f i d e , S(-2). The t h i o l s show two d i s t i n c t c l a s s e s of 
s e n s i t i v i t y . The t h i o l s w i t h s t r a i g h t chain s t r u c t u r e s (e.g. 
mercaptoethanol) have higher s e n s i t i v i t i e s (2800 - 3200 uA/M) than 
amino acids w i t h branched chain s t r u c t u r e s (1700 - 2000 uA/M). 
S t e r i c a l l y hindered s t r u c t u r e s should have lower s e n s i t i v i t y 
because of poor e l e c t r o n t r a n s f e r at the mercury e l e c t r o d e . This 
behavior has been noted f o r c e r t a i n organic d i s u l f i d e s ( 2 9 ) . 

Minimum detectable l i m i t s (MDL) f o r these t h i o l s using SDC are 
about 1-2 uM and were c a l c u l a t e d according to the method of Turner 
et a l ( 3 0 ) . MDL values f o r t h i o l s can be lowered an order of 
magnitude i f DPP i s used. Because our f i e l d samples are d i l u t e d i n 
a b u f f e r matrix to a maximum of 500 uL i n 5 mL of b u f f e r , the MDL 
f o r f i e l d samples i s about 10 uM. The l i n e a r range f o r a n a l y s i s of 
these t h i o l s i s from MDL to about 0.4 mM. 

Polarography of organic d i s u l f i d e s . Organic d i s u l f i d e s are reduced 
but react i r r e v e r s i b l y at the mercury el e c t r o d e i n a manner as per 
equation (3) i n Table I I . However, H a l l ( 2 9 ) has shown that the η 
value f o r a number of d i s u l f i d e s i s t y p i c a l l y much l e s s than 1.0. 
Values f o r η of 0.6 or l e s s were found f o r c y s t i n e , p e n i c i l l a m i n e 
d i s u l f i d e and o x i d i z e d g l u t a t h i o n e . Only i n the case of o x i d i z e d 
g l u t a t h i o n e was the slope l a r g e enough to be s u i t a b l e f o r 
a n a l y t i c a l work (Table I I I ) . In f a c t , o x i d i z e d g l u t a t h i o n e i s the 
most s o l u b l e of these d i s u l f i d e s . This lowered s e n s i t i v i t y f o r 
p e n i c i l l a m i n e d i s u l f i d e and c y s t i n e may be r e l a t e d to low 
s o l u b i l i t y as w e l l as s t e r i c hindrance(29). For p e n i c i l l a m i n e 
d i s u l f i d e , which has the lowest s e n s i t i v i t y , each carbon bound to 
s u l f u r has two methyl groups r a t h e r than two protons, as c y s t i n e 
and o x i d i z e d g l u t a t h i o n e have. These methyl groups would prevent 
e l e c t r o n t r a n s f e r at the e l e c t r o d e . A b e t t e r method to determine 
organic d i s u l f i d e s would be to reduce them chemically to form the 
more s e n s i t i v e t h i o l s and then to determine the increase i n t h i o l 
c o ncentration a f t e r the r e d u c t i o n . Unfortunately i t was not 
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C o n c e n t r a t i o n CO. 1 mM) 

Figure 3. Current versus c o n c e n t r a t i o n p l o t s from SDC 
polarographic data f o r b i s u l f i d e i o n and g l u t a t h i o n e i n pH 10 
b u f f e r s o l u t i o n . 
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p o s s i b l e to perform t h i s experiment because of the small volumes 
obtained from the porewaters. 

As shown i n Figures 1 and 2 and Tables I and I I , polarographic 
methods can d i s t i n g u i s h between many of the organic and in o r g a n i c 
s u l f u r species by the shape and the p o t e n t i a l of each wave. 
However, they cannot measure organic s u l p h i n i c acids such as 
ta u r i n e and s u l f i d e s (R^S), which are l i k e l y to be present i n 
porewaters. 

F i e l d Results 

Organic s u l f u r s pecies. Tables IV and V show r e s u l t s f o r the f i e l d 
samplings from Great Marsh, Delaware and Great Sippewissett Marsh, 
Cape Cod, Massachusetts r e s p e c t i v e l y . The major discovery i s the 
presence of t h i o l s i n the surface to 12 cm zone of the Delaware 
marsh. In a d d i t i o n , organic d i s u l f i d e s are present from 0-6 cm. 

Table IV. Dis s o l v e
Delaware, June 1984 

Depth S0j"/AS0j- S2°3~ S(0) SH~ RSH pH 
(cm) (mM) ( UM) ( VM) ( PM) ( PM) 

0-3 35.3/+4.63 6.6 <1 <5 25 6.20 
3-6 42.0/+12.0 n.m. <1 <5 336 5.04 
6-9 54.1/+22.5 18.6 <1 <5 2411 4.87 
9-12 - 30.6 <1 <5 209 6.66 
12-15 18.3/-7.65 37.4 326 948 <10 6.80 
18-21 19.2/-7.78 104 243 1406 <10 6.96 
30-33 — 16.0 162 3360 <10 6.83 

Table V. Dis s o l v e d s u l f u r s p e c i a t i o n i n Great S i p p e w i s s e t t , 
Massachusetts, August 1984 

Depth SO^/ASO^- S2°3 2' S(0) SH~ RSH pH 
(cm) (mM) ( MM) ( PM) ( μΜ) ( μΜ) 

0-4 21.0/-1.10 624 <1 <5 <10 6.60 
4-8 17.0/-0.75 157 104 2220 <10 7.10 
8-13 15.7/-1.81 186 83 3630 <10 6.90 
23-28 14.7/+0.26 172 64 2610 <10 7.00 
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Assuming o x i d i z e d g l u t a t h i o n e as the d i s u l f i d e r e s p o n s i b l e f o r the 
polarographic wave at -0.59 V, the d i s u l f i d e concentrations were 
c a l c u l a t e d as 5 uM and 139 uM f o r the 0-3 and 3-6 cm depths 
r e s p e c t i v e l y . Below 12 cm, the pore water p r o f i l e i s dominated by 
i n o r g a n i c s u l f i d e . Inorganic s u l f i d e i s not present when t h i o l s 
are present. The t h i o l c o n c e n t r a t i o n increases w i t h depth u n t i l 
j u s t above the onset of the i n o r g a n i c s u l f i d e zone which shows 
increased s u l f i d e content w i t h depth. The highest concentration of 
t h i o l corresponds to the pH minimum and to s u l f a t e production as 
evidenced by the excess s u l f a t e values r e l a t i v e to open ocean 
s u l f a t e c h l o r i d e r a t i o s ( AS0^~ i n Tables IV and V). 

In the Massachusetts marsh, only i n o r g a n i c s u l f i d e and 
t h i o s u l f a t e occur as the major reduced forms of s u l f u r over the 
depth p r o f i l e . Although t h i s could be r e l a t e d to a l a c k of s u l f i d e 
o x i d a t i o n , s u l f a t e d e p l e t i o n i s not very high i n t h i s core. 
Therefore, n e i t h e r process i s the more dominant biogeochemical 
process. Previous studies(10,22
t h i o l s i n t h i s marsh eve
a d d i t i o n , cores were prepare
microcosm experiments. In cores i n which o x i d a t i o n was induced, 
t h i o l s were not detected i n the porewaters. 

The formation of t h i o l s appears r e l a t e d to the oxidaton of 
s u l f i d e or s u l f i d e minerals i n Great Marsh, Delaware because of the 
high s u l f a t e excesses whenever t h i o l s are present. Conversely, the 
r e a c t i o n of b i s u l f i d e i o n w i t h l a b i l e organic compounds such as 
h a l i d e s and a l c o h o l s v i a n u c l e o p h i l i c displacement r e a c t i o n s i s not 
l i k e l y because of the absence of b i s u l f i d e i o n i n the porewaters. 
A number of mechanisms f o r t h i o l formation using other s u l f u r 
species are p l a u s i b l e . Two n u c l e o p h i l i c displacement type 
mechanisms appear most promising. However, these mechanisms may 
not occur i n each marsh because of d i f f e r i n g p h y s i c a l and 
geochemical c h a r a c t e r i s t i c s which are described l a t e r . 

F i r s t , t h i o s u l f a t e i s capable of a c t i n g as a n u c l e o p h i l e to 
d i s p l a c e hydroxyl groups i n l a b i l e compounds such as amino a c i d s . 
This r e a c t i o n forms t h i o l s , hydrogen s u l f a t e and leads to increased 
a c i d i t y ( 3 1 ) . Although t h i o s u l f a t e i s pervasive i n the Delaware 
core, i t never reaches p a r t i c u l a r l y high values i n the t h i o l zone, 
i n d i c a t i n g a p o s s i b l e steady s t a t e c o n c e n t r a t i o n . T h i o s u l f a t e 
could be produced when hydrogen s u l f i d e d i f f u s e s upward i n t o the 
o x i d i z e d zone (0-12 cm) where t h i o l s are forming or by s u l f i d e 
mineral o x i d a t i o n . When d i a g e n e t i c a l l y modeled(25), the r a t e of 
r e o x i d a t i o n of d i s s o l v e d s u l f i d e s and s u l f i d e minerals i s greater 
than or equal to s u l f a t e r e d u c t i o n r a t e s i n t h i s zone. Therefore, 
any i n o r g a n i c s u l f i d e which i s formed i n , or which d i f f u s e s i n t o 
t h i s zone, should be r e a d i l y o x i d i z e d . 

Secondly, the zone of g r e a t e s t t h i o l production occurs at 6-9 
cm which i s a l s o the i n t e r v a l of optimal p y r i t e formation i n that 
marsh during the winter season(25). Thus, p y r i t e i s a p o s s i b l e 
s t a r t i n g m a t e r i a l f o r t h i o l production because p y r i t e formation and 
i t s eventual o x i d a t i o n during the growing season are important 
geochemical processes i n most s a l t marshes(25,32,33). P y r i t e 
f o r m a l l y contains zero and -2 v a l e n t s u l f u r . In the case of p y r i t e 
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o x i d a t i o n , the S(-2) may be transformed to a t h i o l and the S(0) to 
the f u l l y o x i d i z e d s u l f a t e i o n . This process would be r a p i d i f 
mediated by m i c r o b i a l c a t a l y s i s ( 3 4 ) . Roy and Trudinger(31) propose 
that g l u t a t h i o n e or some other membrane bound t h i o l i s the true 
enzymatic intermediate f o r s u l f i d e and elemental s u l f u r o x i d a t i o n s 
to s u l f a t e . Because i n o r g a n i c s u l f i d e concentrations were not 
detected i n the 0-12 cm zone i n Great Marsh, our data suggests that 
a t h i o l such as g l u t a t h i o n e may serve as a l i n k between the 
in o r g a n i c and organic s u l f u r pools i n some s a l t marsh wetlands. 

Inorganic s u l f u r s p e c i e s . Other d i f f e r e n c e s i n major s u l f u r 
species are evident between the two systems as shown i n Tables IV 
and V. T h i o s u l f a t e concentrations i n Great Sippewissett were 
higher by 5 to 100 times than those i n Great Marsh, Delaware at 
s i m i l a r depths. P o l y s u l f i d e S(0) s u l f u r concentrations i n Great 
Marsh, Delaware were higher than those i n Great Sippewissett. 
These s u l f u r species wer  i  reducin
zone. As described above
s u l f i d e ( ^ , 2 ) and s u l f i d
from p o l y s u l f i d e d e c o m p o s i t i o n 1^. 

P o l y s u l f i d e s can be generated v i a two major pathways. F i r s t , 
p o l y s u l f i d e s can be formed by the o x i d a t i o n of d i s s o l v e d s u l f i d e 
and s u l f i d e m i n e r a l s ( i , 2 ) . Second, they can be formed by the 
r e a c t i o n of elemental s u l f u r w i t h b i s u l f i d e i o n ( 3 5 ) . P o l y s u l f i d e 
l e v e l s can be p r e d i c t e d f o r the second process as described i n 
previous studies(22,36-38). E q u i l i b r i u m c a l c u l a t i o n s as described 
i n a previous study(22) were performed f o r the p o l y s u l f i d e l e v e l s 
i n these samples. The r a t i o of S(0) experimental to S(0) 
c a l c u l a t e d f o r a l l samples from Great Sippewissett were 0.145 (4-8 
cm), 0.137 (8-13 cm) and 0.128 (23-28 cm). Because these r a t i o s 
are l e s s than 1.0, these r e s u l t s i n d i c a t e that p o l y s u l f i d e s should 
form p r i m a r i l y from the r e a c t i o n of b i s u l f i d e i o n w i t h elemental 
s u l f u r ( 5 ) r a t h e r than s u l f i d e o x i d a t i o n . This data set i s 

StT + χ S° < > S^~ + H + (5) 
d i f f e r e n t than that on which we reported p r e v i o u s l y ( 2 2 ) . In the 
previous study, the r a t i o s were much greater than 1.0 demonstrating 
that p o l y s u l f i d e s were forming p r i m a r i l y by s u l f i d e o x i d a t i o n 
r e a c t i o n s . The d i f f e r e n t r e s u l t s are a t t r i b u t e d p r i m a r i l y to 
d i f f e r e n c e s between s i t e s i n the Massachusetts marsh. The present 
r e s u l t s were observed i n the eastern s i t e where d i s s o l v e d s u l f i d e 
l e v e l s are t y p i c a l l y above ImM and pH values are near 7.0. Our 
previous r e s u l t s ( 2 2 ) were from the western s i t e where d i s s o l v e d 
s u l f i d e l e v e l s are t y p i c a l l y lower than 1 mM and pH values are 
below 6.5, f u r t h e r demonstrating a more o x i d i z i n g environment. For 
Great Marsh, Delaware the r a t i o was 2.74 (12-15 cm), 1.02 (18-21 
cm) and 0.362 (30-33 cm). These r e s u l t s demonstrate that 
p o l y s u l f i d e formation v i a s u l f i d e o x i d a t i o n can occur at the 12-15 
cm zone but at greater depths p o l y s u l f i d e s l i k e l y form from 
elemental s u l f u r r e a c t i n g w i t h b i s u l f i d e i o n . 

S u l f i t e concentrations were observed only at depths of 20 cm 
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or more i n both systems. In samples from Great Marsh, Delaware, 
s u l f i t e concentrations were 8.3 uM at depths of 18-21 cm and 30-33 
cm. In the core from Great S i p p e w i s s e t t , s u l f i t e was determined 
only at the 23-28 cm depth (37.8 uM). Incomplete s u l f a t e r e d u c t i o n 
may be r e s p o n s i b l e f o r the formation of s u l f i t e w i t h depth. 

Marsh c h a r a c t e r i s t i c s . In the upper zone, Great Marsh appears to 
act as an organic s u l f u r producing marsh which may be s i m i l a r to 
the production of organic s u l f u r compounds i n paper pulp m i l l s ( 2 7 ) . 
The formation of t h i o l s and organic d i s u l f i d e s i n Great Marsh, 
Delaware but not i n Great S i p p e w i s s e t t , Massachusetts may be a c l u e 
to any d i f f e r e n c e s between biogeochemical processes i n d i f f e r e n t 
s a l t marshes. These processes i n t u r n may be r e l a t e d to a number 
of marsh c h a r a c t e r i s t i c s . F i r s t , Great Marsh i s inundated by t i d e s 
only 3 days a month, c r e a t i n g dessicated sediments, whereas Great 
Sippewissett i s flooded twice d a i l y . There i s s i g n i f i c a n t 
groundwater i n t r u s i o n i
Thus exchange of water
i s more l i k e l y i n Grea  Sippewisset , 
Great Marsh has higher s a l i n i t y i n the upper zone during the summer 
than Great Sippewissett. T h i r d , s o l i d m a t e r i a l i n cores from Great 
Sippewissett approaches 80% peat content and 20% i n o r g a n i c content 
w i t h very l i t t l e c l a y ( 1 0 ) . Great Marsh contains 20% organic and 
80% i n o r g a n i c content which i s e s s e n t i a l l y a l l a l u m i n o s i l i c a t e 
c l a y ( 3 9 ) . Clays are important n a t u r a l c a t a l y s t s f o r the s y n t h e s i s 
of l a b i l e organic compounds because of t h e i r high surface area and 
r e a c t i v e s u r f a c e s ( 4 0 ) . Great Marsh appears to be a more s a l i n e , 
c losed system w i t h higher c l a y content and p o t e n t i a l l y important 
l a b i l e organic content. These c o n d i t i o n s appear to be s i g n i f i c a n t 
f o r the formation of organic s u l f u r compounds. 

Conclusions 

The h a l f wave p o t e n t i a l s , s i g n of the current f o r the 
e l e c t r o d e r e a c t i o n s and the shape of the polarographic waves allo w 
i n o r g a n i c and organic s u l f u r species to be d i s t i n g u i s h e d r e a d i l y . 
Thus, polarographic methods are capable of p r o v i d i n g u s e f u l f i e l d 
data i n a r o u t i n e manner f o r many of the major i n o r g a n i c and 
organic s u l f u r species present i n s a l t marsh waters. The data 
derived from these methods show that d i f f e r e n c e s between s a l t 
marshes can be s u b s t a n t i a l . We b e l i e v e that the polarographic 
methods ra t h e r than the conventional c o l o r i m e t r i c methods should be 
used to study major s u l f u r species i n porewaters from other s a l t 
marshes as w e l l . With t h e i r use, the o v e r a l l importance of organic 
s u l f u r to the biogeochemistry of s a l t marshes should become b e t t e r 
understood. 
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21 
Chemical Speciation in High-Complexation Intensity 
Systems 

Robert H. Byrne and William L. Miller 

Department of Marine Science, University of South Florida, St. Petersburg, FL 33701 

Theoretical and experimental developments indicate 
that mixed ligand complexes are important in multi-
ligand systems. Consequently, the formation of 
ternary and higher order mixed complexes must be 
incorporated in the structure of multi-ligand metal 
speciation models
of Cu(II) complexatio
accord with previous work in demonstrating that 
mixed-ligand stability constants can be reasonably 
assessed from theoretical considerations: 

β11 (experimental) = (5.0±0.5)x1012 and 
            β11 (theoretical) = 2(Gβ

2

.

0x

β

2

)½ = 5.4x1012 where 
β11 = [Cu0xG-]/[Cu2+][0x2-][G-] and 
xβ2 = [CuX2]/[Cu2+][X]2. 

Mixed l i g a n d Cu(II) complexes of probable 
importance in natural systems incl u d e l i g a n d number 
two i n o r g a n i c , organic and mixed or g a n i c / i n o r g a n i c 
species. Due to the probable existence 
of ternary o r g a n i c / i n o r g a n i c metal s p e c i e s , trace 
metal complexation cannot be cleanly d i v i d e d i n t o 
organic and ino r g a n i c components. 

E q u i l i b r i u m models are widely used i n assessments of tra c e metal 
b i o a v a i l a b i l i t y , t o x i c i t y , and transport through the environment. 
Pro p e r l y a p p l i e d , e q u i l i b r i u m models are powerful t o o l s i n such 
assessments. Due to a v a r i e t y of f a c t o r s , however, e q u i l i b r i u m 
modeling o f t e n f a l l s short of i t s f u l l p o t e n t i a l . One problem, of 
s p e c i a l importance i n e q u i l i b r i u m c h a r a c t e r i z a t i o n s , i s s i m p l i s t i c 
modeling. The use of s i m p l i s t i c chemical models i s p a r t i c u l a r l y 
important because i t a f f e c t s not only the modeling of complex 
n a t u r a l systems, but a l s o modeling of r e l a t i v e l y simple chemical 
media used to generate primary thermodynamic data. 

A common s t a r t i n g p o i n t i n metal s p e c i a t i o n schemes i s the 
co n s t r u c t i o n of a model i n the form: 

0097-6156/ 86/ 0305-0358506.00/ 0 
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Hp 
W = 1 + Σ j B 1 [ L j ] + Σ . 3 2 [ L . ] 2 + Σ . 3 3 [ L . ] 3 + (1) 

where M̂ , i s the t o t a l c oncentration of metal M, [M] denotes the f r e e 
concentration of metal, [L.] denotes the f r e e concentration of each 
l i g a n d L j , and j 3 n denotes the cumulative formation constant f o r 
each trace metal complex M(L.) 

[M(Vn] (2) 
r n [ M ] [ L . ] n 

The chemical model embodied i n equation 1 i s flawed due to the 
omission of important chemical species. In chemical systems 
c o n t a i n i n g two or more l i g a n d types, i t i s important to i n c l u d e the 
p o s s i b i l i t y of mixed l i g a n
appropriate d e s c r i p t i o n
f o l l o w i n g terms: 

Hp 
[ST = 1 + χ 3 χ [ Χ ] + χ 3 2 [ Χ ] 2 + 3n [ x][Y] + γ 3 χ[Υ] + γ 3 2 [ Υ ] 2 + ..(3) 

where g l l = [ M j * g j Y ] (4) 

and brackets denote the concentration of each chemical species. 
Since the existence of mixed complexes i s w e l l documented (1) and 
the p o t e n t i a l s i g n i f i c a n c e of mixed l i g a n d species increases g r e a t l y 
i n high l i g a n d v a r i e t y systems ( 2 ), i t i s q u i t e important that the 
p o t e n t i a l s i g n i f i c a n c e of mixed complexes i s e x p l i c i t l y acknowledged 
i n q u a n t i t a t i v e modeling e f f o r t s . 

S t a t i s t i c a l c o n s i d e r a t i o n s are widely used i n p r e d i c t i o n s of 
mixed complex s t a b i l i t i e s (1, 3, 4 ) . The formation of a ternary 
complex, MXY, from the l i g a n d number 2 complexes MX 2 and MY 2 can be 
described using a s t a b i l i t y constant of the form: 

[MXYj' 
[MX 2][MY 2] - X (5) 

Since MXY i s i n h e r e n t l y twice as probable as MX or MY 2 > s t a t i s t i c a l 
c o n s i d e r a t i o n s alone p r e d i c t that X = 4 ( 1 , 3, 4 , 5 ) . A c c o r d i n g l y , 
the s t a t i s t i c a l l y modeled mixed l i g a n d formation constant, 3 ^ i s 
given as ( 1 , 39 5): 

P L 1 = [ M H X H Y ] = 2 ( χ & 2 Ύ & 2 ^ ( 6 ) 

Using s t a t i s t i c a l r e l a t i o n s h i p s , i t can be shown that mixed l i g a n d 
complexes are of great p o t e n t i a l importance even i n media c o n t a i n i n g 
only two l i g a n d types ( 5 ) . In high l i g a n d v a r i e t y media, the vast 
number of p o s s i b l e mixed l i g a n d complexes compels the i n c o r p o r a t i o n 
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of s t a t i s t i c a l assessments i n the general framework of metal 
s p e c i a t i o n models. 

In high l i g a n d v a r i e t y systems, equation 1 can be replaced w i t h 
an equation which i m p l i c i t l y accounts f o r the formation of ternary 
and higher order mixed complexes (2). 

The important d i f f e r e n c e between equation 1 and equation 7 i s seen 
i n the treatment of l i g a n d number two and higher order species found 
i n high complexation i n t e n s i t y systems. Equation 1 provides an 
account of l i g a n d number two complexes by o b t a i n i n g a weighted 
summation of squared f r e e l i g a n d concentrations. Equation 7 
provides an account of l i g a n d number two complexes by o b t a i n i n g a 
weighted summation of fr e
squaring the r e s u l t . 

I t i s important to note that although equation 7 can provide 
much greater c a l c u l a t e d MT/[M] values than equation 1, i t i s , 
ne v e r t h e l e s s , expected that equation 7 w i l l provide underestimates 
of the t o t a l to f r e e metal r a t i o . This c o n c l u s i o n i s based on the 
observation (1) that equation 6, i n the vast m a j o r i t y of cases, 
underestimates the magnitude of mixed l i g a n d s t a b i l i t y constants. 
In g e n e r a l , mixed l i g a n d s t a b i l i t y constants are l a r g e r , and o f t e n 
considerably l a r g e r , than p r e d i c t i o n s based on s i n g l e l i g a n d type 
s t a b i l i t y constants, j 3 n (1, 6 ) . A simple example of t h i s occurs 
when s t e r i c f a c t o r s g r e a t l y d i m i n i s h formation of the complex MX2 

where X i s a high molecular weight l i g a n d , but do not l i m i t the 
formation of MXY where Y i s a low molecular weight l i g a n d . In 
another example, f o r a four coordinated metal such as C u 2 + , l i g a n d 
number two MX 2 complexes w i t h t r i d e n t a t e l i g a n d s , X, may be of 
l i t t l e importance, w h i l e the s i g n i f i c a n c e of mixed complexes, MXY, 
i n v o l v i n g monodentate and t r i d e n t a t e l i g a n d s , can be considerable. 
Due to these f a c t o r s and ot h e r s , experimentally determined values 
of X are commonly observed^between the s t a t i s t i c a l l y p r e d i c t e d 
v a l u e , 4, and values of 10 or more (1, 6 ) . A c c o r d i n g l y , w h i l e 
equation 7 should be expected to provide s p e c i a t i o n assessments 
which are s u p e r i o r to those provided by equation 1, the assessments 
provided by equation 7 should c o n s i s t e n t l y underestimate the 
complexation of metals as mixed l i g a n d species. 

Trace Metal Complexation i n N a t u r a l Systems 

Equation 7 can be used to provide i n s i g h t s about the nature of trace 
metal s p e c i a t i o n i n high complexation i n t e n s i t y systems. Using 
copper as an example, equation 8 provides s p e c i a t i o n p r e d i c t i o n s i n 
a system of i n o r g a n i c l i g a n d s , , and organic l i g a n d s , L^. 

(7) 

Cu T 

- 1 + Σ ± W + Σ Λ [ Ι ^ ] + (Σ ^ [ L . ] + Σ ^ [ I ^ ] ) 2 + .. 

Expanding t h i s equation produces the r e s u l t : 
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= i + z . W + i k W + (9) 

(Σ ±β\ΐ\Ώ2 + 

2 (Σ . φ ΐ ^ Ι Η Σ ^ [ L j J ) + 

l i g a n d number one i n o r g a n i c and organic complexes to the sum Cu T/ 
[ C u 2 + ] r a t i o . The term
a l l i n o r g a n i c l i g a n d numbe
r a t i o . The term (Σ ^ t ^ ] )  provides the c o n t r i b u t i o n of a l l 
organic l i g a n d number two complexes. The expression 2(Σ -^3^tL±]) 
(Σ .β*t^k.]) * s t n e complexation c o n t r i b u t i o n provided by l i g a n d 
numDer two mixed, o r g a n i c / i n o r g a n i c complexes. In assessing the 
nature of t h i s term i t i s noteworthy that the magnitude of the term 
can be increased by i n c r e a s i n g e i t h e r i n o r g a n i c or organic l i g a n d 
concentrations. A c c o r d i n g l y , i t i s p o s s i b l e to increase the 
c o n t r i b u t i o n of organic complexation to the C u T / [ C u 2 + ] r a t i o by 
i n c r e a s i n g only the concentration of i n o r g a n i c l i g a n d s . The only 
exception to t h i s c o n c l u s i o n should be obtained when l i g a n d number 
one type species are of e x c l u s i v e importance. In the general case 
where CuCl^^ and CuCL^)^ species are of some s i g n i f i c a n c e , however 
s l i g h t , increasing [L ] w i l l increase the concentration r a t i o 
[ C u L . ^ ] / [ C u 2 ], and w i l l thereby increase the c o n t r i b u t i o n of 
organic l i g a n d s to the C u T/[Cu 2 +] r a t i o . In such a case, equation 9 
i n d i c a t e s that the f r a c t i o n of metal complexes i n v o l v i n g organic 
lig a n d s w i l l decrease. However, i n c o n t r a s t to the p r e d i c t i o n s of 
equation 9, when mixed l i g a n d s t a b i l i t y constants are much l a r g e r 
than those based on s t a t i s t i c a l arguments, i n c r e a s i n g the 
concentration of i n o r g a n i c l i g a n d s can increase both the f r a c t i o n of 
metal complexes i n v o l v i n g organic l i g a n d s as w e l l as the 
c o n t r i b u t i o n of organic complexes to the Cu T/[Cu + ] r a t i o . 

Since the i n o r g a n i c and organic chemistry of Cu(II) has been 
the object of considerable s c r u t i n y , i t i s u s e f u l to consider i n 
some d e t a i l the a p p l i c a t i o n of equation 9 to the chemistry of Cu(II) 
i n organic r i c h systems. Recent work on i n o r g a n i c Cu(II) s p e c i a t i o n 
i s s u f f i c i e n t to provide a reasonable assessment of the terms ^ ί ^ ] 
and ^3g fLχl · 0 u r assessment of the i n o r g a n i c s p e c i a t i o n terms i n 
equation 9 i s based on the formation constant r e s u l t s of Byrne and 
M i l l e r (7) and Paulson and Rester (8) and i s appropriate to 35 /oo 
seawater at 25°C. Under these c o n d i t i o n s the i n o r g a n i c s p e c i a t i o n 
scheme of Cu(II) i n seawater at pH 8.2 can be expressed as f o l l o w s : 

1 + Σ ^ [ L . ] = 20.03 = ( [ C u 2 + ] + [CuCl +] + [CuS0°] + 

[Cu0H +] + [CuHC0 3
+] + [CuC0°])/[Cu2+] 

(10) 
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(Σ ±ή>1\])2 = 4.42 = ((1-95)* + (0.5)V = (11) 

( [ C u ^ ) 2 " " ] * + [Cu(OH)°] i) 2/[Cu 2 +] 

The i n t e r a c t i o n s of Cu(II) and d i s s o l v e d organic matter are 
considerably more complex and consequently are l e s s w e l l defined. 
However, an assessment of the nature of organic copper complexation 
can be provided by t r e a t i n g organic complexation as,an independent 
v a r i a b l e . The two unknown terms Σ ^ ^ [ L ^ ] and Σ i ^ f t L k ] c a n ^ e 

reduced to one by c o n s i d e r i n g the behavior which t y p i f i e s stepwise 
complex formation (6,9): 

K, 
•^r- - — = R and (12) 
K i 3* 

0.2 < R<0.3 monodentate ligands 
0.01 < R<0.1 bidentate l i g a n d s 

We w i l l take as a reasonable estimate, R ^ 0.03. Using t h i s 
estimate, i t f o l l o w s that ^.3^ = 0.173 ^ 3 ^ Consequently, equation 
9 can be w r i t t e n as: 

Cu 
2+ = 2 4 · 4 5 + Σ

 khlLk] + ° · 7 2 7 Σ k 3 l [ L k ] + ° ' 0 3 ( Σ A [ L k ] ) 2 

2+ 
Equation 13 p a r t i t i o n s the Cu T/[Cu ] r a t i o i n t o four components: 
(a) l i g a n d number one and two i n o r g a n i c complexes, (b) l i g a n d number 
one organic complexes, (c) mixed inorg a n i c - o r g a n i c complexes, and 
(d) l i g a n d number two organic complexes. The r e s u l t s of 
c a l c u l a t i o n s using equation 13 and assumed values of Σ ^ ^ ^ t ^ l between 
0 and 50 are shown i n Table I . 
Table I . The i n f l u e n c e of organic l i g a n d s on Cu(II) s p e c i a t i o n 

i n seawater. 

IT Inorganic Organic Mixed Organic 
Cu T/[Cu ] = (N=l, N=2) + (N=l) + (N=2) + (N=2) 

24.45 24.45 0 0 0 
44.8 24.45 10 7.3 3 
71.0 24.45 20 14.5 12 

103.3 24.45 30 21.8 27 
141.6 24.45 40 29.1 48 
185.9 24.45 50 36.4 75 

Examination of Table I shows that as organic N=l complexes 
become comparable i n c o n c e n t r a t i o n to i n o r g a n i c complexes, a l a r g e 
percentage of Cu(II) i s present as l i g a n d number two complexes. In 
a d d i t i o n , Table I shows that mixed or g a n i c / i n o r g a n i c complexes are, 
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under a l l c o n d i t i o n s , comparable i n concentration to N=l organic 
copper complexes. The l a t t e r r e s u l t h i g h l i g h t s the con c l u s i o n t h a t , 
due to the formation of mixed l i g a n d s p e c i e s , complexation by 
inor g a n i c and organic l i g a n d s should be viewed as a cooperative 
r a t h e r than a competitive process. 

The r e s u l t s shown i n Table I are contingent upon the 
s t a t i s t i c a l model embodied i n equation 7, and the assumption K^/K^ = 
0.03. I t should be noted that a s i g n i f i c a n t f r a c t i o n of organic 
l i g a n d s i n n a t u r a l aqueous systems have high molecular weights and, 
as a consequence of unfavorable s t e r i c e f f e c t s , K^/K f o r 
complexation by such l i g a n d s may be very much l e s s than the value 
assumed. As such, i t i s reasonable to view the term Σ i ^ i l L ^ . ] a s a 

summation over a low molecular weight subset of the e n t i r e s u i t e of 
organic l i g a n d s . The complexation p r o p e r t i e s of the remaining high 
molecular weight system may have an i n t e r e s t i n g c h a r a c t e r i s t i c which 
should be noted. While s t e r i c e f f e c t s may g r e a t l y l i m i t the 
formation of N=2 organi
reduced f o r mixed complexe
Consequently, i n systems of in o r g a n i c l i g a n d s and high molecular 
weight organic l i g a n d s , the r e l a t i v e importance of mixed 
or g a n i c / i n o r g a n i c complexes may a c t u a l l y be somewhat enhanced. 

Because of the s u b s t a n t i a l p o t e n t i a l s i g n i f i c i a n c e of mixed 
l i g a n d species i n tr a c e metal complexation, i t i s important to 
evaluate the q u a l i t y of t h e o r e t i c a l l y p r e d i c t e d mixed-ligand 
constants f o r a wide v a r i e t y of l i g a n d types. Toward t h i s 
o b j e c t i v e , we have examined the complexation c h a r a c t e r i s t i c s of 
systems c o n t a i n i n g C u ( I I ) , g l y c i n e and oxalate i o n s . Systems 
c o n t a i n i n g Cu(II) and bidentate l i g a n d s are p a r t i c u l a r l y u s e f u l i n 
i n v e s t i g a t i o n s of mixed l i g a n d complexation because the c o o r d i n a t i o n 
chemistry of Cu(II) e f f e c t i v e l y precludes the formation of l i g a n d 
number three and higher order complexes. Glycine was used i n t h i s 
i n v e s t i g a t i o n because of the o c c a s i o n a l importance of amino a c i d s i n 
n a t u r a l systems (10) and because of the high a f f i n i t y of amino acids 
f o r Cu(II) (11). Oxalate was used as the second l i g a n d type i n our 
i n v e s t i g a t i o n because oxalate i s a u s e f u l analog i n assessments of 
the complexation p r o p e r t i e s of carbonate ions (12, 13), and because 
of the abundance and importance of oxalate i n the environment (14, 
15). 

Experimental Examination of Mixed Ligand S t a b i l i t y Constants 

Our formation constant determinations were conducted using a copper 
i o n s e l e c t i v e e l e c t r o d e and c l o s e l y f o l l o w the po t e n t i o m e t r i c 
methods o u t l i n e d by Byrne and M i l l e r (7) i n i n v e s t i g a t i o n s of c u p r i c 
carbonate complexation. The t o t a l copper concentration used i n our 
work was 1x10 M. T o t a l g l y c i n e and oxalate concentrations were 
0.02 M. The i o n i c strengths of our media were maintained at 
1.0±0.02 M or 0.7±0.02 M using NaCIO, as a supporting e l e c t r o l y t e . 
Each experiment was conducted at 25°C. Free copper concentrations 
were monitored using an Orion model 942900 copper s p e c i f i c i o n 
e l e c t r o d e , and a Ross type reference e l e c t r o d e (Orion No. 800500). 
Measurements of pH were conducted on the free hydrogen i o n 
concentration s c a l e (16, 17, 18) using an Orion model 810200 
combination pH e l e c t r o d e . Measurements i n p e r c h l o r a t e s o l u t i o n s 
n e c e s s i t a t e d the use of 3 molar NaCl f i l l i n g s o l u t i o n s r a t h e r than 
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KC1 i n order to preclude KCIO^ p r e c i p i t a t e s at the reference 
e l e c t r o d e s ' l i q u i d j u n c t i o n s . The use of two Corning model 130 pH 
meters permitted simultaneous measurement of pH and fr e e copper 
concentrations. Electrode c a l i b r a t i o n s demonstrated a Nernstian 
response ( w i t h i n ± 1% of t h e o r e t i c a l ) f o r both pH and copper 
e l e c t r o d e s . Free l i g a n d concentrations were v a r i e d by t i t r a t i n g our 
t e s t s o l u t i o n s w i t h 1 N HC10,. A l l measurements were obtained under 
constant and subdued l i g h t i n g c o n d i t i o n s . 

Free l i g a n d concentrations i n our experimental media were 
c a l c u l a t e d using equations of the form: 

( 0 x ) T = [Ox 2"] (1 + ( ^ Γ 1 [H +] + ( ο Λ ^ Γ 1 [ H + ] 2 ) (14) 

G T = [G -] (1 + ( G K 2 ) _ 1 [H +] + ( GK 2 g ^ ) - 1 [ H + ] 2 ) (15) 

where 

0 x 2 [BOX"] 0 x 1 &2°*] ( } 

ν = [G"][H +1 and pK. = [ H G ] [ " + ^ (17) 
G 2 " [HG] G 1 ^2 

Ox a l i c a c i d d i s s o c i a t i o n constants were s e l e c t e d from the c r i t i c a l 
c o m p i l a t i o n of M a r t e l l and Smith (19). At 25.0°C and 1 molar i o n i c 
s t r ength the s e l e c t e d r e s u l t s are: 

-l o g 0 χ Κ 2 = 3.55±0.02M (18) 

- l o g Κ = 1.04±0.04M (19) 
Aminoacetic a c i d d i s s o c i a t i o n constants were d i r e c t l y determined 
through t i t r a m e t r i c a n a l y s i s . At 25.0°C we obtained the r e s u l t s 
shown i n Table I I . 

Table I I . D i s s o c i a t i o n Constants of Aminoacetic A c i d at 25°C 

Io n i c Strength - l o g G K 2 - l 0 * G K l 

1.0 9.68±0.01 2.50±0.01 
0.7 9.63±0.01 2.49±0.01 

Two types of g l y c i n e complexation experiments were performed i n 
our study. Work at 0.70 M i o n i c s trength was performed at moderate 
complexation i n t e n s i t i e s w i t h i n the pH range 4.6 to 2.5. Cu(II) 
g l y c i n e complexation constants were determined by non - l i n e a r l e a s t 
squares f i t s using the equation: 
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C U ( I I ) T - _ ο 
— — - 1 + R G 3[HG] + β [G'] + g 3 2 [ G V (20) 
[Cu ] 

2+ 
where C u ( I I ) T / [ C u ] i s t r e a t e d as the dependent v a r i a b l e , [HG] and 
[G ] are tr e a t e d as independent v a r i a b l e s , and 

e = [CuHG 2 +]_ 
HG r „ 2*t", γ,,λΠ 

[Cu ][HG] 
(21) 

[CuG +] 
G 1 [Cu 2 +][G-] 

G 2 [ C u 2 + ] [ G " ] 2 

(22) 

In a second set of experiments, r e s u l t s were obtained at one 
molar i o n i c s t rength and pH between 10.5 and 2.3. Free copper 
concentrations i n these experiments were as low as 1 0 " ^ M. 
Due to the extreme range of copper complexation i n t e n s i t y i n these 
experiments (l^Coj,/[Cu 2 +] l l O 1 * ) , use of equation 20 i n our data 
a n a l y s i s produced a very strong i m p l i c i t weighting of our high pH 
data. Under these c o n d i t i o n s the derived β 2 value was q u i t e w e l l 
defined w h i l e the derived constants β and (̂3- were so poorly 
defined as to be u s e l e s s . This problem was a l l e v i a t e d by an a l y z i n g 
our one molar i o n i c strength data using the equation 

(Cu T) = [ C u 2 + ] (1 + H G 3 1 [HG] + G B 1 [G~] + G S 2 [ G ~ ] 2 ) . (24) 

Cu was thereby t r e a t e d as the dependen^ v a r i a b l e i n our a n a l y s i s 
and the independent v a r i a b l e s were [Cu ] , [HG], and [G"]. A n a l y s i s 
of our 0.7 M i o n i c strength data (1.0< CuT/[Cu2+]£ 100) using 
equation 24 produced e s s e n t i a l l y the same r e s u l t s as were obtained 
using equation 20. 

Cupric oxalate complexation experiments were analyzed using an 
equation i d e n t i c a l i n form to equation 24: 

C u ( I I ) T - [ C u 2 + ] (1 + Η Ο χ β [HDÏ] + 0J± [ 0 x 2 _ ] + 0 χ 3 2 [ O x 2 " ] 2 ) (25) 

where u n β - ^ u H Q x + ^ 
[Cu 2 +][H0x~] 

ft _ [Cu0x°] 
0 X 1 [ C u 2 + ] [ O x 2 - ] 

[Cu(Ox) 2"] 
0x K2 r_ 2+ l f_ 2-,2 [Cu ][0x ] 

(26) 

and (27) 

(28) 
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Using equation 25, our oxalate complexation data were analyzed 
w i t h i n the range 1.3 <pH<4.8. The r e s u l t s obtained i n our analyses 
of Cu(II) complexation by oxalate and g l y c i n e are shown i n Table 
I I I . The u n c e r t a i n t i e s provided w i t h our 1.0 M g l y c i n e and oxalate 
complexation r e s u l t s at 1.0 M i o n i c s t r ength r e f l e c t , i n each case, 
the range of parameter estimates obtained i n two experiments. The 
u n c e r t a i n t i e s provided w i t h our 0.7 M r e s u l t s r e f l e c t the range of 
parameter estimates obtained i n s i x experiments. 

Table I I I . Cu(II) - g l y c i n e and Cu(II) - oxalate s t a b i l i t y 
constants at 25.0°C. 

I o n i c Strength 1 0 %^ l o g G 3 1 l o g G 3 2 
Source 

1.0 M 1.4±0.
0.7 M 1.2±0.
0.5 M - 8.14±0.02 15.0 ±0.10 M a r t e l l and 

Smith (19) 

I o n i c Strength 1 θ % ) χ β 1 θ8 0χ*1 1 θ*0χ^2 Source 

1.0 M _ 5.56±0.01 9.50±0.01 t h i s work 
1.0 M - 5.53±1 9.54±0.5 M a r t e l l and 

Smith (19) 

The @2 r e s u l t s shown i n Table I I I provide the f o l l o w i n g 
t h e o r e t i c a l l y p r e d i c t e d mixed l i g a n d s t a b i l i t y constant: 

3 n ( t h e o r e t i c a l ) = ^ O X V G V * = 5 . 4 x l 0 1 2 (29) 
Our d i r e c t experimental determinations of t h i s constant were 
conducted at 25°C and 1.0±0.02 M i o n i c strength by methods n e a r l y 
i d e n t i c a l to those used i n our oxalate and g l y c i n e s t a b i l i t y 
constant determinations. The s o l u t i o n s used i n our 3 ^ 
determinations were 0.02 M i n g l y c i n e p l u s 0.02 M i n o x a l a t e . The 
r e s u l t s of our t i t r a t i o n s between pH 10.4 and 2.2 were analyzed 
using the equation 

(Cu T) = [ C u 2 + ] ( 1 + H G 3[HG] + G 3^[G~] + G 3 2 [ G " ] 2 + (30) 

3 n[ G-][Ox 2"-] + o / ^ O x 2 " ] + 0 χ 3 2 [ 0 χ 2 " ] 2 ) 

The s i n g l e l i g a n d type formation constants i n equation 30 were taken 
from our Table I I I r e s u l t s . The CuOxG formation constant obtained 
using our methods i s : 

3 n = (5.0±0.5) χ 1 0 1 2 (31) 
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where the u n c e r t a i n t i e s provided encompass the 3 ^ r e s u l t s obtained 
i n two analyses. 

D i s c u s s i o n 

Under proper c o n d i t i o n s , Cu(II) i o n s e l e c t i v e e l e c t r o d e s are w e l l 
s u i t e d to extreme complexation c o n d i t i o n s . Our g l y c i n e complexation 
experiments at low pH and at high pH produced very s i m i l a r r e s u l t s 
i n s p i t e of extremely d i f f e r e n t extents of Cu(II) complexation 
between the two types of experiments. 

Our experimental design e n t a i l e d the i n v e s t i g a t i o n of Cu(II) 
s p e c i a t i o n under very intense complexation c o n d i t i o n s . 
I n v e s t i g a t i o n of mixed l i g a n d systems at high pH i s p o t e n t i a l l y 
very complicated due to the probable s i g n i f i c a n c e of hydroxide 
complexes and mixed l i g a n d hydroxide complexes. According to our 
experimental design, oxalate and g l y c i n e concentrations were 
s u f f i c i e n t l y high to rende
Consequently, the only s i g n i f i c a n
were CuOx 0, Cu(Ox)* , CuG+, GuG  and CuOxG". The r e l a t i v e 
s i m p l i c i t y of our experimental system was an important f a c t o r i n our 
a b i l i t y to s e n s i t i v e l y examine the formation of the ternary complex. 
A second important f a c t o r was the s u b s t a n t i a l importance of CuOxG 
i n our experimental system. In our t i t r a t i o n s , performed over a 
wide range of pH, c o n d i t i o n s were obtained whereby CuOxG*" was the 
dominant s o l u t i o n species. 

Our mixed l i g a n d formation constant r e s u l t i s i n very good 
agreement w i t h t h e o r e t i c a l p r e d i c t i o n s . The value of Xobtained i n 
our study i s X * 3.5±0.7. Spectrophotometry determinations of t h i s 
constant at 30.0°C and 0.25 M i o n i c s t r ength (20), produced the 
estimate X e 21.4. Taken together, these s t u d i e s are i n good accord 
w i t h the observation that experimentally determined mixed l i g a n d 
s t a b i l i t y constants are as large or l a r g e r than t h e o r e t i c a l l y 
p r e d i c t e d formation constants ( 1 f 6, 21). Our observations support 
the contention that mixed l i g a n d complexation should be included i n 
the s t r u c t u r e of trace metal s p e c i a t i o n assessments (e.g. equation 
7). Oxalate has been s u c c e s s f u l l y used as a carbonate i o n analog i n 
assessments of trace metal-carbonate i o n i n t e r a c t i o n s (12, 13). 
Consequently, our t h e o r e t i c a l and experimental developments i n d i c a t e 
that carbonate may play a s i g n i f i c a n t r o l e i n the i n t e r a c t i o n s of 
metal ions and organic l i g a n d s . 

Summary and Conclusions 

The r e s u l t s of our analyses r e a f f i r m the importance of i n c o r p o r a t i n g 
mixed l i g a n d complexes i n the s t r u c t u r e of metal s p e c i a t i o n models. 
F a i l u r e to account f o r such complexes, even i n the r e l a t i v e l y simple 
s o l u t i o n s used i n complexation analyses, can r e s u l t i n very l a r g e 
formation constant misestimations. In high l i g a n d v a r i e t y media, 
f a i l u r e to consider mixed complexes can r e s u l t i n s u b s t a n t i a l 
underestimation of a metal's degree of complexation. In n a t u r a l 
media, f a i l u r e to consider mixed complex formation may produce a 
flawed assessment of trace metal b i o a v a i l a b i l i t y , t o x i c i t y , and 
i n t e r a c t i o n s w i t h organic matter. 

P a r t i c i p a t i o n of organic l i g a n d s i n trace metal complexation 
may be enhanced by cooperative complexation w i t h i n o r g a n i c l i g a n d s . 
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Since high l i g a n d number complexes i n v o l v i n g hydroxide and carbonate 
are important i n the marine s p e c i a t i o n schemes of many metals, these 
l i g a n d s may be of p a r t i c u l a r importance i n organic as w e l l as 
inor g a n i c complexation. 

Few, i f any, i n v e s t i g a t i o n s have produced u s e f u l mixed l i g a n d 
complexation data i n v o l v i n g carbonate i o n s . However, to the extent 
that oxalate serves as a u s e f u l carbonate i o n analog, the r e s u l t s of 
t h i s work i n d i c a t e that the formation of mixed carbonate complexes 
i n v o l v i n g simple bidentate organic l i g a n d s i s w e l l p r e d i c t e d from 
s t a t i s t i c a l c o n s i d e r a t i o n s . 
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22 
The Adsorption of Organomercury Compounds 
from Seawater onto Sedimentary Phases 

Cristie Dalland, Eva Schumacher, and Mary L. Sohn 

Department of Chemistry, Florida Institute of Technology, Melbourne, FL 32901 

Adsorption isotherms and conditional adsorption con
stants (Kads) were determined for the adsorption of 
diphenyl mercury and phenylmercuric ion (introduced 
as phenylmercuric acetate) from a seawater matrix 
onto several solid phases. Diphenyl mercury was 
found to adsorb
was detected ont
or hydrous Mn02. The value of Kads was found to 
decrease with increasing ionic strength for the di
phenyl mercury - humic acid system in seawater. As 
the concentraction of suspended humic acid increased, 
the nonlinearity of the diphenyl mercury - humic acid 
system became more pronounced at an increasingly 
lower diphenyl mercury concentration. Phenylmercuric 
ion adsorbed most strongly onto humic acid although 
adsorption onto Fe(0H)3 and Mn02 was detected 
and Kads values were determined. Kads values for 
PMA with humic acid, Mn02 and Fe(0H)3 were found 
to decrease with decreasing salinity. 

The s p e c i a t i o n , concentrations and residence times of d i s s o l v e d 
substances i n n a t u r a l waters are dependent on many f a c t o r s and pro
cesses. Important f a c t o r s i n c l u d e temperature, pH, redox p o t e n t i a l , 
i o n i c s t r e n g t h and the concentrations of other d i s s o l v e d species 
such as organic and ino r g a n i c l i g a n d s as w e l l as the presence of 
suspended p a r t i c u l a t e and c o l l o i d a l matter. Important processes i n 
a d d i t i o n t o r a t e of inpu t , and biochemical c y c l i n g i n c l u d e 
p r e c i p i t a t i o n , complexation, coagulation and adsorption onto sus
pended p a r t i c u l a t e matter. 

The focus of t h i s study i s the process of adsorption. The 
adsorption of substances onto s o l i d suspended phases i s a primary 
mechanism f o r the removal of d i s s o l v e d matter from the water column 
and the consequent accumulation of many substances i n sediments. Of 
major concern i s the value of the adsorption constant (Kads) which 
i s a measure of the str e n g t h of the adsorption i n t e r a c t i o n . Know
ledge of the v a r i a t i o n i n Kads w i t h changes i n experimental condi-
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t i o n s can provide v a l u a b l e i n s i g h t i n t o the mechanism of adsorption 
processes. 

The m a j o r i t y of adsorption s t u d i e s deal w i t h the i n t e r a c t i o n s 
between metal ions and e i t h e r r e a l or model sediment phases. Amor
phous Fe(OH)^, hydrous MnO^, c l a y s ( b e n t o n i t e , i l l i t e , k a o l i n i t e ) , 
SiO^, Al^O^ and organic matter ( o f t e n humic substances) are the 
s o l i d phases most f r e q u e n t l y s t u d i e d . 

E q u i l i b r a t i o n of hydrous oxide s o l i d phase adsorbents w i t h a 
metal i o n adsorbate i s normally accomplished by mechanical shaking 
of the sample over a time p e r i o d extending from s e v e r a l hours to 
s e v e r a l days when working w i t h model s o l i d phases which were pre
pared i n the l a b o r a t o r y . An i n i t i a l e q u i l i b r a t i o n i s u s u a l l y 
reached w i t h i n one or two hours and i s follo w e d by a p e r i o d of 
much l e s s extensive adsorption which may extend over a much longer 
time p e r i o d (1-3) However, sediments and suspended matter 
i s o l a t e d from n a t u r a l systems seem to r e q u i r e longer time periods 
of seven t o twenty days
can be made (4,5). In a d d i t i o n
ments, the major r o l e played by adsorbed organic coatings on s o l i d 
phases must be considered (2,6). 

The e f f e c t of pH on metal i o n adsorption i s u s u a l l y q u i t e 
dramatic w i t h the percent of metal adsorbed onto a surface i n c r e a s 
ing from near zero t o a maximum, over a range of s e v e r a l pH u n i t s 
(1-4,7) as pH increases. Increased i o n i c s t r e n g t h of the 
supporting medium t y p i c a l l y r e s u l t s i n a decrease i n Kads due to 
increased competition f o r a v a i l a b l e s u r f a c e a c t i v e s i t e s (7,8). 
However, the value of Kads f o r some metals w i t h n a t u r a l suspended 
sediments has been found to increase w i t h i n c r e a s i n g s a l i n i t y 
( c o n d i t i o n s s i m i l a r t o e s t u a r i n e m i x i n g ) , suggesting removal of 
metal ions from s o l u t i o n by coagu l a t i o n ( 9 ) . S o l i d phase concen
t r a t i o n i s a l s o a c r i t i c a l parameter a f f e c t i n g Kads values. The 
inverse r e l a t i o n s h i p between the concentration of suspended adsorb
ing s o l i d s and Kads i s most r e a d i l y explained by a s o l i d - s o l i d 
i n t e r a c t i o n which decreases the a v a i l a b i l i t y of the strongest 
binding s i t e s ( 9 ) . The i n t r o d u c t i o n of l i g a n d s i n t o a metal 
i o n - s o l i d adsorbent e q u i l i b r i u m c o n s i d e r a t i o n can lead t o 
e i t h e r an increase or decrease i n Kads. Ligands which are not 
adsorbed w i l l decrease metal adsorption by competing w i t h the 
adsorbent f o r the metal, w h i l e enhancement of metal adsorption 
can occur i f the l i g a n d i s adsorbed and a d d i t i o n a l complexing 
f u n c t i o n a l groups are s t i l l a v a i l a b l e on the adsorbed l i g a n d 
f o r metal i o n i n t e r a c t i o n (2). The r e l a t i v e importance of the 
various s o l i d phases to t r a c e metal d i s t r i b u t i o n s i n n a t u r a l 
aquatic systems i s dependent on the metal i o n of i n t e r e s t . How
ever, the f r a c t i o n of metal adsorbed t y p i c a l l y increases as the 
percentage of organic matter i n the sediment increases (9). The 
s o r p t i o n behavior of metal ions onto s o l i d surfaces i s o f t e n 
described by a Langmuir isotherm. The value of Kads can be 
determined from the slope of the isotherm which i s u s u a l l y l i n e a r 
i n the range of low metal i o n concentrations ( 3 ) . 

Studies i n v o l v i n g the adsorption of organic substances onto 
s o l i d phases have l a r g e l y centered around organic p e s t i c i d e s 
because of the environmental s i g n i f i c a n c e of these t o x i c sub
stances. The extent of adsorption of Bromacil onto freshwater 
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sediments was found to c o r r e l a t e s t r o n g l y w i t h the percent of 
organic matter i n the sediments w h i l e weaker adsorption onto c l a y s 
and amorphous Fe(OH)^ surfaces was i n d i c a t e d (10,11,12). In 
many cases, the extent of adsorption of n e u t r a l organic compounds 
i s i n v e r s e l y r e l a t e d t o s o l u b i l i t y (13). With respect to the 
e f f e c t of the concentration of s o l i d phase on Kads, r e s u l t s seem to 
be s i m i l a r t o those obtained i n metal i o n s o l i d i n t e r a c t i o n s . Kads 
values f o r the p a r t i t i o n i n g of DDT, Kepone, Lindane, and Heptachlor 
decrease w i t h i n c r e a s i n g sediment concentration. The e f f e c t of pH 
on the adsorption of organic substances i s dependent on the pK of 
the substance considered (14,15). 

The s o r p t i v e behavior of organic substances i s u s u a l l y best 
described by a F r e u n d l i c h isotherm (10,13,14,16). The value of 
Kads can be determined from the y - i n t e r c e p t of a l o g - l o g p l o t of 
the modified F r e u n d l i c h equation: 

S .ad
S represents the concentration of the adsorbate i n the s o l i d phase, 
wh i l e C represents the e q u i l i b r i u m concentration i n the bulk 
s o l u t i o n . The adsorption isotherm of diphenyl mercury and humic 
a c i d i s i l l u s t r a t e d i n Figure 1. 

Nature of This Study. The f o l l o w i n g represents p r e l i m i n a r y r e s u l t s 
of an i n i t i a l study on the adsorptive behavior of two organometal-
l i c s . Numerous organometallics comprise the a c t i v e i n g r e d i e n t of 
various p e s t i c i d e s . Examples i n c l u d e phenylmercurie s a l t s , d i p 
henyl mercury, t r i p h e n y l , t r i b u t y l , and t r i c y c l o h e x y l t i n s a l t s , as 
w e l l as organoarsenic compounds (Table 1). Because of the t o x i c i t y 
of these substances t h e i r behavior and a s s o c i a t i o n s i n n a t u r a l 
water systems i s a matter of concern. 

Table I . Commercial and A g r i c u l t u r a l Uses of Some Organomentallics 

Compound Use 
Diphenyl mercury Fungicide 
Phenylmercury acetate Eradicant f u n g i c i d e 
Phenylmercury borate P a i n t mildewstat 
Phenylmercury c h l o r i d e Seed treatment f u n g i c i d e 
Phenylmercury hydroxide Lumber treatment f u n g i c i d e 
Phenylmercury i o d i d e Fungicide 
Ethylmercury c h l o r i d e Seed treatment f u n g i c i d e 
Methylmercury c h l o r i d e Seed treatment f u n g i c i d e 
Methylmercury i o d i d e Mercury a n a l y s i s reagent 
F e n t i n acetate Fungicide 
F e n t i n hydroxide Fungicide 

M a t e r i a l s and Methods. Laboratory glassware was soaked i n 50% 
n i t r i c a c i d overnight and then r i n s e d repeatedly w i t h d i s t i l l e d 
water. A l l l i q u i d s o l u t i o n s were stored i n polyethylene c o n t a i n 
er s . Stock s o l u t i o n s of diphenyl mercury and phenylmercurie acetate 
were prepared by d i s s o l v i n g weighed p o r t i o n s of the pure s o l i d s 
(obtained from the U.S. Environmental P r o t e c t i o n Agency, P e s t i c i d e s 
and I n d u s t r i a l Chemicals Repository) i n d i s t i l l e d water and were 
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l o g C 
Figure 1. F r e u n d l i c h isotherm f o r the adsorption of DPM 

onto 150 ppm humic a c i d i n 50% seawater. 
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stored under r e f r i g e r a t i o n f o r a maximum of 100 days. Both diphenyl 
mercury (DPM) and phenyl mercuric acetate (PMA) are f u n g i c i d e s used 
i n l i m i t e d n o n a g r i c u l t u r a l areas only (17,18). 

Hydrous manganese oxides and amorphous i r o n oxides were 
prepared i n the l a b o r a t o r y according to the methods described by 
Oakley et a l (_3 ). The a d d i t i o n of manganese s u l f a t e s o l u t i o n to a 
s l i g h t l y b a s i c potassium permanganate s o l u t i o n produces a 
suspension of hydrous MnO^. A suspension of Fe(OH)^ i s produced by 
simply a d j u s t i n g a f e r r i c n i t r a t e s o l u t i o n to a pH of 8.0 w i t h a 
d i l u t e sodium hydroxide s o l u t i o n . Both suspensions were washed 
repeatedly w i t h seawater and stored i n seawater f o r s e v e r a l days. 

Bentonite was obtained from F i s c h e r S c i e n t i f i c . Humic a c i d 
was obtained from A l d r i c h . An a d d i t i o n a l humic a c i d sample (BV) 
which was e x t r a c t e d from Chesapeake Bay sediments, was used i n one 
set of adsorption experiments. The e x t r a c t i o n and p u r i f i c a t i o n of 
t h i s sample has been described i n d e t a i l elsewhere (19). Further 
c h a r a c t e r i z a t i o n of BV humi

The adsorption of
(PM) was s t u d i e d on the s o l i d phases described above (hydrous 
manganese oxides, amorphous i r o n oxides, humic a c i d and bentonite 
c l a y ) . The s o l i d phase (5-15 mg) was added to 25-50 ml of f i l t e r e d 
seawater y i e l d i n g s o l i d phase concentrations of approximately 100 
to 400 ppm suspended matter. The concentration of seawater was 
a l s o v a r i e d i n order to study the v a r i a t i o n of a d s o r p t i v e behavior 
w i t h changes i n i o n i c s t rength. The suspension was then spiked 
w i t h e i t h e r DPM or PMA to y i e l d concentrations of organometallic 
which v a r i e d from 0.10 to 3.5 ppm. The range i n organometallic 
concentration used f o r t h i s study was determined by the s e n s i t i v i t y 
of the d e t e c t i o n method and the s o l u b i l i t y of DPM and PMA i n 
seawater. 

The suspensions were then a g i t a t e d on a shaker t a b l e f o r 48 
hours. Adsorption constants which were measured a f t e r 10 days were 
i d e n t i c a l to constants measured a f t e r a 48 hour e q u i l i b r a t i o n 
p e r i o d . Thus a l l adsorption measurements were made a f t e r a 48 hour 
e q u i l i b r a t i o n p e r i o d . 

Samples were then removed from the shaker t a b l e and c e n t r i -
fuged. I n i t i a l l y , f i l t r a t i o n was employed to separate l i q u i d and 
s o l i d phases, but the organometallics were s t r o n g l y adsorbed onto 
the f i l t e r paper, so t h i s procedure was abandoned and c e n t r i f u g a -
t i o n was adopted. The concentration of DPM or PMA remaining i n 
s o l u t i o n was measured on a Perkin-Elmer Model 460 atomic absorption 
spectrophotometer employing the Mercury-Hydride System (MHS-10). 
The r e d u c t i o n of phenylmercurie c a t i o n s to elemental mercury has 
p r e v i o u s l y been reported (21, 22). The average r e l a t i v e p r e c i s i o n 
of the method was 1.8%. Linear c a l i b r a t i o n curves f o r DPM and PMA 
were obtained f o r almost the e n t i r e s o l u b i l i t y ranges of these 
compounds i n seawater (Figure 2 ) , The c a l i b r a t i o n curve f o r DPM 
became no n l i n e a r near the s o l u b i l i t y l i m i t (3.5 ppm f o r DPM and 
>5.0 ppm f o r PMA). The d e t e c t i o n l i m i t s f o r DPM and PMA were 0.10 
ppm and 0.04 ppm r e s p e c t i v e l y , i n seawater. Because of the 
r e l a t i v e l y h igh d e t e c t i o n l i m i t s f o r DPM and PMA, i t was not 
p o s s i b l e to work i n the ppb or lower concentration range which 
would be environmentally more r e l e v a n t . 

The amount of organometallic adsorbed by the s o l i d phase was 
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c o n c e n t r a t i o n (ppm) 
Figure 2. C a l i b r a t i o n curves f o r PMA and DPM i n seawater. 
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c a l c u l a t e d as the d i f f e r e n c e between the spike and the amount 
remaining i n s o l u t i o n a f t e r the e q u i l i b r a t i o n p e r i o d of 48 hours. 
Values of adsorption constants were determined g r a p h i c a l l y , as 
described below. 

Resul t s and D i s c u s s i o n 

Diphenyl Mercury Adsorption. Adsorption of DPM from seawater onto 
amorphous i r o n hydroxide, manganese oxide and bentonite c l a y was 
not detected i n t h i s study. A comparison of standard diphenyl 
mercury s o l u t i o n s i n seawater w i t h i d e n t i c a l s o l u t i o n s to which 
sediment phase had been added and shaken f o r 48 hours was r o u t i n e l y 
performed as p a r t of the isotherm determination. There was no 
s i g n i f i c a n t d i f f e r e n c e i n the concentration of d i s s o l v e d diphenyl 
mercury f o r standard .versus standard plus s o l i d phase f o r any of 
the suspensions of amorphous, Fe(OH)^, MnO^, or bentonite i n 
seawater, implying no s i g n i f i c a n
onto these phases unde
concentrations of DPM could have been used (ppb or lower) i t i s 
p o s s i b l e t h a t adsorption might have been detected. 

Adsorption of DPM from seawater by humic a c i d was recorded and 
the value of Kads was determined by a simple l e a s t squares a n a l y s i s 
of the l i n e a r p o r t i o n of the isotherm to be 1.11 f o r a 150 ppm 
suspension of humic a c i d i n seawater (Table I I ) . This low value of 
Kads i s not unexpected, s i n c e one would expect the i n t e r a c t i o n 
between the n e u t r a l nonpolar DPM molecule and the suspended humic 
a c i d to be due to a r a t h e r weak molecular a t t r a c t i o n . 

Table I I . Values of Adsorption Constants f o r DPM onto Humic A c i d 
(150 ppm) as a Function of Seawater Concentration 

Kads (L/G) % Seawater 

1.11 (1.07, BV) 100 
1.25 50 
3.10 25 
1.28 0 

The e f f e c t of changing i o n i c s t r e n g t h on the value of Kads f o r 
the DPM - humic a c i d system was i n v e s t i g a t e d by d i l u t i n g seawater 
w i t h d i s t i l l e d water. The pH of these systems v a r i e d from 7.0 to 
7.6 and depended only on the r e l a t i v e amounts of seawater and 
freshwater. This small v a r i a t i o n i n pH should not s i g n i f i c a n t l y 
a f f e c t the a d s o r p t i v e behavior of DPM. Schwartz (14) found no pH 
dependence f o r the s o r p t i v e behavior of organics when these sub
stances are predominantly i n t h e i r molecular forms. The s l i g h t 
decrease i n pH w i t h freshwater a d d i t i o n m i r r o r s the changes which 
would occur i n n a t u r a l b r a c k i s h systems where s a l t and f r e s h water 
mix. The e f f e c t of decreasing i o n i c s t r e n g t h on the value of Kads 
i s shown i n Table I I . The progression from seawater to a mixture 
of 25% seawater (75% d i s t i l l e d water) l e d to an increase i n Kads 
f o r the DPM-humic a c i d system. However, at 100% d i s t i l l e d water, 
the value of Kads decreased. 

The trend of decreasing Kads w i t h i n c r e a s i n g i o n i c s t r e n g t h i s 
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the same trend t y p i c a l l y seen when studying metal i o n adsorption 
(7, 8). I t i s somewhat s u p r i s i n g t h a t DPM, a n e u t r a l molecule, 
e x h i b i t s t h i s same trend. I t had been expected th a t i n c r e a s i n g 
i o n i c s t r e n g t h would have had a s a l t i n g out e f f e c t on the DPM, 
i n c r e a s i n g the tendency of the DPM to a s s o c i a t e w i t h the organic 
humic phase. However, the trend from 100% to 25% seawater was j u s t 
the opposite, and suggests t h a t DPM and the ions of seawater may be 
competing f o r the same type of adsorption s i t e s . 

The r e v e r s a l of t h i s t r e n d , or the decrease i n Kads when one 
progresses from 25% seawater to d i s t i l l e d water can be explained i f 
one considers the s o l u b i l i t y behavior of the adsorbent, humic a c i d . 
Humic a c i d was found to be f a i r l y i n s o l u b l e i n s o l u t i o n s v a r y i n g 
from 25% to 100% seawater. These s o l u t i o n s are c h a r a c t e r i z e d by a 
f a i n t c o l o r a t i o n even a f t e r the humic a c i d has been c e n t r i f u g e d 
out. As mentioned e a r l i e r , f i l t r a t i o n of these samples r e s u l t e d i n 
r e t e n t i o n of DPM by the f i l t e r paper, probably due t o adsorption. 
The c o l o r a t i o n of the c e n t r i f u g a t
d i s t i l l e d water experiments
more s o l u b l e i n t h i s medium. Thus the increased concentration of 
d i s s o l v e d humic a c i d i n d i s t i l l e d water l e d to greater s o l u b i l i z a 
t i o n of DPM and i t s s o r p t i v e behavior was thus modified by the 
greater concentration of d i s s o l v e d humic a c i d . 

Table I I l i s t s two values f o r Kads at 100% SW. The bracketed 
value i s t h a t evaluated using a humic a c i d e x t r a c t e d from e s t u a r i n e 
sediments. The sedimentary sample was obtained from the Chesapeake 
Bay near the town of B i v a l v e (BV). Because the values of Kads were 
so s i m i l a r f o r the e s t u a r i n e humic a c i d and the commercially pre
pared s o i l humic a c i d , use of the e s t u a r i n e sample was discontinued 
and the s o i l humic a c i d was used c o n s i s t e n t l y thoughout the study. 

The e f f e c t of concentration of suspended adsorbent on s o r p t i v e 
behavior i n a seawater matrix was s t u d i e d by determining adsorp
t i o n isotherms f o r DPM and 94, 150, 200,400, and 1000 ppm humic 
a c i d . The corresponding values of Kads (Table I I I ) show no 
d e f i n i t e trend w i t h respect to increased adsorbent conc e n t r a t i o n . 
This i s not t o t a l l y unexpected i n view of O'Connor and Connolly*s 
observation t h a t systems w i t h low Kads values do not show dramatic 
changes of Kads w i t h changes i n suspended matter concentrations 
( 9 ) . Only systems w i t h high Kads values t y p i c a l l y show d e f i n i t e 
decreases i n Kads w i t h increases i n adsorbent concentration. 

Table I I I . Values of Adsorption Constants f o r DPM onto Humic 
A c i d as a Function of Suspended Humic A c i d Concentration 

Kads (L/g) Concentration of Humic A c i d 
(ppm) 

2.2 94 
1.1 150 
3.6 200 
1.5 400 
2.3 1000 

Although l e a s t squares a n a l y s i s of the l i n e a r p o r t i o n s of the 
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adsorption isotherms do not i n d i c a t e a systematic change i n Kads 
with changes i n suspended humic a c i d c o n c e n t r a t i o n , the correspond
ing isotherms (Figure 3) show a d e f i n i t e and meaningful p a t t e r n . 
As the concentration of suspended humic a c i d increases, the non
l i n e a r behavior of the isotherm i s i n i t i a t e d at a lower and lower 
DPM concentration. This suggests th a t as the concentration of 
adsorbent increases, nonideal ( n o n l i n e a r ) behavior i s a t t a i n e d at a 
correspondingly lower concentration of adsorbate (DPM). This i n 
turn i m p l i e s fewer e n e r g e t i c a l l y favorable adsorption s i t e s a v a i l 
able at higher adsorbate con c e n t r a t i o n , implying s o l i d - s o l i d i n t e r 
a c t i o n r e s u l t i n g i n the p a r t i a l e l i m i n a t i o n of the a v a i l a b i l i t y 
of c e r t a i n adsorption s i t e s (9). Thus, i n s p e c t i o n of the adsorp
t i o n isotherms (Figure 3) demonstrates a trend c o n s i s t e n t w i t h t h a t 
seen i n other s t u d i e s (_9) although Kads values do not m i r r o r t h i s . 

Phenylmercurie Adsorption. Phenylmercurie ion was chosen f o r t h i s 
study p r i m a r i l y becaus
major d i f f e r e n c e , othe
the charge. The presence of the (+1) charge g r e a t l y modifies the 
adsorption behavior of the species w i t h respect to DPM. 

Phenylmercurie ion was introduced to the various s o l i d phase-
seawater suspensions as an aqueous s o l u t i o n of phenylmercurie 
acetate (PMA). Adsorption of phenylmercurie ion onto a l l s o l i d 
phases s t u d i e d , except bentonite c l a y , was noted at s o l i d concent
r a t i o n s of 150 ppm (suspended). Adsorption isotherms f o r humic 
a c i d , hydrous MnO^ and amorphous Fe(OH)^ are shown i n Figure 4. 
Values of Kads f o r phenylmercuric i o n and these s o l i d phases are 
l i s t e d i n Table IV. 

Table IV. Values of Adsorption Constants f o r PMA i n Seawater 

Phenylmercuric ion showed a marked preference f o r humic a c i d 
(Kads =50) although adsorption onto two of the three i n o r g a n i c 
phases was pronounced w i t h respect to the behavior of DPM. The 
charge of the phenylmercuric ion allows i n t e r a c t i o n s to occur w i t h 
adsorption s i t e s on Mn0? and Fe(0H)~, which were not r e a c t i v e 
towards DPM. 0 

The e f f e c t of changing i o n i c s t r e n g t h on the value of Kads f o r 
PMA adsorption was a l s o i n v e s t i g a t e d . Decreasing the s a l i n i t y of 
the humic a c i d suspension, l e d to a very pronounced decrease i n 
Kads. In 100% seawater, Kads was evaluated as 50 L/g (Table IV) 
while at 25% seawater Kads dropped to a value of 1.2. Decreasing 
s a l i n i t y of the MnO^ and Fe(OH)^ systems y i e l d e d s i m i l a r r e s u l t s . 
At 25% and 50% seawater, no adsorption of PMA onto e i t h e r phase was 
detected. These r e s u l t s are s i m i l a r to the r e s u l t s of L i et a l . 
f o r mercuric ion adsorption (23). In t h a t study, a decrease i n the 
adsorption constant f o r mercuric ion onto sedimentary phases w i t h 

Kads (L/g) S o l i d Phase 

4.5 
5.3 
50 
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Figure 3. Adsorption isotherms f o r DPM and vario u s con
c e n t r a t i o n s of suspended humic a c i d i n seawater. 
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Figure 4. Adsorption isotherms of PMA and s o l i d phases 
seawater. 
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decreasing s a l i n i t y was described. Thus the adsorptive behavior of 
PMA (a charged i o n i c species) w i t h respect to s a l i n i t y changes, was 
found to be somewhat s i m i l a r to that of mercuric i o n . 

Conclusions. Diphenyl mercury, a n e u t r a l organometallic compound, 
which does not contain any markedly a c i d i c or b a s i c f u n c t i o n a l 
groups was found to adsorb only onto humic a c i d . No s o r p t i v e 
behavior could be detected w i t h respect to bentonite, MnO^ or 
Fe(0H)„. The rat h e r low value of Kads i n d i c a t e s a simple molecular 
a t t r a c t i o n . However, the decrease i n Kads w i t h an increase i n 
i o n i c s t r e n g t h i n d i c a t e s t h a t DPM i s competing w i t h the metal ions 
i n seawater f o r adsorption s i t e s . The i n c r e a s i n g n o n l i n e a r i t y of 
adsorption isotherms w i t h i n c r e a s i n g suspended humic a c i d concent
r a t i o n i s a l s o s i m i l a r t o r e s u l t s obtained f o r metal ion adsorp
t i o n . 

Phenylmercuric ion was found to a s s o c i a t e most s t r o n g l y w i t h 
humic a c i d , although adsorptio
c i a b l e . Adsorption ont
organometallic. 

Although f u r t h e r s t u d i e s are needed on the behavior of organo
m e t a l l i c p e s t i c i d e s , the r e s u l t s of t h i s study i n d i c a t e that 
n e u t r a l organometallics can be expected to a s s o c i a t e w i t h organic 
phases such as humics. Charged orga n o m e t a l l i c s , such as phenyl
mercuric i o n a s s o c i a t e most s t r o n g l y w i t h organic phases, although 
adsorption onto some inor g a n i c phases does occur. Obviously, 
a d d i t i o n a l research i s needed to g e n e r a l i z e about the adsorptive 
behavior of organometallics other than organomercurials. Adsorp
t i o n s t u d i e s on organotin compounds are c u r r e n t l y i n progress. 
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23 
Effects of Humic Substances on Plutonium Speciation 
in Marine Systems 

G. R. Choppin, R. A. Roberts1, and J. W. Morse2 

Department of Chemistry, Florida State University, Tallahassee, FL 32306-3006 

The dominant oxidation state of plutonium in the 
dissolved phase of seawaters has been shown to be 
Pu(V). Data are presented that indicate a signif
icant role by humic materials which cause rapid re
duction of Pu(Vl) to Pu(lV)  The latter leaves the 
solution phase vi
also seems to reduc
and, in sunlight, this reduction may be negated by 
an oxidation process of unknown origin at this time. 
The role of humics sorbed on suspended particulate 
and sedimentary matter is discussed. 

Sources and Amounts of Plutonium i n the Environment. Since 1945 
approximately 3300 kg of plutonium has been i n j e c t e d i n t o the en
vironment, mostly (>90%) from atmospheric explosions of nuclear 
weapons. This corresponds to about 380 k C i t o t a l alpha r a d i o a c t i v 
i t y . The a d d i t i o n to t h i s amount by rele a s e s from nuclear power 
operations i s much smaller ; the major continuing a d d i t i o n i s ca. 0.1 
kC i per month released to the I r i s h Sea from the B r i t i s h nuclear r e 
processing plant at Windscale. About 2/3 of the plutonium from 
nuclear explosions would be formed i n t o h i g h f i r e d oxides which would 
be r a t h e r i n e r t chemically. However, the remainder, created during 
the e x p l o s i o n as s i n g l e atoms v i a the U(n, Ï ) Z J 9 U ( 2 $ " V J y P u 
r e a c t i o n sequence, should be more r e a c t i v e and behave s i m i l a r l y to 
that released from reprocessing p l a n t s or nuclear waste r e p o s i t o r y 
s i t e s . 

Sampling of f i l t e r e d water samples of the P a c i f i c Ocean i n d i 
cates a concentration of ca. 2 x l 0 - 1 ' M ( i . e . 10" 3 dpm L"*) ( 1 ) . 
These values, however, are open to question as the plutonium assoc
i a t e d w i t h suspended p a r t i c u l a t e s may be more than an order of 
magnitude greater than that i n true s o l u t i o n . For example, f o r the 

1 Current address: Mallinckrodt Medical Products Research and Development, St. Louis, 
MO 63134. 

2Current address: Department of Oceanography, Texas A&M University, College Station, 
TX 77843. 
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Mediterranean Sea, the plutonium a c t i v i t y i n u n f i l t e r e d water 
samples was twenty f i v e times greater than that of f i l t e r e d sam
ples (2^. In experiments i n which plutonium was added to seawater, 
the s o l u b i l i t y of i o n i c species a f t e r 30 days was found to be 
5χ10~Ί% (3). A d d i t i o n of r e l a t i v e l y l a r g e q u a n t i t i e s of humic mat
e r i a l i n these experiments increased the plutonium s o l u b i l i t y s i x 
f o l d . 

P r o p e r t i e s of Plutonium. As nuclear power u t i l i z a t i o n w i t h i t s 
a s s o c i a t e d reprocessing and waste d i s p o s a l operations expands, the 
f a t e of any released plutonium assumes greater importance. However, 
there i s another r a t i o n a l e f o r studying the environmental behavior 
of plutonium. Because of i t s s o l u t i o n chemistry, i t i s an element 
with r a t h e r unique q u a l i t i e s as a probe of environmental p r o p e r t i e s . 

Plutonium has four o x i d a t i o n s t a t e s , VI, V, IV, and I I I , a l l of 
which can e x i s t i n aqueous s o l u t i o n w i t h i n the and pH range found 
i n nature. Under the prope
although one or more of
IV o x i d a t i o n s t a t e s g e n e r a l l y e x i s t as hydrated or complexed c a t i o n s . 
The V and VI s t a t e s , on the other hand, e x i s t as P u 0 2

+ and Pu0„ -
the dioxo c a t i o n s - a l s o hydrated or complexed. Normally, a c i d i c 
c o n d i t i o n s s t a b i l i z e the lower o x i d a t i o n states while more b a s i c 
c o n d i t i o n s favor the higher s t a t e s . 

D i s t r i b u t i o n of plutonium between i t s d i f f e r e n t o x i d a t i o n s t a t e s 
i s , of course, dependent not only on pH. Complexation, f o r example, 
can change the r e l a t i v e s t a b i l i t i e s of the d i f f e r e n t s t a t e s . The 
var i o u s o x i d a t i o n states d i f f e r i n t h e i r a b i l i t y to form complexes, 
wi t h Pu(V) e x h i b i t i n g the weakest complexation. Pu(Vl) and P u ( l l l ) 
are r a t h e r s i m i l a r i n complexation strength although Pu(Vl) i s usu
a l l y stronger than P u ( l l l ) f o r most l i g a n d s . Pu(lV) forms the 
strongest complexes. H y d r o l y s i s , i n c l u d i n g h y d r o l y t i c polymeriza
t i o n , can a l s o play an important r o l e i n s t a b i l i z i n g one o x i d a t i o n 
s t a t e over another. The e f f e c t s of redox p o t e n t i a l s , complexation, 
h y d r o l y s i s , e t c . can combine to give the p o s s i b i l i t y of more than 
one o x i d a t i o n s t a t e c o e x i s t i n g under the same c o n d i t i o n s which 
complicates the study of the environmental behavior of plutonium but 
a l s o can serve to define the Ε, , e t c . of systems. The r e l a t i v e tend
encies of various species of trie d i f f e r e n t o x i d a t i o n s t a t e s to form 
c o l l o i d s or to sorb to p a r t i c u l a t e s add f u r t h e r dimensions to the 
chemical behavior of plutonium. 

A t o p i c which r e q u i r e s f u r t h e r study i s the e f f e c t of organics 
on the behavior of plutonium i n the marine environment. Based on 
a bioassay method, F i s h e r , et a l . (4) have suggested that marine 
humic and f u l v i c acids produce no s u b s t a n t i a l complexation o f t r a n s -
u r a n i c elements i n the oceans. However, Dahlman, et a l . (5) support 
the idea of complexation by humic and f u l v i c acids and provide ex
perimental evidence of r e d u c t i o n of Pu(Vl) to Pu(lV) by f u l v i c a c i d . 
Complexation i s al s o supported by the work of P i l l a i and Mathew ( 3 ) , 
although the concentrations of organics used i n t h e i r s t u d i e s were 
u n r e a l i s t i c a l l y high. 
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Previous Studies. Studies from the Irish Sea (6) and the Pacific 
Ocean (_7) show that the soluble form of plutonium is predominantly 
in the oxidized forms (V and VI states) with evidence that V is 
the more important state. However, modeling calculations with ex
perimental complexation and redox data led Aston (8) to conclude 
that Pu(VT) is the dissolved form (no effect of organic material 
was included). In a recent extensive review of the geochemistry 
of plutonium in water environments, Sholkovitz (90 concluded the oxi
dation state distribution in waters requires more investigation. 
In this paper we report the result of studies designed to c l a r i f y 
the dominant oxidation state of plutonium in sea water and the role 
of humic material. 

Experimental 

The sta b i l i t y of Pu(Vl) and Pu(V) was studied in solutions of stand
ard a r t i f i c i a l (same minera
seawater from the Gulf
Florida coastline below Tallahassee). A l l solutions were buffered 
to pH 8.0 by addition of trishydroxymethylaminomethane ("tris") and 
filtered by vacuum through 0.45 micron Millipore f i l t e r s . The glass
ware, pipets, etc. used were treated to reduce adsorption losses of 
Pu at pH 8 by a method developed in this laboratory (10). 

The humic acid was recovered from Bahamian marine sediments 
obtained from sites in less than 5 m water depth and at least 0.5 
miles from shore. The isolation and purification procedures have 
been described earlier ( 1Ό. 238 239 

Pu(Vl) was prepared by oxidation of acidic stock Pu or Pu 
tracer solutions with KMnÔ . The oxidized tracer solution was neu
tralized with NaOH prior to addition to the experimental solution. 

Pu(V) was prepared by photolysis of a thenoyltrifluoracetone 
(TTA) solution as described previously (_12 ) . The Pu(V) was stripped 
from the organic-TTA solution directly into the experimental aqueous 
solution. The concentration of ^39pu w a s c a < i o ~ ^ £ n a n experi
ments while that of ^**Pu was ca. lO'^M. 

Ten ml of the test solutions were kept in treated screw cap 
glass vials and 0.500 ml aliquots withdrawn periodically. Plutonium 
was separated by oxidation state by a solvent extraction method (13) 
and the alpha activity counted with a liquid s c i n t i l l a t i o n counter 
using "Handifluor" (Mallinckrodt) as the cocktail. 

Results 

When Pu(V) was added to either a r t i f i c i a l seawater or to real sea
water, essentially no change in oxidation state was observed over 
the 120 hours of these experiments (Figure 1). Preliminary data 
from longer term experiments which have continued over 800 hours 
indicate a slow reduction of Pu(V) in seawater when kept in the dark 
but l i t t l e or no reduction when exposed to normal daily sunlight 
(14). 

Figure 2 shows data for addition of Pu(Vl) to a r t i f i c i a l sea
water with different amounts of humic acid. In a l l solutions, the 
Pu(Vl) was reduced rapidly to Pu(V) + Pu(lV) with the ratio of the 
V/IV decreasing with humic acid concentration. The Pu(lV) is not 
found in solution but can be recovered quantitatively from the walls 
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Figure 1 . V a r i a t i o n of concentration of Pu(V) with time i n 
a r t i f i c i a l and true seawater at pH 8 . 0 and 2 5 ° C ; at t = 0 , 
[Pu(V)] ~ 10"""fa. 
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Figure 2 . Percentage of Pu(V) of o r i g i n a l ca. 1 0 M Pu(Vl) 
added to a r t i f i c i a l seawater with 0 , 0 . 1 and 1 . 0 mg/L humic 
ac i d at pH 8 . 0 and 2 5 ° C . 
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by washing the empty v i a l s w i t h a c i d . Very s i m i l a r r e s u l t s were 
obtained when 0.7M NaCl s o l u t i o n at pH = 8.0 was used instead o f 
a r t i f i c i a l seawater. In true seawater, the Pu(Vl) was reduced 
r a p i d l y to ca. 30% Pu(V). Humic m a t e r i a l i s reported to be 6-30% 
of the DOC of seawater, (15), i n d i c a t i n g a range of 0.1-1.0 mg/L as 
reasonable. The reduc t i o n to 30% Pu(V) i n seawater compares w e l l 
w i t h the reduc t i o n observed i n a r t i f i c i a l seawater f o r such a range 
of humic concentration. 

D i s c u s s i o n 

The data i n Figures 1 and 2 are co n s i s t e n t w i t h the existence of 
Pu(V) as the dominant o x i d a t i o n s t a t e i n s o l u t i o n i n seawater. I t 
i s not p o s s i b l e to s t a t e whether t h i s represents thermodynamic e q u i l 
ibrium or some balance of opposing redox c o n d i t i o n s which r e s u l t s i n 
a steady s t a t e concentration of Pu(V). Pu(Vl) can be r a p i d l y r e 
duced to Pu(V). However
n i f i c a n t f r a c t i o n of th
hydrolyzes and sorbs to the w a l l s and to p a r t i c u l a t e matter. Appar
e n t l y there i s competition between redu c t i o n of Pu(Vl) to Pu(V) by 
seawater and complexation of Pu(Vl) by humic a c i d (_16). The l a t t e r 
r e s u l t s i n r a p i d r e d u c t i o n of Pu(Vl) to Pu(lV) w i t h subsequent hydro
l y s i s . Complexation of Pu(V) by humic a c i d should be much weaker 
and may account f o r the slow r e d u c t i o n of Pu(V) i n the dark. Photo
l y s i s of the humic m a t e r i a l apparently r e s u l t s i n some o x i d a t i o n of 
Pu(lV) to Pu(V), to provide a metastable Pu(V) concentration. 

In an experiment w i t h pore water (pH 7.3) squeezed from the 
Bahamian carbonate sediments from which the humic a c i d was e x t r a c t e d , 
we observed a s i g n i f i c a n t r e d u c t i o n of Pu(V) w i t h time. This obser
v a t i o n would be c o n s i s t e n t w i t h a higher humic a c i d concentration i n 
such pore water. I t i s i n agreement w i t h the observation that r e 
duced forms ( i . e . P u ( l V ) ) are predominant on p a r t i c u l a t e and s e d i 
mentary matter ( 5 ) . 

Observations" that p a r t i c u l a t e organic matter has strong adsorp
t i o n p r o p e r t i e s and that d i s s o l v e d organic compounds o f t e n are ad
sorbed on inorganic phases to such an extent that they a l t e r the 
surface p r o p e r t i e s of these phases have l e d to increased i n t e r e s t i n 
the r o l e played by organic matter on the s o r p t i o n of d i s s o l v e d comp
ounds from seawater (17-29). Recently, i n t e r e s t i n g r e s u l t s have 
been reported f o r the s o r p t i v e p r o p e r t i e s o f heterogeneous i n o r g a n i c -
organic s o l i d s (e.g., i r o n oxyhydroxide-humic a c i d ) that may c l o s e l y 
mimic n a t u r a l p a r t i c u l a t e matter p r o p e r t i e s (19,21,30-32). The 
in f l u e n c e of adsorbed organic compounds on the s o r p t i v e behavior o f 
inorganic substrates i s not the same f o r a l l sorbates (e.g., adsorp
t i o n o f copper i s o f t e n s t r o n g l y i n f l u e n c e d , while cadmium adsorp
t i o n i s u s u a l l y not s i g n i f i c a n t l y i nfluenced) (19). 

These new f i n d i n g s have added to the complexity o f understanding 
and modeling the i n t e r a c t i o n of d i s s o l v e d phases w i t h p a r t i c u l a t e 
matter i n marine waters, but the evidence i s i n c r e a s i n g that we 
are now capable of making reasonable q u a n t i t a t i v e p r e d i c t i o n s f o r 
the behavior of many trace metals i n the deep ocean (21). To date, 
no d i r e c t studies have been made of the i n f l u e n c e s o f org a n i c s , such 
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as humic and f u l v i c a c i d s , on the s o r p t i v e behavior of Pu on p a r t 
i c l e s coated w i t h these compounds. However, based on the strong 
i n t e r a c t i o n s of Pu wi t h d i s s o l v e d humic a c i d s , i t i s qu i t e l i k e l y 
that they can a l s o s i g n i f i c a n t l y i n f l u e n c e both adsorption and 
surface redox r e a c t i o n s . 
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The fate of trace metal radionuclides in the aquatic 
environment and their participation in the biogeochemi
cal cycle depend strongly on the chemical and physico-
-chemical form in which radionuclides are introduced in 
natural waters. Th
and their ability
on suspended matter and sediment makes these substances 
especially important in transport, availability and ac
cumulation of trace metal radionuclides in natural water 
environments. In that sense complexation of di- and 
tri-valent metal radionuclides with humic and fulvic 
acids of different origin was studied. The sorption 
properties of natural suspended matter and undissolved 
humic acid for the sorption of some radionuclides was 
also studied. 

The t o x i c i t y and f a t e o f m e t a l s i n n a t u r a l w a t e r s and t h e i r p a r t i c i 
p a t i o n i n b i o g e o c h e m i c a l c y c l e s depend s t r o n g l y on t h e p h y s i c o -
- c h e m i c a l forms o f m e t a l s e n t e r i n g n a t u r a l w a t e r s . P a r t i c u l a r l y i m
p o r t a n t i s t h e e x t e n t o f o r g a n i c c o m p l e x a t i o n o f t r a c e m e t a l s . I n 
r e c e n t y e a r s s p e c i a l i n t e r e s t has been p a i d t o d i s s o l v e d o r g a n i c mat
t e r , a p a r t o f w h i c h c o n s i s t s o f humic s u b s t a n c e s . Humic m a t e r i a l s 
have been w i d e l y presumed t o be i m p o r t a n t f o r o r g a n i c c o m p l e x a t i o n o f 
m e t a l s . From t h a t p o i n t o f v i e w i t i s o f s p e c i a l i m p o r t a n c e t o de
t e r m i n e and c h a r a c t e r i z e t h e s p e c i e s o f m e t a l s a c t u a l l y p r e s e n t i n 
a q u a t i c s y s t e m s . D i s s o l v e d and c o l l o i d a l humic m a t e r i a l e n t e r t h e 
mar i n e e n v i r o n m e n t by r i v e r i n p u t i n t o e s t u a r i e s and a r e pr o d u c e d by 
b i o l o g i c a l and c h e m i c a l p r o c e s s e s o c c u r r i n g i n t h e s e a . A c c o r d i n g t o 
Man t o u r a and R i l e y (J_) , humic s u b s t a n c e s a r e formed by random conden
s a t i o n o f breakdown p r o d u c t s o f dead o r g a n i s m s and o f e x t r a c e l l u l a r 
m e t a b o l i t e s o f p h y t o p l a n k t o n . Harvey e t a_ l . (2) p r o p o s e t h a t m a r i n e 
humic s u b s t a n c e s a r e formed f r o m e i t h e r l i g h t - i n d u c e d o x i d a t i v e 
c r o s s - l i n k i n g o f two o r more p o l y u n s a t u r a t e d f a t t y a c i d s o r fr o m 
p o l y u n s a t u r a t e d g l y c e r i d e s . 

E v i d e n c e o f t h e f o r m a t i o n o f m e t a l c o m p l e x e s w i t h humic s u b 
s t a n c e s i n n a t u r a l w a t e r s has been r e p o r t e d by many a u t h o r s (3-12). 
The same a p p l i e d t o t h e s t a b i l i t y c o n s t a n t s o f t h e above complexes 
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(13-18). Tremendous work has been done on the c h a r a c t e r i z a t i o n of 
humic substances i n the aquatic environment (£,_1_9,20) and much ana
l y t i c a l data on the concentration of humic substances i n n a t u r a l 
waters i s reported (2,21-25). S p e c i a l a t t e n t i o n has been paid to the 
physico-chemical processes governing behaviour of metals and d i s 
solved organic matter during e s t u a r i n e mixing (6,26-28). 

In our work we concentrate on the i n t e r a c t i o n s between d i - and 
t r i - v a l e n t metal r a d i o n u c l i d e s which enter estuarine and seawater i n 
i o n i c forms and humic and f u l v i c a c i d s of d i f f e r e n t o r i g i n s . However, 
as humic substances react with metals, not only i n d i s s o l v e d but a l s o 
i n undissolved s t a t e s , we report some data on the adsorption of trace 
metal r a d i o n u c l i d e s on suspended humic a c i d s . 

M a t e r i a l s and Methods 

E l e c t r o p h o r e t i c experiments were performed with a high voltage device 
( F l a t P l a t e E l e c t r o p h o r e s i s
ture was maintained at 20-0.
perimental c o n d i t i o n s f o r high voltage paper e l e c t r o p h o r e s i s were: 
basic e l e c t r o l y t e : 0.45 um f i l t e r e d 10% seawater (sampled i n Mid-
- A d r i a t i c , o r i g i n a l s a l i n i t y 37.4%o) and estuarine water, the Krka 
estuary ( s a l i n i t y 2%o) with or without humic or f u l v i c a c i d s ; pH 
adjusted to 8.0; Whatman 3 MM f i l t e r paper with a f r e e length and 
width of 85x1.5 cm; voltage 1000 V; current per s t r i p of paper: 
2.0-3.9 mA (10% seawater) and 1.3-1.5 mA (estuarine water); current 
per 1 cm width of the paper s t r i p : 1.3-2.6 mA (10% seawater) and 
0.9-1 mA (estuarine water): s p e c i f i c e l e c t r i c e f f e c t on the paper 
s t r i p s : 0.016-0.031 VA cnT* (10% seawater) and 0.010-0.012 VA cm" 2 

(estuarine watgjj); d u r a t i o n pjj* an experimental run: 102 min. The 
ra d i o n c u l i d e s Mn, Fe and Cr were from N.E.N. (New Englancj 
Nuclear), ^SA. The s p e c i f i c r a d i o a c t i v i t i e s were f o l l o w s : Mn^ 
10 mCi ml" , concentration of Mn: 1^7 ug ml" ; Fe: 10 mCi ml" , 
concentration of Fe: 4.1 ug ml" ; Cr: 100 uCi ml" , concentration 
of Cr: 0.62 ug ml" . 

The samples f o r e l e c t r o p h o r e s i s were prepared i n the f o l l o w i n g 
way. An a l i q u o t was evaporated to dryness. The residue was d i s s o l v e d 
i n e s t u a r i n e or d i l u t e d seawater a d j u s t i n g a s p e c i f i c r a d i o a c t i v i t y 
o^0.45 uCi/20 u l r Mn) ; 0.22 uCi/20 u l ( Fe) and 2 uCi^20 u l 
( C r ) . This corresponds £o a Mn concentration of 5.3x10" M, an Fe 
concentration of 7.9 χ 10" M, and a Cr concentration of 1.19x10" M. 
Twenty microlitres of those s o l u t i o n s were a p p l i e d to the s t a r t i n g 
point of the e l e c t r o p h o r e t i c s t r i p s which were wetted p r e v i o u s l y with 
the r e s p e c t i v e solvent c o n t a i n i n g the r e s p e c t i v e h u m i c / f u l v i c a c i d 
concentration. This caused a d i l u t i o n of the r e s p e c t i v e trace metal 
concentration i n the l i q u i d phase on the e l e c t r o p h o r e t i c paper s t r i p 
by a f a c t o r of 3-355. For experiments i n the presence of h u m i c / f u l v i c 
a c i d , the r e s p e c t i v e h u m i c / f u l v i c a c i d concentration was adjusted i n 
the t e s t s o l u t i o n , and from the l a t t e r , a f t e r 30 min, an a l i q u o t of 
20 u l was subjected to e l e c t r o p h o r e s i s . This measurement was termed 
0 day. The measurements were extended f o r each adjusted h u m i c / f u l v i c 
a c i d concentration over a period of 0 to at l e a s t 7 days (maximum 30 
g^ys) tj-g^detect gogsible aging e f f e c t s . Experimental c o n d i t i o n s f o r 

Zn, Cd and Pb were described e a r l i e r (£5). 
The humic and f u l v i c a c i d s used i n our experiments were from 

d i f f e r e n t sources. Humic a c i d (HAL sample) was i s o l a t e d from sediment 
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i n the shallow waters of the Lim Channel (the A d r i a t i c Sea) by a pro
cedure reported i n the l i t e r a t u r e (3^29). Humic a c i d was ex t r a c t e d 
from wet sediment w i t h a mixture of 0.2 M NaOH and 0.2 M Na 2C0- a t 
80 C f o r 12 h, p u r i f i e d by repeated p r e c i p i t a t i o n with HC1, r e d i s -
solved i n NaOH, d i a l y s e d and f i n a l l y Chelex-100 was used to remove 
bound metals. Then i t was again p r e c i p i t a t e d with HC1, d r i e d at 40 C 
and s t o r e d as c r y s t a l l i n e powder i n the a c i d i c form. The HAN humic 
a c i d sample was i s o l a t e d from the bottom sediment o f the deep Nor
wegian Sea (1 m below the sediment s u r f a c e ) . The HAM humic a c i d 
sample was i s o l a t e d from the sediment of a t r o p i c a l estuary at 
Mahakam (Borneo). The FAC and HAC samples of f u l v i c and humic a c i d s 
were i s o l a t e d from a Mediterranean lagoon (Canet, near Perpignan, 
France), and the HALR sample was i s o l a t e d from deposit of Ruppia 
maritima, Linneaus from the same lagoon. The HAN, HAM, HAC, FAC and 
HALR samples were ext r a c t e d from the sediment with a mixture of 0.1 M 
NaOH and 0.1 M Na^P 0 according to the procedure of Kononova and 
Bala c h i r o v a (30). Those sample
t i o n with HC1, r e d i s s o l v e
passed through the Dowex 50W-X8 r e s i n . 

Stock s o l u t i o n s of a l l samples were prepared i n d i l u t e d NaOH. 
The concentrations of humic and f u l v i c a c i d s v a r i e d from 3 to 200 mg 
l" and the pH was adjusted to pH 8.0 by the a d d i t i o n of NaOH or HC1. 

The behaviour of r a d i o n u c l i d e s ŵ as JjOllpwed up by measuring 
t h e i r e l e c t r o p h o r e t i c m o b i l i t y (u) (cm V~ s" ) (3J_) and by e v a l u a t i n g 
the amount of the r e s p e c t i v e r a d i o n u c l i d e i n the three observable 
zones, i . e . c a t i o n i c , a n i o n i c , and the immobile zone at the s t a r t i n g 
p o i n t . The e l e c t r o p h o r e t i c zones could be detected conveniently by 
autoradiography exposing an X-ray f i l m overnight to the e l e c t r o 
p h o r e t i c s t r i p s . The r e s p e c t i v e zones were cut from the paper and 
counted i n a β-liquid s c i n t i l l a t i o n counter or i n a γ -counter. 

Some c h a r a c t e r i s t i c s of humic and f u l v i c a c i d samples. Unfortuna
t e l y , we were not able to perform some de s i r e d analyses o f the sam
p l e s ; i n the f i r s t place because of very small q u a n t i t i e s i n which 
some of the samples were a v a i l a b l e , and secondly, because some samples 
were not s o l u b l e enough to do molecular s i z e d i s t r i b u t i o n analyses. 

The r e s u l t s of the elemental analyses of the humic substances 
are presented i n Table I . 

According to Nissenbaum and Kaplan (^3) the C/N r a t i o s from most 
humic aci d s of marine o r i g i n f a l l i n t o the range 9.4 - 14.2. Our 
samples named HAL, HAN, HAC might be of marine o r i g i n . 

In Table I I t o t a l a c i d i t y and carboxyl groups analyses are given 
f o r some of the samples used. 

For some of the samples adsorption spectra were recorded (11). 
The r a t i o between the o p t i c a l d e n s i t i e s a t 465 and 665 nm has been 
used as an i n d i c a t o r of the condensation degree of humic substances 
(34). The lower the E^/E^ r a t i o the higher the condensation degree of 
the humic a c i d s . According to t h i s , the condensation degree o f HAN i s 
the highest (E,/E 6= 3.7), followed by HAL (Ε,/Ε6= 6.7) and the low
est i s HAM (E^/E^ = 8 . 3 ) . The o p t i c a l d e n s i t i e s of the UV spe c t r a 
increase with decreasing wavelength. For the same weight concentra
t i o n s the sequence of UV-light absorption i s HAN > HAL > HAM at wave
lengths below 240 nm ( VV). From the measured IR spectra Raspor et a_l. 
(Vl_) concluded that of the three samples (HAL, HAN and HAM) the HAN 
sample showed the most pronounced a l i p h a t i c character followed by HAL. 
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50.

Table I . Elementary composition of i n v e s t i g a t e d humic m a t e r i a l and 
C/H and C/N r a t i o s 

Elementary composition (%) 
Humic substances C/H C/N Ref. 

C H N S CI 0 

HAL-humic a c i d 
from Lim Channel 54. 1 5.5 4.2 1 .4 3.4 31.4 9.8 12.8 (J_1_) 
( A d r i a t i c Sea) 
HAN-humic a c i d 
from Norwegian 52.9 6.7 4.2 2.2 1.6 32.4 7.9 12.7 (U) 
sea sediments 
HAM-humic a c i d 
from estua r i n e 
sediments 
(Mahakam, Borneo) 
HAC-humic a c i d 
from lagoon sed. 50.8 5.8 4.0 1.5 ND 37-7 8.8 12.7 (32) 
(Canet, France) 
F A C - f u l v i c a c i d 
from lagoon sed. 38.7 5.4 2.2 2.0 ND 51.6 7.2 17.2 (32) 
(Canet, France) 

ND = not determined. Reproduced with permission from Ref. 11. Copy
r i g h t 1984 E l s e v i e r Science. 

Table I I . T o t a l a c i d i t y and carboxyl groups f o r samples of some 
humic substances (32) 

tT . . . T o t a l a c i d i t y Carboxyl groups Humic substance , - T x / _ - 1 χ (meq g } ( meq g ) 

HAN (Norw. S. sed.) 3-73 2.21 
HAM (Mahakam) 6.78 3.25 
HAC (Canet) 3.65 2.89 
FAC (Canet) 5.82 4.62 

They a l s o concluded that HAN and HAL samples have higher molecular 
weights than the HAM sample, and that HAN and HAL samples are of 
marine o r i g i n . This i s a l s o supported by the f i n d i n g s of Hatcher et_ 
a l . (19) showing that humic a c i d s from marine sediments are predomi
nantly composed of h i g h l y branched, uns u b s t i t u t e d a l i p h a t i c s t r u c 
t u r e s . 

For most of the samples the molecular s i z e d i s t r i b u t i o n was not 
measured owing to the samples' incomplete s o l u b i l i t y , which shows 
t h e i r hydrophobic character. The molecular s i z e d i s t r i b u t i o n was de
termined (_3£) only f o r HALR humic a c i d sample (deposit of Ruppia 
maritima, Linnaeus) using s i z e e x c l u s i o n chromatography. The carbon 
content was measured by DOC and by a UV det e c t o r . Two peaks were 
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found. The dominant f r a c t i o n has a molecular s i z e corresponding to a 
molecular weight of approximately 50,000, and the smaller f r a c t i o n 
has an apparent molecular weight of approximately 18,000. 

Some of the samples were analyzed f o r trace metal concentration 
and the r e s u l t s are presented i n Table I I I . 

Table I I I . Trace metal concentrations of the humic substances 
i n v e s t i g a t e d 

Concentrations of trace metals (ug g ) 
Humic substance — — Ref. 

A l Cu Cd Pb Zn Fe 

HAL (Lim Channel) 170 166 0.3 3.9 56.4 ND (11) 
HAN (Nor. S. sed.) 2000 433 2.9 12.2 101.5 ND (11) 
HAM (Mahakam) 310
HAC (Canet) 90
FAC (Canet) 140 ND ND ND ND ND (32) 

ND = not determined. Reproduced with permission from Ref. 11. Copy
r i g h t 1984 E l s e v i e r Science. 

Raspor e_t a l . (JJ_) have a l s o measured the adsorption of HAN, HAL 
and HAM samples at the hanging mercury drop ele c t r o d e applying out-
-of-phase ac-voltammetry. According to t h e i r r e s u l t s the molecular 
s i z e and the hydrophobicity of the i n v e s t i g a t e d sample increase i n 
the order HAM < HAL < HAN. 

Results 

£tjig e l e c t r o p h o r e t i c r e s u l t s on the i n t e r a c t i o n of ^ Z n , 1 0^Cd and 
Pb with humic a c i d (HAL sample) i n d i f f e r e n t d i l u t i o n s of sea

water have been reported e a r l i e r ( 8_). A l l three trace metal r a d i o 
n u c l i d e s i n 10% seawater (without the a d d i t i o n of humic a c i d l are 
mostly i n the c a t i o n i c form ( bZn: 98.2%; 9Cd: 99.5% and Pb: 
61.8%). 

The d i s t r i b u t i o n of Cd species i n the 10% seawatergjaumic a c i d 
£ijÎ L) system i s presented i n Table IV, and the binding of Zn and 

Pb with HAL i s presented i n Figure 1. (The percentage of the metal 
humâtes was c a l c u l a t e d from the decrease i n the amount of the c a t i 
onic form of metal i o n ) . 
54 

Manganese. In cj i l u t e d seawater (10%, S = 3-7%o) and i n e s t u a r i n e 
water (S = 2%o) Mn Jpehaves as a c a t i o n with e l e c t r o p h o r e t i c mobi
l i t i e s u =^-3-0^ χ 1(j>" jjcm V~ s~ ) i n d i l u t e d seawater and u = 
-3.22x10 (cm V~ s" ) i n estua r i n e water, but shows a l s o some 
c a t i o n i c t a i l i n g , i . e . moves more s l o w l y . i n the e l e c t r i c f i e l d than 
the c a t i o n i c zone. The d i s t r i b u t i o n of Mn species i n the e s t u a r i n e 
and d i l u t e d seawater i s shown i n Table V. 

By the a d d i t i o n of humic apjjd to the d i l u t e d seawater (10%), the 
amount of the c a t i o n i c zone of Mn decreases, while the c a t i o n i c 
t a i l i n g and the immobile zone increase (Figure 2 ) . One hundred percent 
represents the t o t a l amount of 54^ n i n the system. The percentage of 
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o r • ί ι I 
10 50 100 r -, 

Cone, of humic acid [ m g d m j 
Figure 1. Dependence of Zn- and Pb-humates formation on the con
c e n t r a t i o n of humic a c i d (HAL) i n 10% seawater.(Reproduced with 
permission from Ref. 8. Copyright 1980 Academic Press, London.) 

System: 5*Mn - 1 0 % seawater - HAM (Mahakam) 

ο - mean value for 0 - 3 0 days 

x - ·· 0 - 7 days 

Figure 2. Dependence of Mn-humate formation on the concentration 
of humic acid (HAM) i n 10% seawater. 
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109 
Table IV. D i s t r i b u t i o n of Cd species i n the 10% seawater - humic 

ac i d system (8) 
— — 

Concentration of D i s t r i b u t i o n of Cd species (%) 
humic a c i d (mg dm" ) 

0 99.5 0.5 0 
3 98.6 1.4 0 
5 98.3 1.7 0 

20 98.8 1.2 0 
150 4.2 95.2 0.6 

C = c a t i o n i c zone, u = -2.03x10" (cm V" s" ) ; S = zone at the 
s t a r t i n g p o i n t ; A = a n i o n i c t a i l i n g . Reproduced with permission 
from Ref. 8. Copyright 1980 Academi  Press

Table V. D i s t r i b u t i o n of Mn species i n 10% seawater and i n es t u 
a r i n e water 

E l e c t r o l y t e Aging of the 
system (days) 

D i s t r i b u t i o n of 

C C zone t a i l . 

54 

Mn species (%) 

S A 0 93.5 5.8 0.7 0.0 
Estuarine water 1 93.5 5.4 1.1 0.0 Estuarine water 

7 92.3 6.9 0.7 0.1 
15 84.0 9.9 6.1 0.0 

0 92.1 7.9 0.0 0.0 
1 95.6 4.4 0.0 0.0 

10% seawater 7 95.7 3.6 0.7 0.0 
15 93.7 5.9 0.3 0.1 
30 93.2 6.5 0.3 0.0 

C = c a t i o n i c zone; 
zone; A = a n i o n i c 

C t a i l = c a t i o n i c t a i l i n g ; 
zone. 

S = s t a r t i n g point 

Mn bound to the humic a c i d was c a l c u l a t e d frpm the decrease of Mn 
i n the c a t i o n i c zone, or, i n other words, the Mn bound to humic 
a c i d represents the sum of the increase i n the c a t i o n i c t a i l i n g , the 
immobile zone and i n the a n i o n i c t a i l i n g . 

j_^The aging of the system plays an important r o l e i n the binding 
of Mn to the humic a c i d . The maximum of binding was reached^gt 1-7 
days of aging. For older systems the percentage of the bound Mn to 
the humic subtances decreased, which i s p a r t i a l l y seen when the 0-30 
day and 0-15 day curves are compared (Figure 2 ) . ^ 

Figure 3 shows the change i n the d i s t r i b u t i o n of the Mn zones 
when 100 mg of HAM (Mahakam humic acid) i s added to the seawater. I t 
i s w e l l demonstrated that the maximum of binding to the humic a c i d i s 
seen i n the 1 day o l d system; older systems show r e l a t i v e l y smaller 
decreases of the c a t i o n i c Mn zone. 
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Figure 3- D i s t r i b u t i o n of Mn zones i n the 10% seawater - 1 
mg HAM system. 
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Figure 4 presents the d i s t r i b u t i o n of Mn zones i n the presence 
of 1 0 0 mg of d i f f e r e n t humic acid s and f u l v i c a c i d samples i n e s t u 
arine water. As seen i n Figure 4 , i n o l d e r systems, the binding of 

Mn to humic substances i s stronger. The maximum f o r HAL and FAC 
samples i s reached i n the 7 day o l d systems and f o r HAM at 1 day of 
aging. I f we c a l c u l a t e the mean binding of Mn to humic substances 
f o r a l l system aged from 0 to 1 5 days J J J the same way as demonstrated 
i n Figure 2 , the strongest binding of Mn i s with the HAM sample, 
followed by the FAC and HAL samples. 
5 5 5 5 

I r o n . In d i l u t e d seawater ( 1 0 % ) Fe introduced as F e ( I I I ) i s 
present almost completely i n the immobile e l e c t r o p h o r e t i c zone ( 9 8 . 7 % ) , 

only a small part i n the c a t i o n i c t a i l i n g ( 1 . 2 % ) and a n e g l i g i b l e 
amount i n the a n i o n i c t a i l i n g zones ( 0 . 1 % ) . However, the a d d i t i o n of 
humic substances to d i l u t e d seawater produces not only a n i o n i c but 
a l s o c a t i o n i c zones pp th  t a i l i n
the d i s t r i b u t i o n of Fe
tems (HAM, HAN and HAC samples

As seen from the t a b l e s i n a d d i t i o n to the concentration and the 
o r i g i n of humic a c i d , the aging of the system i s a l s o very important 
i n the d i s t r i b u t i o n of the Fe zones. 

Comparing these three t a b l e s i t i s obvious that the HAN sample 
produces more of the c a t i o n i c Fe z o n e / t a i l i n g than^the other 
samples, and that HAC produces more of the a n i o n i c Fe zone, but 
that the highest amount of the a n i o n i c Fe i s found i n the 2 4 day 
ol d HAM - 1 0 % seawater system. 

In Figure 5 we have t r i e d to demonstrate the i n f l u e n c e of both 
the concentration of f u l v i c a c i d and of the ag^ng of the system on 
the d i s t r i b u t i o n of e l e c t r o p h o r e t i c zones of Fe i n d i l u t e d sea
water. The concentration of 1 0 mg of FAC i n 1 0 % seawater produces a 
tremendous increase i n the c a t i o n i c z o n e / t a i l i n g of Fe, amounting 
to 8 0 . 7 % of the t o t a l Fe present (without FAC only 1 . 2 % of Fe i s 
i n the c a t i o n i c t a i l i n g zone). However, a f t e r aging 2 7 days, t h i s 
zone dropped to only 0 . 4 % i n favour of the a n i p p i c zone ( 4 8 . 4 % ) . At 
FAC concentrations of 1 0 0 mg dm the a n i o n i c Fe zone amounted to 
9 % , and a f t e r 2 7 days i t amounted to 7 9 . 6 % of the t o t a l Fe. 

D i f f e r e n c e s i n the d i s t r i b u t i o n of Fe zones i n the 1 0 % sea-
water-humic substances systems, when the same concentrations of d i f 
f e r e n t humic substance samples are used, are presented i n Figure 6 . 
There i s no pjgubt that the FAC sample produces the highest amount of 
the a n i o n i c Fe zone but a l l samples of the humic substances s i g 
n i f i c a n t l y i n f l u e n c e the d i s t r i b u t i o n of the Fe e l e c t r o p h o r e t i c 
zones. Besides t h a t , the d i s t r i b u t i o n of the Fe zones i n very aged 
systems ( 2 4 days) i s always s i g n i f i c a n t l y d i f f e r e n t than i n the 
f r e s h l y prepared or i n the 1 and 7 day o l d systems. 
5 1 5 1 

Chromium. Cr introduced i n t o d i l u t e d seawater as C r ( I I I ) , i s 
d i s t r i b u t e d between three e l e c t r o p h o r e t i c zones: one immobile zone 
and both a n i o n i c and c a t i o n i c t a i l i n g zones. The d i s t r i b u t i o n of 
e l e c t r o p h o r e t i c zones i s given i n Table IX. 

By the a d d i t i o n of humic substances to d i l u t e d seawater the d i s 
t r i b u t i o n of Cr species changed. In Figure 7 the d i s t r i b u t i o n of 

Cr species i n 1 0 % seawater - f u l v i c a c i d (Canet) i s presented as a 
f u n c t i o n of both the concentration of FAC and 1the aging of the system. 
The i n f l u e n c e of FAC on the d i s t r i b u t i o n of Cr zones i s e s p e c i a l l y 
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Table VI. D i s t r i b u t i o n of e l e c t r o p h o r e t i c zones of Fe i n 10% sea-
water - humic a c i d (HAM) systems (%) 

HA cone, 
(mg dm" ) t(days) A S C To t a l cpm 

100 

0 
1 
7 
24 

1.5 
2.1 
2 . 0 

3 6 . 3 

21.6 
2 7 . 2 
36.0 
63.4 

76.9 
70.7 
52 . 0 

0 . 3 

16,000 
27,000 
41 ,000 
22,000 

50 
0 
1 
7 
24 

0 . 9 
0.6 
3.0 

23.7 

13.0 
16.2 
31.0 
75.8 

86.1 
8 3 . 2 
66.0 

0 . 5 

14,000 
40 ,000 
11 ,000 
15,000 

20 

0 
1 
7 

24 

0 . 5 
0 . 8 

36.7 

14 . 5 
2 7 . 0 
63.0 

8 5 . 0 
7 2 . 2 

0 . 3 

19 ,000 
28,000 

9,000 

10 0 
1 

0 . 7 
1.0 

2 1 . 2 
18.8 

7 8 . 1 
8 0 . 2 

9,000 
9,000 

Table V I I . D i s t r i b u t i o n of e l e c t r o p h o r e t i c zones of "^Fe 
water-humic a c i d (HAN) systems (%) 

i n 10% sea-

HA cone, 
(mg dm ) t(days) A S C To t a l cpm 

100 

0 
1 
7 
24 

2.8 
4.4 
4 . 3 
8.8 

28 . 5 
2 8 . 5 
37.9 
90 . 8 

68.7 
67.1 
57.8 

0.4 

6,000 
12,000 
15,000 
30,000 

50 
0 
1 
7 
24 

1.6 
1.6 
1.0 
6.4 

2 7 . 3 
17 .2 
18.1 
86.1 

71.1 
8 1 . 2 
80.9 

7.5 

7,000 
13,000 
32,000 
22,000 

20 

0 
1 
7 

24 

2.7 
0.1 
0 . 4 
7.8 

6 3 . 2 
31.4 
18.4 
69.7 

34.1 
68.5 
8 1 . 2 
2 2 . 5 

4,000 
6,000 

23,000 
6,000 

10 

0 
1 
7 
24 

1.3 
0.7 
1.7 
5.8 

34.5 
13.2 
2 0 . 5 
8 5 . 9 

64 . 2 
86.1 
7 7 . 8 

8 . 3 

5,000 
14 ,000 

5,000 
4,000 

A = a n i o n i c zone and/or a n i o n i c t a i l i n g ; C = c a t i o n i c zone and/or 
c a t i o n i c t a i l i n g ; S = zone at the s t a r t i n g point of the e l e c t r o 
p h o r e t i c s t r i p 
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Table V I I I . D i s t r i b u t i o n of e l e c t r o p h o r e t i c zones of Fe i n 10% 
seawater - humic a c i d (HAC) systems (%) 

HA cone, 
(mg dm" ) t(days) A S C T o t a l cpm 

200 
0 
1 
7 
24 

13-9 
22.0 
29.2 
9.5 

77.8 
67.8 
60.1 
59.3 

8.3 
10.2 
10.7 
31.2 

82,000 
82,000 
74,000 
118,000 

100 
0 
1 
7 

24 

13.0 
28.0 
19.0 
15.6 

86.8 
71.8 
75.6 
54.5 

0.2 
0.2 
5.4 

29.9 

47,000 
63,000 
68,000 
101,000 

50 
0 
1 
7 

24 

21.8 
15.9 
7.7 

77.8 
78.7 
47.9 

5.4 
44.4 

4,00
5,000 
12,000 

20 
0 
1 
7 

24 

4.7 
14.2 
13.4 
6.1 

81.9 
81.2 
70.9 
51.6 

13.4 
4.6 
15.7 
42.3 

3,000 
2,000 
3,000 
5,000 

10 1 
7 

15.6 
8.2 

81.2 
45-0 

3.2 
46.8 

2,000 
3,000 

Table IX. D i s t r i b u t i o n of "^Cr species i n 10% seawater 

Aging of the D i s t r i b u t i o n of ̂ 1 C r species (%) 
system (days) C S A 

0 
1 
7 

37.4 
11.4 
0.3 

57.9 
87.1 
90.3 

4.7 
1.6 
9.4 

A = a n i o n i c zone and/or a n i o n i c t a i l i n g ; C = c a t i o n i c zone and/or 
c a t i o n i c t a i l i n g ; S = zone at the s t a r t i n g point of the e l e c t r o 
p h o r e t i c s t r i p 

pronounced at higher fulviç a c i d concentrations and i n older systems. 
The d i s t r i b u t i o n of Cr species i n the 10% seawater - humic 

substance systems (100 mg dm ), when d i f f e r e n t humic substances 
samples were used, i s presented i n Figure 8. From a l l the humic sub
stance samples used, FAC had the strongest i n f l u e n c e on the r e d i s t r i 
bution of Cr spe c i e s , producing the highest amount of a n i o n i c zone/ 
t a i l i n g . 
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Adsorption of Cd on suspended humic a c i d s . Recognizing the prop
e r t y of humic aci d s as adsorbents f o r metal io n s , suspensions of 
humic a c i d (UâL, HAM and commercial "Fluka" samples) were prepared at 

mg dm" . Cd was added to that suspension and the adsorption of 
Cd was measured. The r e s u l t s are expressed as values. value 

i s the r a t i o of^the cadmium concentration i n s o l i d and l ^ g ^ i d phase 
given i n cm g" . As seen i n Figure 9 the adsorption of Cd i s 
rather strong on the humic a c i d . The values decrease as the s o l u 
b i l i t y of the humic a c i d samples in c r e a s e . 

In Figure 10, some values f o r the adsorption of Cd on 
smectite (pure i n o r g a n i c support), n a t u r a l r i v e r sediment and a mix
ture of the same sediment and HAL i n the r a t i o 1:1 are presented. The 
presence of humic a c i d i n t^je sediment suspension s i g n i f i c a n t l y i n 
creases the adsorption of Cd. 

Discu s s i o n 

Most of the d i v a l e n t metal
ca t i o n s when introduced i n t o seawater as ΦΕ&^Ι ( I D i o n s . According 
to our r e s u l t s i n 10% seawater, 99.5% of 9Cd, 98.2% of ^Zn, 
92.1% of Mn and 61.8% of Pb are i n c a t i o n i c forms g i v i n ^ d e f i n e d 
e l e c t r o p h o r e t i c zones. In es t u a r i n e water (S = 2%o) 93.5% of Mn i s 
i n the c a t i o n i c form of d e f i e d e l e c t r o p h o r e t i c m o b i l i t y . In 10% sea
water the c a t i o n i c zone of Cd i s a mixture of the monochloro com
plex, f r e e Cd + and the dichjLpro complex (up to 7%) (8.). The c a t i o n i c 
e l e c t r o p h o r e t i c m o b i l i t y of Zn corresponds to the e l e c t r o p h o r e t i c 
m o b i l i t i e s of f r e e d i v a l e n t c a t i o n s (_35 ,_36 ). The immobile zone could 
be r e l a t e d to a particulate 2fgrm of Zn or to Zn adsorbed on p a r t i c l e s 
(37). The c a t i o n i c zone of Pb might be a mixture of al£+cationic 
species of Pb present i n seawater at pH values of 8.0 (Pb , PbCl , 
Pb0H + ang gbHCO*) as reported i n the l i t e r a t u r e (38-44). The immobile 
zone of Pb should correspond to a l l uncharged lead species^çresent 
i n seawater and to the p r e c i p i t a t e q ^ P b . The c a t i o n i c zone of Mn 
might be a t t r i b u t e d to the f r e e Μη + (£5), the c a t i o n i c t a i l i n g to 
p o s i t i v e l y charged h y d r o l y t i c products of Mn(III) and the immobile 
zone to hydrolyzed products, e s p e c i a l l y i n older systems (46). 

The a d d i t i o n of humic substances to seawater g e n e r a l l y produces 
an increase of the immobile zone and the formation of a n i o n i c t a i l i n g 
of the i n v e s t i g a t e d d i v a l e n t r a d i o n u c l i d e s (8_,£). In d i l u t e d seawater, 
i f the immobile zone does not e x i s t , i t appears when humic a c i d i s 
added. 

The e f f e c t of the HAL sample i n 10% seawater on the d i s t r i b u t i o n 
of p a r t i c u l a r m e t al-radigpuclide zones i s demonstrated as f o l l o w s : 
1) disappearence of the Zn c a t i o n i c zone, increase of the immobile 
zone and formation of the a n i o ^ c t a i l i n g up to 3%; 2) disappear
ance of the c a t i o n i c zone of Pb, increase of the immobile zone and 
formation of ̂ e a n i o n i c t a i l i n g up to 4%; 3) decrease of the c a t i 
onic zone of Cd and formation of the immobile zone and an almost 
n e g l i g i b l e amount of a n i o n i c t a i l i n g ^ ( 8 ^ ) . 

Comparing the d i s t r i b u t i o n of Mn zones i n 10% seawater and 10% 
seawater-humic a c i d (HAM sample) i t i s evident that there i s a de
crease of the amount i n the Mn c a t i o n i c zone, the c a t i o n i c t a i l i n g 
increases (up to 20% at the HAM concentration of 200 mg dm" ) as w e l l 
as the immobile zone (up to 20%) and the a n i o n i c t a i l i n g zone (up to 
5%). However, at higher pHs i t i s p o s s i b l e to get an a n i o n i c zone of 
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4.9 

4.8 

4.7 

^4.6 

8*4.5 

4.4 

43 

4.2 

Concentration factors for adsorption of Cd 
on humic acid (HA) 

0 M A (I im Channel) 

^ - • ^ HA "Fluka" 

'^Δ 
HA-Mahakam 

( Borneo) 

1.17 29 5
log concn. Cd ^gdm ] 

Figure 9. Concentration f a c t o r s ( l o g K d) f o r the adsorption of 
Cd on d i f f e r e n t suspended humic a c i d s i n the r i v e r water. Concen
t r a t i o n of humic a c i d s : 35 mg dm" . P a r t i c l e s i z e between 0.45 
and 32 urn. 

Concentration factors for adsorption of Cd 
4.6L · — . sediment: humic acid (1:1) 

4.4 

3.2 

3.0": 117 29 5.9 11.7 58.5 1756 
-3i log concn. Cd ^gdm 1 

Figure 10. Concentration f a c t o r s ( l o g Κ ) f o r the adsorption of 
Cd on d i f f e r e n t supports i n the r i v e r water. Concentration of 
suspended p a r t i c l e s 35 mg d m . P a r t i c l e s i z e between 0.45 and 
32 um. 
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the Mn-humic a c i d complex. This was experimentally confirmed when 
the HAM sample was added to r i v e r water; at thg HAM concentration of 
200 mg dm" at pH 10.6, approximately 30% of Mn was i n the a n i o n i c 
form and only 0.1% was c a t i o n i c . At the same humic a c i d concentration 
i n r i v e r water but at a pH of 8.0, only 3.6% of Mn was a n i o n i c and 
55% remained i n the c a t i o n i c zone. . 

In e s t u a r i n e water the i n t e r a c t i o n of Mn and the three samples 
of humic substances was examined: the strongest i n f l u e n c e on the r e 
d i s t r i b u t i o n of Mn species i s by the HAM sample followed by FAC, 
while the HAL sample has the s m a l l e s t i n f l u e n c e . As s a i d before, the 
HAL sample i s the l e a s t s o l u b l e of a l l three humic substance samples. 
Therefore i t seems that Mn i s bound more to the d i s s o l v e d part of 
humic substances (lower molecular weight f r a c t i o n ) and l e s s to the 
undissolved^and the immobile par t . As seen i n Figures 2, 3 and 4, the 
binding of Mn to humic a c i d i s stronger i n the e s t u a r i n e water than 
i n seawater, owing to the lower content of other metals which can 
compete with manganese f o

As demonstrated e a r l i e
seawater, the e l e c t r o p h o r e t i c " p i c t u r e  of the d i s t r i b u t i o n of 

Mn zones showed the spread of the r a d i o a c t i v i t y from the c a t i o n i c 
to the a n i o n i c values without any e l e c t r o p h o r e t i c zone defined. In 
other words, at the intermediate EDTA concentrations, which were not 
high enough^to complex a l l manganese present, both Mn-EDTA complexes 
and f r e e Mn were present at each p o s i t i o n of the e l e c t r o p h o r e t i c 
^ r i p moving i n opposite d i r e c t i o n s and r e s u l t i n g i n the spread of 

Mn between the maximal c a t i o n i c and a n i o n i c e l e c t r o p h o r e t i c mobi-
^ t i e s . That f i n d i n g supports the idea that the c a t i o n i c t a i l i n g of 

Mn i n e s t u a r i n e or seawater-humic substance systems might be p a r t l y 
a t t r i b u t e d to the formation of the Mn-humic substance complex (be
sides p o s i t i v e l y charged h y d r o l y t i c products of Mn(III) which are 
present to some extent i n the e s t u a r i n e or d i l u t e d seawater without 
the a d d i t i o n of humic substances). R^ 

Although we d i d not experiment with Mn i n the 10% seawater-HAL 
sample system, from the experiment performed i n estuap^ne water, i t 
can be p r e d i c t e d that the HAL sample would a l s o bind Mn l e s s 
s t r o n g l y than the HAM sample. Therefore the sequence of binding of 
d i v a l e n t metals to the humic a c i d would be as f o l l o w s : Pb > Zn > Cd > 
Mn. These r e s u l t s are i n agreement with published s t a b i l i t y constants 
data 06,_17,47). 

According to our r e s u l t s i t appears that a l l i n v e s t i g a t e d d i 
valent r a d i o n u c l i d e s are bound more to higher molecular weight f r a c 
t i o n s of the humic substances used (except Mn, which forms p o s i t i v e l y 
charged s p e c i e s ) , forming e i t h e r uncharged complexes or are adsorbed 
on undissolved f r a c t i o n s of humic substances, and l e s s to lower mo
l e c u l a r weight f r a c t i o n s of humic substances, which i s demonstrated 
by the formation of n e g a t i v e l y charged metal species. 

In n a t u r a l waters, i r o n concentrations are commonly s e v e r a l o r 
ders of magnitude gr e a t e r than the e q u i l i b r i u m s o l u b i l i t y of i r o n 
hydroxide (£8). Two of the chemical species postulated to account f o r 
t h i s phenomenon are: 1) f i n e c o l l o i d a l p a r t i c l e s of i r o n hydroxide 
( p o s s i b l y a s s ociated with c o l l o i d a l organic matter) and 2) d i s s o l v e d 
complexes of i r o n with n a t u r a l l y o c c u r r i n g organic substances (49). 
During e s t u a r i n e mixing processes, i r o n c o l l o i d s or organic complexes 
are f l o c c u l a t e d due to the i n c r e a s i n g s a l i n i t y . S h o l k o v i t z and co
workers (£,2̂ 6) demonstrated the c l o s e a s s o c i a t i o n of Fe, Mn, A l and Ρ 
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with both r i v e r - d i s s o l v e d humic substances and seawater-flocculated 
humâtes. On the other s i d e , Fox (28) found that d i s s o l v e d humic a c i d 
and s o l u b l e i r o n appear to be chemically unassociated i n e s t u a r i e s 
despite t h e i r c o i n c i d e n t a l removal. According to our r e s u l t s , Fe i n 
d i l u t e d seawater i s almost completely present i n the immobile e l e c 
t r o p h o r e t i c zone, but the a d d i t i o n of humic substances forms the 
a n i o n i c species, which are s p e c i a l l y abundant when f u l v i c a c i d i s ap
p l i e d . 

Another i n t e r e s t i n g i n f l u e n c e of humic substances i s recognized: 
i n the presence of humic substances i r o n becomes s o l u b i l i z e d . Hydro-
l y t i c species of Fe are adsorbed on the w a l l s of experimental ves
s e l s but by the a d d i t i o n of humic substances to the system, the num
ber of cpm (counts per minute) tremendously increased i n the same 
volume of s o l u t i o n a p p l i e d f o r the e l e c t r o p h o r e t i c experiment (see 
Tables V I - V I I I ) . Eyen at lower humic substance concentrations the 
c a t i o n i c zone of Fe was found, which amounted^ depending on the 
humic substance sample, u
e l e c t r o p h o r e t i c s t r i p . Th
creases by i n c r e a s i n g th y aging 
of the system (except f o r HAC humic a c i d sample) i n favour of the 
a n i o n i c zone or the immobile zone. This zone might be a t t r i b u t e d to 
the p o s i t i v e l y charged i r o n c o l l o i d s , which were " a v a i l a b l e " f o r 
e l e c t r o p h o r e t i c experiments when humic substances were added to sea
water. Comparing these r e s u l t s with the r e s u l t s obtained f o r d i v a l e n t 
metals, i t sgems that the immobile zone of Fe could be p a r t l y a t 
t r i b u t e d to Fe bound to humic substances by any p o s s i b l e mechanism 
(complexation or a d s o r p t i o n ) ^ In the e l e c t r o p h o r e t i c experiments^we 
can not d i s t i n g u i s h between Fe i n the h y d r o l y t i c species and Fe 
bound to humic substances. 

H y d r o l y t i c species of i r o n are a l s o able to adsorb humic sub
stances on t h e i r surfaces and the n e g a t i v e l y charged humic sub
stances can adsorb a d d i t i o n a l Fe c a t i o n s . From our r e s u l t s we can at 
l e a s t conclude that i r o n forms n e g a t i v e l y charged complexes w i t h 
humic substances and that humic substances s o l u b i l i z e i r o n when^hey 
are present i n d i l u t e d seawater. I f we compare the q u a n t i t y of Fe 
i n the a n i o n i c zones depending on the humic substance used, we get the 
f o l l o w i n g sequence of the humic substances FAC > HAC > HAM > HAN. 
This sequence corresponds to the s o l u b i l i t y of the humic substance 
samples, and i t seems that a f r a c t i o n of humic substances having 
lower molecular weight i s res p o n s i b l e f o r the formation of Fe-humic 
complexes. 

Chromium(III) i s present i n seawater probably as Cr(OH) (50). 
Although the hexavalent s t a t e of chromium i s thermodynamically the 
most s t a b l e v a l e n t s t a t e of chromium i n seawater, i t can be reduced 
i n marine organisms or by some r e d u c i b l e m a t e r i a l s . C r ( I I I ) i s e a s i l y 
o x i d i z e d to Cr(VI) i n the presence of manganese oxides, but organic 
complexes of C r ( I I I ) are not o x i d i z e d and the t r i v a l e n t s t a t e i s 
s t a b i l i z e d (5J_). Thus chromium can be present i n seawater as any form 
of i n o r g a n i c Çr(III), C r ( V I ) , and as organic species. According to 
our r e s u l t s , Cr (introduced to the d i l u t e d seawater as C r ( I I I ) ) i s 
a f f e c t e d by the presence of humic substances forming a n i o n i c species. 
From the three humic substance sample s t u d i e d , the FAC sample pro
duces the most abundant a n i o n i c species followed by the HAC and the 
HAM sample. 

Comparing the i n f l u e n c e of d i f f e r e n t humic substances on the 
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behavior of JJFe and J , C r i n 10% seawater i t i s evident, that at tĵ he 
same humic substance concentration and aging of the system, the Cr 
an i o n i c species are more pronounced f o r a l l humic substance samples 
st u d i e d , although the concentration of chromium was f o r almost three 
orders of magnitude higher than that of i r o n . That i s s p e c i a l l y 
evident i n the 10% seawatep-fulvic a c i d system. 

The immobile zone of Cr i s more abundant f o r the HAM sample, 
followed by the FAC. But f o r the HAC sample, the immobile zones of 
both r a d i o n u c l i d e s are equal. Consequently, the c a t i o n i c zone i s more 
abundant f o r Fe although i n 10% seawater, without a d d i t i o n of humic 
substance^, the c a t i o n i c zone of Cr amounted to 37% at t = 0 days, 
and f o r Fe was n e g l i g i b l e . Although from our r g s u l t s i t seems^ that 
f u l v i c a c i d i s more e f f e c t i v e i n the binding of Cr than of Fe 
there i s s t i l l some doubt as to whether some chromate i s a l s o formed 
and since i t i s n e g a t i v e l y charged, i t could c o n t r i b u t e to the an
i o n i c z o n e / t a i l i n g of Cr. However, r e s u l t s of Nakayama e_t a l . (51 ) 
support the idea that mos
ed to a C r ( I I I ) complex wit
complexes of C r ( I I I ) are not o x i d i z e d . 

The adsorption experiments show that undissolved humic a c i d (the 
HAL sample) has a very high a b i l i t y to adsorb Cd. Other humic a c i d 
samples, owing to t h e i r higher s o l u b i l i t y , have lower a b i l i t i e s to 
adsorb Cd. For the adsorption experiments which were performed i n 
r i v e r water and i n seawater or estuar i n e water, the values should 
be lower due to the presence of other macro- and m i c r o c o n s t i t u e n t s of 
seawater competing with Cd f o r adsorption s i t e s on the n e g a t i v e l y 
charged surface. These data are i n agreement with the r e s u l t s of 
e l e c t r o p h o r e t i c experiments showing that cadmium i s adsorbed on un
d i s s o l v e d or p r e c i p i t a t e d humic substances i n seawater and that only 
small amounts of Cd i s found i n the a n i o n i c form as the Cd-humic sub
stance complex. 

By knowing the sequence i n which metals are sorbed on humic a c i d 
(52) we could p r e d i c t that on our humic substance samples, Fe, Pb and 
Cr w i l l be sorbed more than Cd and Zn, and that Mn w i l l be sorbed 
l e s s than Cd. 

Our r e s u l t s show that the adsorption on suspended matter i s i n 
creased i n the presence of suspended humic a c i d (Figure 10). This i s 
supported by the f i n d i n g of other authors (.53,54) showing that o r
ganic f l o c c u l a n t coatings g r e a t l y a f f e c t the c a t i o n exchange c a p a c i 
t i e s of sediment and suspended matter. 

Conclusions 

The i n t e r a c t i o n of d i v a l e n t metal r a d i o n u c l i d e s with humic substances 
i s p a r t i c u l a r l y demonstrated by the formation of uncharged species 
and/or adsorption on undissolved or p r e c i p i t a t e d humic substances and 
l e s s by the formation of n e g a t i v e l y charged sp e c i e s . Nevertheless, 
the amount of c a t i o n i c forms of a l l i n v e s t i g a t e d d i v a l e n t metals de
crease i n the presence of humic substances, while some other species 
are formed having d i f f e r e n t e l e c t r o p h o r e t i c m o b i l i t i e s than p a r t i c u 
l a r metal ions i n seawater or estuar i n e water. The concentrations of 
humic a c i d at which observable changes i n s p e c i a t i o n of trace metals 
occurred are rather high when comparing the humic substance concen
t r a t i o n s i n the open oceans. However, higher humic substance concen
t r a t i o n s are p o s s i b l e i n shallow waters, closed areas or e s t u a r i e s 
with high b i o l o g i c a l a c t i v i t y . 
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For t r i v a l e n t metals the i n f l u e n c e of humic substances present 
i n d i l u t e d seawater i s shown by the formation of ne g a t i v e l y charged 
species, which might be a t t r i b u t e d to metal-humic substance complexes 
( e s p e c i a l l y pronounced f o r f u l v i c a c i d ) . The presence of humic sub
stances, even at lower concentrations, s o l u b i l i z e s i r o n . This i s 
p a r t l y evident by the formation of the c a t i o n i c species, which are 
not found i n estuarine or seawater unless humic substances are added. 
These e f f e c t s might a l s o be a t t r i b u t e d to the s t a b i l i z a t i o n of i r o n 
c o l l o i d s i n water r i c h i n humic substances. 

When present i n undissolved s t a t e s , humic substances act as ad-
sorbants f o r trace metals. The presence of suspended humic substances 
increases the adsorption a b i l i t y of suspended matter and sediment. 
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Aromatic hydrocarbons 

d i s t r i b u t i o n s i n a marine 
environment, 226-227 

polynuclear, general d i s c u s s i o n , 215 
A r t i f i c i a l seawater, changes i n 

ox i d a t i o n s t a t e s of 
Plutonium, 3 8 4 - 3 8 6 

Ascophyllum nodosum, release of 
polybromomethanes to 
seawater, 314-321 

Atmospheric exchange of 
methane, 282 , 2 8 6-291 

Atmospheric methane i s o t o p i c 
composition, 3 0 8 - 3 1 0 

B a c t e r i a , methanogenic, 304 
B a c t e r i a l i n d i c a t o r s , i n 

sediments, 1 8 - 1 9 , 2 0 f 
Bacteriopheophytin-a, e l e c t r o n i c 

absorption s p e c t r a , 117f 
Barium, sediment concentrations i n Lake 

P o n t c h a r t r a i n , 266-267f 
Bering Sea, southeastern, seasonal 

cyc l e s of d i s s o l v e d 
methane, 272-294 

Bioaccumulation concentration f a c t o r s , 
c hlorobiphenyls, 187,191 -193 

Biogenic hydrocarbons, 
d e s c r i p t i o n , 241,243 

Biogenic methanes from aquatic 
environments, hydrogen and carbon 
i s o t o p i c composition, 2 9 7 - 3 1 0 

Biogeochemical c y c l i n g of s u l f u r , r o l e 
of t h i o l s , 324-338 

Biogeochemistry 
c h l o r o p h y l l , 107-124 
PCBs i n the Acushnet River estuary, 

Massachusetts, 174-195 
B i o l o g i c a l methane 

formation, 297 
o x i d a t i o n , 304 

Biomarkers, general d i s c u s s i o n , 1-2 
Biomass burning, as a source o f 

methane, 309 
Biopolymers, degradation and 

rearrangement, 159 
B i o t a 

compound c l a s s d i s t r i b u t i o n s , 21 
r e l a t i v e c o n t r i b u t i o n s to 

sediments, 22 
Biscayne Bay, t h i o l 

c oncentrations, 324-338 
Bound PCB assemblages, estuarine 

sediments, sources, 205-206 
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Bound t h i o l s , r e l e a s e , 334-336 
B r i s t o l Bay, l o c a t i o n , 274-276 
Bromoform, release to seawater from 

fucoid algae, 3l6,3l8-319f 
Bubble e b u l l i t i o n , as a mode of methane 

input to the atmosphere, 309 
Buzzards Bay, PCB and hydrocarbon 

a n a l y s i s , 202-211 

C 

Cadmium, sediment concentrations i n 
Lake P o n t c h a r t r a i n , 266-267f 

Cadmium-109 
adsorption on suspended humic 

a c i d s , 405,406f 
d i s t r i b u t i o n i n "10% seawater-humic 

ac i d system, 395t 
C a l i b r a t i o n curves, DPM and
Caloosahatchee River at For

hydrocarbon contamination from 
c o a s t a l development, 232-245 

Cape Hatteras, area east of, o r i g i n of 
organic matter, 91-104 

C a p i l l a r y gas chromatograms, g l a s s , 
A r o c l o r mixtures, 178f 

C a p i l l a r y GC-ECD chromatograms 
free l i p i d f r a c t i o n s of estuarine 

sediments, 203-205 
humin f r a c t i o n s of estuarine 

sediments, 203-205 
C a p i l l a r y GC-FID t r a c e s , saturated 

hydrocarbons i n estuarine 
sediments, 208-209 

Captiva I s l a n d , hydrocarbon 
contamination from c o a s t a l 
development, 232-245 

Carbohydrates 
humic a c i d i s o l a t e , 148 
humin i s o l a t e s , 150 

Carbon 
e f f e c t on methane production i n the 

southeastern Bering Sea, 293-294 
sediments from the Peruvian 

Upwelling Zone, e a r l y 
diagenesis, 158-171 

Carbon d i o x i d e reduction, i n 
methanogenesis, 298 

Carbon isotopes 
p l a n t , seston, and sediment samples 

from a Georgia estuary, 64t 
s t a b l e , a n a l y s i s , 94 

Carbon i s o t o p i c data, as a source 
i n d i c a t o r f o r mid-cretaceous 
i n p u t s , 94-96 

Carbon number 
d i s t r i b u t i o n s , hydrocarbons and f a t t y 

a c i d s i n cretaceous black 
shales, 97-104 

Carbon number—Continued 
s t e r o l s i n surface sediments of the 

Peruvian coast, 163-165 
Carbon skeletons, methoxy-phenolic 

p y r o l y s i s products, 70 
Carbon-13 NMR, humic substance 

a n a l y s i s , 3,130-137 
Carbon-14 l a b e l i n g s t u d i e s , 

methanogenesis, 298 
Carbonized c o a l hydrocarbons, fate i n a 

hig h l y i n d u s t r i a l i z e d 
estuary, 215-227 

Carboxyl groups, humic substances, 392t 
C a t i o n i c zones, trace metal 

r a d i o n u c l i d e s i n seawater, 405 
Cha r l o t t e Harbor, hydrocarbon 

contamination from c o a s t a l 
development, 229-245 

Chlordane-nonachlor, sediment 
concentrations i n Lake 
Ponchartrain, 262-263f 

C h l o r i n , e l e c t r o n i c absorption 
s p e c t r a , 121f 

C h l o r i n a c i d 
generation, 120 
surface sediments, 113 

Chlorinated compounds, a n a l y s i s by 
GC-ECD, 201 

Chlorinated phenols, i n estuarine 
sediments, 207,210-211 

Chlorobiphenyls 
Acushnet River, general 

d i s c u s s i o n , 175 
c h l o r i n e s u b s t i t u t i o n , 18H 
octanol-water p a r t i t i o n 

c o e f f i c i e n t s , 187,191-193 
selected organisms, Acushnet River 

estuary, 184-I86t 
various species, metabolism, 194 
water p a r t i c u l a t e s and sediment, 

Acushnet River estuary, 182-I83t 
C h l o r o p h y l l d e r i v a t i v e s , i n 

near-surface marine sediments, 1l4t 
Chlo r o p h y l l - a d e r i v a t i v e s , 

d iagenesis, 123f 
C h o l e s t e r o l , i n c e l l membranes, 13 
Chromatograms, pheophytin-a, 1 l 8 f 
Chromatographic s e l e c t i v i t y , a l t e r a t i o n 

f o r i d e n t i f y i n g t h i o l s i n 
sediments, 329f 

Chromium, forms i n seawater, 408 
Chromium-51 

d i s t r i b u t i o n i n 10% seawater, 403t 
i n t e r a c t i o n with humic 

substances, 397,402-404 
Cleavage of o x i d i z e d g l u t a t h i o n e i n 

seawater, 334,335f 
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Coal and c o a l - l i k e m a t e r i a l s , i n 
estuarine sediments, 154 

Coal hydrocarbons, carbonized, f a t e i n 
a h i g h l y i n d u s t r i a l i z e d 
estuary, 215-227 

Coastal development, hydrocarbon 
contamination from, 229-245 

Coastal marine sediments, 
t h i o l s , 324-338 

Combustion of methanes, 299 
Complex i n t e n s i t y systems, chemical 

s p e c i a t i o n , 358-368 
Complexation 

copper(II) g l y c i n e , 364-365 
copper(II) oxalate, 365 
manganese-54 with e d e t i c a c i d , 407 
organic copper, 362-363 
Plutonium, 383,386 
trace metals, 360-363 

Compound c l a s s d i s t r i b u t i o n
b i o t a , 21 

Conductivity data, southeaster g 
Sea, 274 

Copper(II), chemistry i n o r g a n i c - r i c h 
systems, 361-362 

Copper(II) g l y c i n e 
complexation constants, 364-365 
s t a b i l i t y constants, 366 

Copper(II) oxalate 
complexation a n a l y s i s , 365 
s t a b i l i t y constants, 366 

Crab, Acushnet River estuary 
chlorobiphenyls, 185-I86t 
PCBs, 179,180f 

Crassostrea v i r g i n i c a , c o l l e c t i o n from 
Ch a r l o t t e Harbor, 232 

Creosote sample 
fluorescence a n a l y s i s , 223,224f 
GC a n a l y s i s , 2l8,219f,222 

Cretaceous black shales, North American 
basi n , o r i g i n of organic 
matter, 91-104 

C r o s s - p o l a r i z a t i o n techniques, use i n 
s o l i d s t a t e NMR, 138-140 

Cross-polarization/magic angle spinning 
(CP/MAS) carbon-13 NMR s t u d i e s , 
sediments from the Peruvian 
Upwelling Zone, 158-171 

Cross-shelf v a r i a t i o n s i n water 
p r o p e r t i e s , i n f l u e n c e on the 
d i s t r i b u t i o n of methane, 279,280f 

Cy c l i n g of s u l f u r , biogeochemical, r o l e 
of t h i o l s , 324-338 

D 

De-A-steranes, i n sediments, 46-48 
Decarboxylated mesopyropheophorbides, 

e l e c t r o n i c absorption s p e c t r a , 121f 

Decay constant f o r the s i g n a l 
i n t e n s i t y , carbon-13 NMR 
spectroscopy, 1 3 3 

Deoxomesopyropheophorbide-a, 119 
Deoxy sugars, i n sediments, 43-44 
Diagenesis 

c h l o r o p h y l l , 107-124 
c h l o r o p h y l l - a d e r i v a t i v e s , 123f 
d e f i n i t i o n , 159 
e a r l y , t e t r a p y r r o l e 

c h a r a c t e r i s t i c , 116 
short term, sedimentary l i p i d s and 

polysaccharides as 
i n d i c a t o r s , 33-59 

Diagenetic pathways f o r De-A-steroids 
and A-nor s t e r o i d a l 
hydrocarbons, 46-48 

Dibenzothiophene, sediment 
concentrations i n Lake 

algae, 3 l 6 , 3 l 8 f 
Dibromomethane, release to seawater 

from fucoid algae, 3 l 6 , 3 l 8 f 
Dichlorodiphenyldichloroethylene (DDE) 

d i s t r i b u t i o n s , estuarine 
sediments, 203 

DichlorodiphenyItrichloroethane (DDT) 
environmental degradation products, 
Lake P o n t c h a r t r a i n , 262-263f 

D i h y d r o a c t i n i d i o l i d e , i n 
sediments, 46,47f 

Dimethylpropiothetin (DMPT), as a 
precursor of t h i o l s , 330-331 

Di m e t h y l s u l f i d e , formation from 
DMPT, 330 

Dioxophorbide, e l e c t r o n i c absorption 
spectra, 123f 

Diphenyl mercury (DPM) 
adsorption isotherm, 372f 
adsorption onto sedimentary phases 

from seawater, 369-380 
c a l i b r a t i o n curves, 374f 

Di p o l a r dephased spectra 
i n t a c t sediments, Peruvian Upwelling 

Zone, 171f 
sea loch sedimentary humic a c i d , 136f 

Dipola r dephasing, use i n carbon-13 NMR 
spectroscopy, 133-137 

Discriminant f u n c t i o n score map of 
p y r o l y s i s mass spec t r a , sediment 
samples, 78f 

D i s s o c i a t i o n constants 
aminoacetic a c i d , 364 
o x a l i c a c i d , 364 

Dissolved methane i n the southeastern 
Bering Sea, seasonal 
c y c l e s , 272-294 

Dissolved s u l f u r i n s a l t marshes, 
s p e c i a t i o n , 340-353 
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D i s t r i b u t i o n patterns of compounds, 
information content, 34 

D i s u l f i d e s 
organic, polarography, 348,350 
reduction to t h i o l s , 334,335f 

Divalent r a d i o n u c l i d e s , binding to 
humic substances, 407 

Dredging-spoil dump s i t e s , 
c h a r a c t e r i z a t i o n of p a r t i c u l a t e 
organic matter, 76-89 

Ε 

Early diagenesis of organic carbon i n 
sediments from the Peruvian 
Upwelling Zone, 158-171 

E b u l l i t i o n , bubble, as a mod f 
methane input to the 
atmosphere, 309 

E l e c t r o n i c absorption spectra 
bacteriopheophytin-a, 117 f 
c h l o r i n , 121f 
decarboxylated 

mesopyropheophorbides, 121f 
pheophytin-a, 1 l 8 f 
sapropel e x t r a c t , 117Γ 
Synedra sp. e x t r a c t s , 112f 

Ele c t r o p h o r e s i s 
experimental c o n d i t i o n s , 390 
sample prepa r a t i o n , 390 

El e c t r o p h o r e t i c zones 
iron-55 i n 10$ seawater-humic a c i d 

systems, 399t,403t 
trace metal r a d i o n u c l i d e s i n seawater 

samples, 405 
Elemental analyses 

humic substances, 392t 
sedimentary organic matter, 96-97 

Epi p h y t i c source, of polybromomethanes 
i n seawater, 320-321 

E q u i l i b r i u m models, assessments of 
trace metals i n the 
environment, 358 

Estuarine sediments, l i p i d f r a c t i o n s , 
PCB and hydrocarbon 
d i s t r i b u t i o n s , 198-211 

Estuarine water, i n t e r a c t i o n of 
manganese-54 and humic 
substances, 407 

Estuary 
h i g h l y i n d u s t r i a l i z e d , fate of 

carbonized c o a l 
hydrocarbons, 215-227 

Rhine, sedimentation of p a r t i c u l a t e 
matter from f l u v i a l and marine 
o r i g i n , 76 

Exchange v e l o c i t y of methane, i n the 
southeastern Bering Sea, 288 

E x t r a c t i o n 
f u l v i c a c i d s , 143 
humic a c i d s , 143 

F 

Fatty a c i d s , i n North American basin 
cretaceous black shales, 97,101-104 

Flounder, Acushnet River estuary, 
PCBs, 179 

Fluoranthene-pyrene, sediment 
concentrations i n Lake 
P o n t c h a r t r a i n , 260-261f 

Fluorescence a n a l y s i s 
creosote sample, 223,224f 
f u e l o i l , 223,224f 
sediment samples from the E l i z a b e t h 

Flux of methane, i n the southeastern 
Bering Sea, 287-291 

Formation constant, mixed l i g a n d , 359 
F o s s i l f u e l s , as sources of 

methane, 309 
Free ligand concentrations, 

c a l c u l a t i o n s , 364 
Free l i p i d s of estuarine sediments 

c a p i l l a r y GC-ECD 
chromatograms, 203-205 

PCB and DDE d i s t r i b u t i o n s , 203 
PCB homolog compositions, 205 
pentachlorophenol 

d i s t r i b u t i o n s , 211 
saturated hydrocarbon 

d i s t r i b u t i o n s , 206 
Free PCB assemblages, estuarine 

sediments, sources, 205,206 
Freundlich isotherm, s o r p t i v e behavior 

of organic substances, 371 
Fucoxanthin as a p o s s i b l e precursor of 

l o l i o l i d e , 47f 
Fucus v e s i c u l o s i s , release of 

polybromomethanes to 
seawater, 314-321 

Fuel o i l , fluorescence a n a l y s i s , 223 
F u l v i c a c i d 

carbon - 1 3 NMR spec t r a , 134f 
c h a r a c t e r i s t i c s , 3 9 1 - 3 9 3 

e x t r a c t i o n , 143 , 3 9 1 
s o l i d s t a t e carbon - 1 3 NMR 

st u d i e s , I45,l46f 

G 

Gas chromatograms, saturated f r a c t i o n s 
of Lake P o n t c h a r t r a i n sediment 
samples, 256f 
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Gas chromatographic (GC) a n a l y s i s 
C h a r l o t t e Harbor samples, 234 
creosote sample, 2l8,219f,222 
d i s s o l v e d methane i n the southeastern 

Bering Sea, 273-274 
E l i z a b e t h River sediment 

sample, 2l8,221f,222 
methane isotopes, 299-301 
o i l s p i l l sample, 218,220,222 
PCBs i n the Acushnet River 

estuary, 174-195 
Gas chromatographic (GC) traces 

a l d i t o l a c e t a t e s obtained from S o l a r 
Lake sediment, 44f 

a l k y l g l y c e r o l f r a c t i o n of Wadden Sea 
anaerobic t i d a l f l a t 
sediment, 42f 

l i p i d s f r a c t i o n s of Rhodobactor 
s u l f i d o p h i l u s , 50f 

Gas chromatography-electro
de t e c t i o n (GC-ECD), a n a l y s i s of 
ch l o r i n a t e d compounds, 201 

Gas chromatography-flame i o n i z a t i o n 
d e t e c t i o n (GC-FID) chromatograms 

reference petroleum products, 236f 
saturated hydrocarbon f r a c t i o n s 

marine and c o a s t a l f l o r a , 237f 
sediments, 239-240f,242f 

Gas chromatography-mass spectroscopy 
(GC-MS) 

Charlotte Harbor samples, 234 
estuarine sediments, 201 

Geochemical i n d i c a t o r s i n sediments, 
molecular, 10-30 

Geochemistry, organic marine, 
overview, 1-5 

Geopolymers, formation from 
biopolymers, 159 

Geoporphyrins, d e s c r i p t i o n , 107,109 
Georgia estuary, phenolic and l i g n i n 

p y r o l y s i s products of p l a n t s , 
seston, and sediment, 62-74 

Glass c a p i l l a r y gas chromatograms, 
Ar o c l o r mixtures, 178f 

Global warming, c o n t r i b u t i o n of 
atmospheric methane, 297 

Glutathione 
o x i d i z e d , cleavage, 334,335f 
polarography, 344f,347-348 

Great Marsh, Delaware, s u l f u r 
s p e c i a t i o n i n the 
porewaters, 340-353 

Great Sippewissett, Cape Cod, s u l f u r 
s p e c i a t i o n i n the 
porewaters, 340-353 

Gypsum e x t r a c t of Sarsina sediment, GC 
tr a c e s , 55f 

H 

Half-wave p o t e n t i a l s , s u l f u r 
species, 347t 

Heavy metals, d i s t r i b u t i o n i n Lake 
P o n t c h a r t r a i n , 247-269 

Heptoses, i n sediments, 43-44 
Hexachlorophene, i n estuarine 

sediments, 207,210-211 
Hexadecanoic a c i d , i n c e l l 

membranes, 13 
High-coraplexation i n t e n s i t y systems, 

chemical s p e c i a t i o n , 358-368 
H o r i z o n t a l d i s t r i b u t i o n s of d i s s o l v e d 

methane i n the southeastern Bering 
Sea, 276 

Hudson Canyon, humin, 150 
Hudson River, PCB and hydrocarbon 

a n a l y s i s  203-211 

adsorption of DPM from seawater 
by, 375-376 

carbon-13 NMR, 134f 
c h a r a c t e r i s t i c s , 391-393 
estuarine sediments 

PCB and DDE d i s t r i b u t i o n s , 203 
pentachlorophenol 

d i s t r i b u t i o n s , 211 
saturated hydrocarbon 

d i s t r i b u t i o n s , 206 
e x t r a c t i o n , 143,391 
s o l i d s t a t e carbon-13 NMR 

st u d i e s , 145,147-149 
Humic substances 

carbon-13 NMR sp e c t r a , 132f 
e f f e c t s on plutonium s p e c i a t i o n i n 

marine systems, 382-387 
e x t r a c t i o n , 199 
formation, 389 
general d i s c u s s i o n , 2-4 
i n t e r a c t i o n with trace metal 

r a d i o n u c l i d e s , 389-410 
r e l a x a t i o n data, I40t 

Humin 
comparison to humic a c i d , 154-155 
d e f i n i t i o n , 149 
estuarine sediments 

c a p i l l a r y GC-ECD 
chromatograms, 203-205 

PCB and DDE d i s t r i b u t i o n s , 203 
PCB homolog compositions, 205 
pentachlorophenol 

d i s t r i b u t i o n s , 211 
saturated hydrocarbon 

d i s t r i b u t i o n s , 206 
s o l i d s t a t e c a rbon - 1 3 NMR 

st u d i e s , 149-154 
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Hydrocarbon(s) 
carbonized c o a l , fate i n a h i g h l y 

i n d u s t r i a l i z e d estuary, 215-227 
Charlotte Harbor samples, 2 3 3-234 
sediment concentrations i n Lake 

P o n t c h a r t r a i n , 258-259f 
Hydrocarbon contamination from c o a s t a l 

development, 229-245 
Hydrocarbon f r a c t i o n s 

d i s t r i b u t i o n i n sediments, 22-24 
e x t r a c t s of Sarsina sediment, GC 

tr a c e s , 55-56f 
Hydrocarbon i n d i c a t o r s , anthropogenic, 

i n sediments, 21-22 
Hydrogen-1 NMR 

a n a l y s i s of aquatic humic 
substances, 120,131f 

spectra of humic a c i d , 1 3 1 f 
H y d r o l y t i c species of i r o n , adsorptio

of humic substances, 408 
Hydrous oxide solid-phase adsorbents

e q u i l i b r a t i o n with a metal-ion 
adsorbate, 370 

Hydroxyl r a d i c a l s , r e a c t i o n with 
methane, 310 

Hypersaline d e p o s i t i o n a l sedimentary 
environments, c h a r a c t e r i s t i c s , 54t 

I 

Ice coverage, e f f e c t on methane 
production i n the southeastern 
Bering Sea, 293-294 

I d e n t i f i a b l e compounds, i n sediment 
from Lake P o n t c h a r t r a i n , 258-259f 

Incubation, s l u r r i e s o f 
sediment, 334,335f 

Inorganic-organic i n t e r a c t i o n s , general 
d i s c u s s i o n , 5 

Inorganic s p e c i a t i o n scheme of 
co p p e r ( I I ) , 3 6 1 - 3 6 2 

Inorganic s u l f u r species, s a l t 
marshes, 352-353 

I n t e n s i t y systems, high complexation, 
chemical s p e c i a t i o n , 358-368 

Interannual v a r i a t i o n s of d i s s o l v e d 
methane, 291-294 

Io n i c strength 
DPM-humic a c i d system, e f f e c t on 

adsorption constant, 375-376 
supporting medium, e f f e c t on 

adsorption constant, 370 
Iron 

concentrations i n n a t u r a l 
waters, 407-408 

h y d r o l y t i c species, adsorption of 
humic substances, 408 

Iron-55, i n t e r a c t i o n w i th humic 
substances, 397,399-403 

I s o h a l i n e s , Lake P o n t c h a r t r a i n 
samples, 254,255f 

Isotope r a t i o mass spectrometer, 
methane i s o t o p i c a n a l y s i s , 299-301 

I s o t o p i c a n a l y s i s , to determine 
sources of organic matter i n 
Georgia e s t u a r i e s , 62-63 

I s o t o p i c composition, atmospheric 
methane, 308-310 

Κ 

Ketone-carboxylic a c i d f r a c t i o n , 
d i s t r i b u t i o n i n sediments, 24,25f 

L 

d i s t r i b u t i o n of trace organics, heavy 
metals, and conventional 
p o l l u t a n t s , 247-269 

Langmuir isotherm, determination of 
adsorption constant values, 370 

Lead, sediment concentrations i n Lake 
P o n t c h a r t r a i n , 266-267f 

Lead-210, binding with humic 
substances, 394f 

Ligand(s), e f f e c t on adsorption constant 
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