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F O R E W O R D 

A D V A N C E S IN C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d c o l 
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed c r i t i ca l ly accord ing to A C S 
ed i tor ia l standards a n d receive the care ful attention a n d proc 
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r ig ina l contr ibutions 

not p u b l i s h e d elsewhere i n w h o l e or major par t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia may e m 
brace b o t h types of presentation. 
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PREFACE 

he hydrologist o rd inar i l y needs no reminder that fresh water i n 
natura l environments is i n constant c i r cu la t i on a n d that his b r a n c h 

of science requires methods of study appropriate to d y n a m i c systems. 
T h e chemist w h o is concerned w i t h water qua l i ty , however , m a y tend to 
underemphasize the importance of the mot ion of water i n understanding 
its chemistry. C e r t a i n l y he most often sees only smal l segments of the 
system, h e l d capt ive a n d i m m o b i l e i n water sample bottles. A l t h o u g h 
there is no reason chemica l e q u i l i b r i u m cannot be established i n d y n a m i c 
systems as w e l l as i n static ones, an e q u i l i b r i u m or even a steady-state 
cond i t i on does require a certain length of t ime to become established. 
Before an intel l igent decis ion can be made as to whether a chemica l 
system is l ike ly to be near e q u i l i b r i u m , one needs to know, at least 
approximate ly , bo th the rates of the chemica l reactions i n v o l v e d a n d 
the rate of movement of water w i t h respect to other materials par t i c ipat 
i n g i n the reaction. F r o m the latter rate, the length of t ime avai lable 
for equ i l ibra t i on to occur can be estimated a n d compared w i t h the t ime 
requ i red for a reasonably close approach to e q u i l i b r i u m . 

A l t h o u g h the need for k n o w i n g something about these k inds of rates 
seems obvious, the amounts of d i rec t ly app l i cab le in format ion on react ion 
kinetics is meager a n d very f ew chemica l studies have taken water c i r c u 
lat ion rates into careful consideration. Sure ly a stronger emphasis on 
such w o r k w i l l be needed i n order to understand the chemistry of r ivers , 
lakes, a n d underground water. O n e of the objectives of the sympos ium 
f rom w h i c h the papers i n this vo lume come was to emphasize these 
points. 

I n general , the papers w h i c h make u p this vo lume represent w o r k 
that is be ing done t o w a r d understanding the chemistry of na tura l aqueous 
systems wi thout t r y i n g to fit them to s imple e q u i l i b r i u m models . A broad 
spectrum of subject matter is covered. Some papers concern field study 
a n d others present results of laboratory invest igat ion of synthetic so lu
tions. A few of the papers emphasize theoret ica l aspects almost exc lu 
sively but most are based on current research a n d demonstrate techniques 
a n d approaches that should a i d other practit ioners i n the field of water 
chemistry. 

It is certainly trite to point out the in terd i s c ip l inary nature of sc ien
tific studies of natura l water. O n e purpose of the sympos ium where these 
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papers were presented, however , was to b r i n g together some of these 
different specialists a n d exchange points of v i e w on shared concerns 
w i t h the aquat ic environment. 

T h e reader of this vo lume m a y possibly d r a w the conclusion that 
progress to date i n our app l i ca t i on of n o n e q u i l i b r i u m approaches has 
been d i smal ly smal l . There is considerable justif ication for such a con
c lus ion , but progress is be ing made, nonetheless. A l t h o u g h m u c h can 
st i l l be learned b y app l i cat ion of e q u i l i b r i u m models , one must be w a r y 
of overs impl i f icat ion of the complexit ies of the r ea l w o r l d . It w i l l be 
necessary eventual ly to accept the existence of the compl icat ions a n d 
prepare to dea l w i t h them. These papers should he lp p u t into proper 
levels of importance such factors as the s low and u n k n o w n rates of m a n y 
important chemica l reactions and the influence of water movement , m i x 
ing , a n d c i r cu lat ion on the composit ion of water bodies. Instances of 
progress i n study of details of the chemistry of certain specific s imple 
systems w h i c h are i n c l u d e d i n some of the papers m a y stimulate w i d e r use 
of n o n e q u i l i b r i u m approaches. I n future symposia l ike this one, one m a y 
hope rea l progress w i l l be documented . 

T h e assistance of the authors whose papers are i n c l u d e d a n d of 
others w h o have a ided i n their preparat ion and pub l i ca t i on is grateful ly 
recognized. 

J O H N D . HEM 

U . S . Depar tment of the Interior 
Geo log i ca l Survey 
M e n l o Park , C a l i f o r n i a 94025 
October 1970 
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1 

Chemostasis and Homeostasis in 
Aquatic Ecosystems; Principles of 
Water Pollution Control 

W E R N E R STUMM 1 and E L I S A B E T H STUMM-ZOLLINGER 2 

Laboratories of Appl ied Chemistry and Appl ied Biology, respectively, Harvard 
University, Cambridge, Mass. 

In view of man's inability to adapt to major environmental 
changes, pollution is equated with disturbance of ecological 
balance and loss of stability. Increasing the chemical diver
sity (number of components and phases) makes an equilib
rium system more resistant toward external influences im
posed on the system. In an ecosystem, its members are 
interlocked by various feedback loops (homeostasis) and 
thus adapted to coexistence for mutual advantage; increased 
diversity makes the system less subject to perturbations and 
enhances its survival. Because various kinds of disturbance 
cause similar patterns of change in aquatic ecosystems and 
affect their stability in a predictable way, general measures 
of pollution control beyond those of waste treatment can be 
outlined which mitigate the conflict between resource ex
ploitation and protection of natural waters. 

understanding of the chemistry a n d b io logy of na tura l waters is a 
prerequisite for a n understanding of the ways the environment is 

affected b y man's po l lu t i on . I n a b road sense, po l lu t i on has been char 
acter ized as an alterat ion of m a n s surroundings i n such a w a y that they 
become unfavorable to h i m a n d to his l i fe . T h i s character izat ion impl ies 
that po l lu t i on is not solely caused b y contaminants or pol lutants a d d e d 
to the environment but can also result f rom other direct or indirect con
sequences of man's act ion. 

1 Present address: Swiss Federal Institute of Technology, (ΕΤΗ), CH Zürich, 
Switzerland. 

2 Present address: CH 8700 Küsnacht, Switzerland. 
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2 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

M A N A G A I N S T N A T U R E . M a n is an integra l part of the ecosystem; 
despite l oca l i zed large popu la t i on densities, m a n as the h u m a n a n i m a l 
p lays a re lat ive ly m ino r role i n the phys io logy of the ecosphere. Domest i c 
waste a n d garbage represent a very smal l f ract ion of the total detritus 
produced b y organisms. W i t h i n the biosphere, the energy i n v o l v e d i n 
man's metabo l i sm ( 2 χ 1 0 1 5 K c a l per year ) m a y be compared w i t h p r i 
m a r y product iv i ty— i . e . , the energy fixed b y a l l the plants ( ^ - Ί Ο 1 8 K c a l 
per y e a r ) . These estimates are based on a da i l y per capi ta consumpt ion 
of 2000 K c a l a n d a p r i m a r y p r o d u c t i v i t y of 1 0 1 6 moles year" 1 of carbon ( 1 ). 
I f evenly d i s t r ibuted over the w o r l d , man's wastes have a neg l ig ib le effect 
on the energy transfer of the ecosphere. Domest i c wastes cause l oca l i zed 
or temporary unfavorable env ironmenta l alterat ion only where they are 
d ischarged i n h i g h concentration. O n the other h a n d , m a n , as an i n v e n 
t ive inte l lec tual be ing , w i t h his capac i ty of m a n i p u l a t i o n a n d dominance 
dissipates 10 to 2 0 t imes ( i n the U S A , 5 0 to 100 t imes ) as m u c h energy 
as he requires for his metabol ism. T h e stress imposed u p o n the env iron
ment as a direct or ind irect result of this energy diss ipat ion outweighs b y 
far the disturbances caused b y the d isposal of domestic wastes. 

I n what w a y does energy diss ipat ion cause po l lut ion? O b v i o u s l y , 
smoke, sul fur d iox ide , excess heat a n d water loss b y evaporation, spi l lage 
of o i l , pesticides, a n d other petrochemicals into fresh water a n d oceans, 
a n d the leakage of fert i l izers f rom l a n d into the water are some of the 
byproducts of power consumpt ion a n d cu l tura l development. A g r i c u l t u r e , 
forestry, geological explo i tat ion, construct ion of dams, manipulat ions of 
the landscape, u r b a n construct ion, a n d other means of c i v i l i z a t i o n counter
act the forces of natura l selection; they affect the so-cal led balance of 
nature a n d interfere w i t h b io log i ca l relationships. M o s t of the energy 
u t i l i z e d b y our industr ia l society for its o w n advantage u l t imate ly causes 
a s impl i f i cat ion of the ecosystem—specif ical ly , a reduct ion of the food 
w e b a n d a shortening of the food c h a i n ( 2 ) . T h e less complex a natura l 
ecosystem, the less stable a n d the more l iab le it is to perturbations a n d 
to catastrophe. M o s t of our concern, thus, should be w i t h this s impl i f i ca 
t i on of the ecosystem a n d w i t h the concomitant lack of balance and 
stabi l i ty . 

Instability as a Measure of Pollution. M a n ' s ab i l i t y to adapt to a 
chang ing environment is very l i m i t e d because the range of phys io log i ca l 
adaptat ion is narrow a n d evolut ionary adaptat ion is slow. W h e n m a n 
evolved , he f o u n d a stable environment capable of resist ing change a n d 
perturbat ion . T h e chemica l composit ions of the various oceans are qui te 
s imi lar a n d have probab ly been essentially constant for the last 100 
m i l l i o n years. S i m i l a r l y , the composi t ion of the atmosphere has remained 
unchanged , a n d c l imat i c variat ions have been extremely slow. I n the 
integrated g l oba l ecological system, w e have a r emarkab ly wel l -estab-
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 3 

l i shed balance of produc t i on a n d destruct ion of organic mater ia l as w e l l 
as of produc t i on a n d consumpt ion of 02, p r o v i d i n g a constant surplus of 
0 2 i n the atmosphere. I n v i e w of man's inab i l i t y to adapt to major 
env ironmenta l changes, p o l l u t i o n m a y be interpreted as a disturbance i n 
the ecological balance caus ing loss of s tabi l i ty of the environment . 

O B J E C T I V E S . It is the objective of this presentation to rev iew some 
of the chemica l a n d b io log ica l factors that regulate the composi t ion of 
natura l waters, to i l lustrate the variables a n d modes b y w h i c h stabi l i ty 
is i m p a r t e d to natura l systems, to interpret p o l l u t i o n i n terms of d i s turb 
ance of ecological balances a n d mi t igat ion of ecosystem stabi l i ty , a n d to 
discuss some means of water po l lu t i on contro l beyond those of waste 
treatment. 

Chemical Factors Regulating the Composition of Natural Waters 

Terres tr ia l waters vary i n c h e m i c a l compos i t ion ; these variat ions can 
be understood, at least part ia l ly , i n terms of the different histories of the 
waters. A p p r e c i a t i o n of some of the pert inent reactions b y w h i c h natura l 
waters acquire their characteristics can be obta ined b y c a r r y i n g out some 
s imple imag inary experiments ( F i g u r e l a ) . M i n e r a l s are m i x e d w i t h 
d i s t i l l ed water a n d exposed to an atmosphere conta in ing C O * . Congruent 

Atmosphere 

IONS, 
MOLECULES 
(DISPERSED 
SOLO PHASES) 

COMPOUNDS, 
IONS 
(INCLUSION 
WATERS) (b) 

MATERIAL „ . 
OUTFLOWS . Ot 
FROM 
SYSTEM m 0. 

CHEMICAL REACTIONS 

OUttCT CHCUKAL _ 
WOWCCT CXWCM. «FlUCNCf S 

PÇOg pco2 

Controlling Controlled 
System System 

pco2 

Figure 1. Generalized models for description of natural water systems 

(a) Mixing rocks, water, and atmosphere 
(b) Equilibrium models establish boundary conditions toward which aquatic en

vironments must proceed, however slowly 
(c) Steady state model permits the description of the time-invariant conditions of 

dynamic and open systems 
(d) Living systems are controlled by negative feedback (homeostasis) 
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4 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

a n d incongruent dissolution reactions (weather ing reactions) take place 
because m a n y constituents of the earth's crust are thermodynamica l ly 
unstable i n the presence of water a n d the atmosphere; for example : 

C a C 0 3 ( s ) + H 2 0 = Ca 2 + + H C 0 8 - + O H ~ 
Ca l c i t e 

CaCOs(s ) + H 2 C 0 3 * = C a 2 + + 2 H C 0 3 " 

N a A l S i 8 0 8 ( s ) + H 2 0 
= Na+ + O H - + 2 H 4 S i 0 4 + lA A l 2 S i 2 0 5 ( O H ) 4 ( s ) 

A l b i t e K a o l i n i t e 

N a A l S i 3 0 8 ( s ) + H 2 C 0 3 * + H 2 0 
= Na+ + H C O r + 2 H4S1O4 + lA A l 2 S i 2 0 5 ( O H ) 4 ( s ) 

C a A l 2 S i 2 0 8 ( s ) + 3 H 2 0 = C a 2 + + 2 O H " + A l 2 S i 2 0 5 ( O H ) 4 ( s ) 
A n o r t h i t e K a o l i n i t e 

C a A l 2 S i 2 0 8 ( s ) + 2 H 2 C 0 3 * + H 2 0 
= C a 2 + + 2 H C 0 3 ~ + A l 2 S i 2 0 5 ( O H ) 4 ( s ) 

3 C a 0 . 3 3 A ] 4 . 6 7 S i 7 . 3 3 ( O H ) 4 ( s ) + 2 H 2 C 0 3 * 
= C a 2 + + 2 H C 0 3 " + 8 H 4 S i 0 4 + 7 A l 2 S i 2 0 5 ( O H ) 4 ( s ) 

M o n t m o r i l l o n i t e K a o l i n i t e 

Recogni t i on of the chemica l processes invo lved permits identi f icat ion 
of the variables a n d mechanisms that regulate a n d contro l the m i n e r a l 
composit ion of natura l waters. W i t h the help of e q u i l i b r i u m constants 
for the pert inent reactions, boundary condit ions towards w h i c h aquat ic 
environments must proceed can be established. 

W e can also carry out our imag inary experiment b y m i x i n g rocks 
w i t h water i n a closed bottle, where we leave a l i t t le space at the top for 
the atmosphere. A s ep i tomized b y Sillén (3 ) a n d m a n y other researchers 
( 4 ) , such a closed r o c k - w a t e r - a t m o s p h e r e system constitutes a s impl i f ied 
but representative m o d e l of what has fittingly been ca l led "spaceship 
earth . " I n an e q u i l i b r i u m system, the concentration of inorganic solutes 
(ocean) a n d the C 0 2 pressure i n the gas phase (atmosphere) are p r i 
m a r i l y regulated b y the heterogeneous reactions invo lv ing carbonates and 
various a l u m i n u m silicates, thus i l lustrat ing p laus ib ly that the C O 2 con
tent of the atmosphere is regulated at the sea-sediment interface. T h e 
vo lume proportions in this m o d e l ( F i g u r e l a ) appear unrelated to the 
real system, but metaphor i ca l ly the idea of a "gas b u b b l e " is reflected 
i n the mass proport ion of C 0 2 i n the geosphere; for every C atom i n the 
atmospace, there are about 60 C atoms ( mostly as HCO3" ) i n the hydro -
space and about 40,000 C atoms ( large ly as C 0 8

2 " ) i n the sediments (4). 
Buffering. Heterogeneous dissolut ion a n d prec ip i tat ion reactions are 

the p r i n c i p a l p H buffer mechanisms i n natura l waters. It has been shown 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 5 

that the buffer intensity of heterogeneous systems is m u c h larger than 
that of a homogeneous so lut ion; for example, the buffer intensities at 
p H = 8 of anor th i te -kao l in i te a n d of C a C O a - C 0 2 ( 10~ 3 5 a tm) suspen
sions at hypothet i ca l e q u i l i b r i u m are, respectively, 3000 a n d 30 times 
larger than that of a 10" 3 M H C C V solution (4, 5 ) . I n a s imi lar w a y , as 
[ H + ] is kept constant b y heterogeneous e q u i l i b r i u m , the concentrations 
of other cations a n d anions i n natura l waters are buffered b y heteroge
neous reactions. A water that is i n e q u i l i b r i u m w i t h so l id C a C O ^ w i l l 
tend to mainta in a rather constant p C a even i f C a 2 + is introduced to the 
water f rom external sources. 

A t e q u i l i b r i u m , the G i b b s phase rule restricts the number of 
independent variables. It is the basis for organiz ing a n d interpret ing 
e q u i l i b r i u m models. A few simple e q u i l i b r i u m systems ( F i g u r e l b ) 
are considered i n T a b l e I. T h e y are constructed b y incorporat ing the 
specific components into closed systems a n d by spec i fy ing the number 
of phases to be inc luded . T h e phase rule restricts the number of inde 
pendent variables ( degrees of freedom ), F , to w h i c h one can assign values 
on the basis of the number of components, C , a n d of phases, P: 

F — C + 2 - P. (2) 

I n T a b l e l b , models conta in ing ident i ca l components but di f fer ing 
w i t h respect to the number of phases are compared w i t h each other. A n 
increase i n F must be accompanied by a decrease i n F . T h e activit ies i n 
the system, such as number 3 or 5, remain constant a n d independent of 
the concentration of the components as long as the phases coexist i n e q u i 
l i b r i u m . In M o d e l 6, only one degree of freedom remains for the g iven 
number of components and phases; then Ρ Γ θ 2 i n the gas phase of the 
m o d e l w i l l be determined b y the e q u i l i b r i u m a n d cannot be var i ed 
(manostat ) . T h e models g iven i n T a b l e I can be enlarged; the add i t i on 
of each add i t i ona l component to an e q u i l i b r i u m system must result i n 
either a new phase or an add i t i ona l degree of freedom. Sillén ( 3 ) , w h o 
demonstrated the relevance of e q u i l i b r i u m models , has proposed e q u i 
l i b r i u m systems of different complexi ty as models for the composit ion of 
the ocean a n d the atmosphere. 

M I N I M I Z I N G E X T E R N A L D I S T U R B A N C E . T h e displacement of a chem
i ca l e q u i l i b r i u m b y a change of the parameters (act iv i ty , pressure, tem
perature) on w h i c h e q u i l i b r i u m depends is independent of the path of 
the change, but thermodynamica l ly one can predic t the sign of the dis 
placement. T h e pr inc ip le of L e C h a t e l i e r has been expressed qual i tat ive ly 
as fo l lows: " A system tends to change so as to m i n i m i z e the external 
stress." A s we have seen, for a g iven number of components the number 
of independent variables is smaller, the larger the number of coexisting 
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NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table I. Equilibrium Models; 

a: C02 and CaCOz Solubility Models 

1 2 3 

Aqueous Solution 
Aqueous Solution Aqueous Solution C02(g) 

Phases C02(g) Calcite(s)d Calate(s) 

Ρ 2 2 3 
Components H 2 0 , C 0 2 H 2 0 , C 0 2 , C a O H 2 0 , C 0 2 , C a O 

C 
F 
V a r i a b l e s ' 

C o m p o s i t i o n 
p H 
p H C 0 3 -
p C a 
p H 4 S i 0 4 

2 
2 

t = 25°C 
•log pco2 = 3.5 

5.7 
5.7 

3 
3 

t = 25°C 
— log ρ = 0b 

[Ca2+] = C V 

9.9 e 

4.1 
3.9 

3 
2 

t = 25°C 
-log Pco2 = 3.5 

8.3 
3.0 
3.3 

α From Stumm and Morgan (1). 
6 H2CO3* is treated as a nonvolatile acid. The system is under a total pressure of 1 

atm. 
c By specifying pco*, the total pressure ρ is determined (P = pco2 + pH2o). For the 

calculation, constants valid at Ρ = 1 atm were used. 

phases. T h e s imple e q u i l i b r i u m system C a C 0 3 , H 2 0 , C 0 2 w i t h three 
phases ( N o . 3, T a b l e I ) has an infinite buffer intensity w i t h regard to 
d i l u t i o n ( H 2 0 ) a n d to the add i t i on of the base C a ( O H ) 2 or the a c i d 
C 0 2 ; i.e., the system ( as l ong as the three phases coexist i n e q u i l i b r i u m ) 
resists attempts to per turbat ion caused b y the add i t i on (or w i t h d r a w a l ) 
of components of the system. H e n c e , increasing the number of compo
nents a n d phases—i.e., increasing the chemica l d ivers i ty—makes the sys
tem more resistant t o w a r d a larger n u m b e r of external influences imposed 
on the system a n d hence less subject to perturbations result ing f rom 
external stresses. 

Steady State. I n contrast to the models discussed above, natura l w a 
ters are systems open to their environment , a n d m u c h of their chemistry 
depends on the kinetics of phys i ca l a n d chemica l processes. If, i n such a 
system, input is ba lanced b y output , a steady state cond i t i on is attained, 
a n d the system remains unchanged i n t ime. Such a t ime- invar iant con-
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 

Application of Phase Rule" 

b: Aluminum Silicates and CaCOz 

Aqueous Solution 
C02(g) 

Kaolinite 
Ca-montmorillonite 

H 2 0 , C 0 2 , C a O 
A 1 2 0 3 , S i 0 2 

5 
3 

t = 25°C 
- l o g pco2 = 3.5 

8[Ca 2+] = [ H 4 S i 0 4 ] d 

Aqueous Solution 
C02(g) 

Kaolinite 
Ca-montmorillonite 

Calotte 

5 
2 

t = 25°C 
•log pcoo = 3.5 

Aqueous Solution 
C02(g) 

Kaolinite 
C a-montmorillonite 

Calcite 
Ca-feldspar 

6 

5 
1 

t = 25°C 

7.4 8.3 9.0 
3.9 3.0 3.4 
4.2 3.3 3.7 
3.2 3.6 3.7 

- l o g Pco2 = 4.5 
d This additional constraint is necessary for defining the system; other conditions 

could be specified. 
e pCOz2~ = 4.4. 

d i t i on of a chemica l react ion system represents a convenient idea l i zed 
m o d e l of a natura l water system. W h i l e an e q u l i l i b r i u m system at con
stant temperature a n d pressure is character ized b y a m i n i m u m i n the 
G i b b s free energy, energy is r equ i red for the maintenance of the steady 
state (6, 7 ) . -

Because the sea has remained constant i n its composit ion for the 
recent geologic past, it has been descr ibed p laus ib ly i n terms of a steady 
state mode l . F o r a steady state ocean, for each element, E, the equat ion 
(d [£ ] /d t ) input = ( d [ E ] / d t ) sedimentation can be wr i t ten . Because the rate 
of sedimentation is contro l led largely b y the rate at w h i c h an element is 
converted (prec ip i tat ion , i on exchange, b i o l og i ca l ac t iv i ty ) into an i n 
soluble a n d settleable f o rm, the residence t ime is affected by the readiness 
of the elements to react. Hence , elements that are h i g h l y oversaturated 
(e.g., A l , F e ) have detention times that correspond to the t ime necessary 
for ocean m i x i n g ( ~ 1 0 3 years ) . O n the other h a n d , elements w i t h l ow 
react iv i ty such as N a or L i have very long residence times — 1 0 8 years) 
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8 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

that are perhaps w i t h i n one or two orders of magni tude of the age of the 
ocean. 

Steady state models can also a i d i n understanding fresh water systems 
( F i g u r e l e ) . A presupposit ion of steady state frequently permits the 
quant i tat ive evaluat ion of processes such as exchange reactions between 
atmosphere a n d ground waters, m i x i n g relations, l imno log i ca l transforma
tions of constituents (see F i g u r e 4 ) , a n d loca l hydro log i ca l cycles. 

E v e n h i g h l y d y n a m i c natura l water systems m a y be at e q u i l i b r i u m 
w i t h respect to certain processes; this depends on the t ime scale of the 
process. H e n c e , there always exist i n natura l waters regions or env i ron 
ments that are l oca l ly at e q u i l i b r i u m , even though gradients exist through
out the system as a whole . 

Regulation in Ecosystems 

R e t u r n i n g to our imaginary closed-bottle experiment, we may expose 
the bottle i n w h i c h we mixed rocks w i t h water to some l ight . There w i l l 
n o w be a flow of energy through the system. If the bottle contains or
ganisms, our m o d e l ( F i g u r e l a ) becomes a microcosmos; a smal l por t ion 
of the l ight energy is used i n a lga l photosynthesis a n d becomes stored 
i n the form of organic mater ia l . Some of the organic matter becomes 
ox id ized , l i berat ing energy i n order to support the l i fe processes (ass im-

•H6-. 

Kcal Ε 

Figure 2. Photosynthesis and biochemical cycle 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 9 

i l a t i on ) of heterotrophic organisms (consumers a n d decomposers) ( F i g 
ure 2 ) . Organisms a n d their ab io t i c environment are interre lated a n d 
interact u p o n each other. 

T h e maintenance of l i fe resul t ing f rom solar energy ( photosynthesis ) 
is the m a i n cause for n o n e q u i l i b r i u m condit ions ( F i g u r e 2 ) . Photosyn
thesis m a y be conce ived as a process p r o d u c i n g l o ca l i zed centers of h i g h l y 
negative pc (p« = —log electron ac t iv i ty ) a n d oxygen ( h i g h pc ) . T h e re 
d u c e d components (organic compounds ) a n d the equiva lent ox idat ion 
products ( 0 2 ) become p a r t i a l l y stored—e.g., i n the sediments a n d i n the 
atmosphere -hydrosphere , respectively. T h e nonphotosynthet ic organisms 
tend to restore e q u i l i b r i u m b y cata lyt i ca l ly decomposing the unstable 
products of photosynthesis through energy -y ie ld ing redox reactions, 
thereby obta in ing a source of energy for their metabol i c needs. T h e 
sequence of redox reactions observed i n a n aqueous system as a funct ion 
of pc values ( p H = 7 ) is also ind i ca ted i n this figure. 

Energy WASTE 

Photosynthesis 
Ρ 

Production of 
Organic Materiol 

Nutrients^ 

0 2 

Respiration 
R 

Destruction of 
Organic Materiol 

CO2 Energy 

Distance 

Figure 3. Balance between photosynthesis and 
respiration 

A disturbance of the P-R (photosynthesis-respiration) 
balance results from vertical (lakes) or longitudinal 
(rivers) separation of Ρ and R organisms. An unbal
ance between Ρ and R functions leads to pollutional 
effects of one kind or another: depletion of 0> if 
Ρ < R or mass development of algae if production 
rates become larger than the rates of algal destruction 

by consumer and decomposer organisms (R < P). 

Because of the energy flow through the bottle , its contents cannot 
be i n e q u i l i b r i u m , but u p o n cont inued exposure to solar energy, eventual ly 
a steady state balance between produc t i on a n d destruct ion of organic 
mater ia l as w e l l as produc t i on a n d consumpt ion of 0 2 w i l l be atta ined 
( F i g u r e 3 ) . A t steady state, a constant surplus of 0 2 ( equiva lent to the 
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10 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

reduced organic matter present) prevai ls i n the gas a n d solut ion phase. 
W e recognize f rom our experiment that a system conta in ing l i v i n g things 
extracts energy f r om the stream of rad ia t i on a n d uses this energy to or
ganize the system—i.e., the input of solar energy is necessary to m a i n t a i n 
l i f e — a n d that the flux of energy through the system is accompanied b y 
cycles of water , nutrients , a n d of other elements ( hydrogeochemica l 
cyc les) a n d b y cycles of l i fe through different t rophic levels. T h u s , an 
eco logical system m a y be def ined (8) as a un i t of the environment that 
contains a b io log i ca l c o m m u n i t y ( p r i m a r y producers , various t rophic 
levels of consumers a n d decomposers) i n w h i c h the flow of energy is 
reflected i n the t rophic structure a n d i n mater ia l cycles. 

I n an ecosystem, the energy flow f rom a source to a s ink m a y lead 
to an entropy decrease i n the intermediate system. I n a statist ical sense, 
entropy is a measure of disorder. T h e second l a w of thermodynamics 
demands that any spontaneous process be accompanied b y an increase 
i n entropy— i .e . , dS ( source,sink ) - f dS ( ecosystem ) ^ 0. B u t because 
dS(source , s ink) > 0, the entropy of the ecosystem m a y decrease: 
—dS(ecosystem) ^ dS (source , s ink ) . T h i s decrease is reflected i n the 
order ing of the ecosystem a n d the presence of such h i g h l y improbab le 
aggregations of energy as l i v i n g beings ( 9 ) . T h e i r organizat ion has been 
a c q u i r e d at the expense of an increase i n entropy of the environment. 
T h u s , the ecosystem m a y be regarded as an "entropy p u m p " w h i c h em
ploys high-grade solar energy to dissipate excess entropy, thereby m a i n 
ta in ing its phys i ca l integr i ty ( 1 0 ) . 

Interaction Between Organisms and Abiotic Environment. Steady 
state models m a y be a p p l i e d to recognize a n d evaluate factors that regu
late the interact ion between b iot i c a n d abiot ic variables . F o r example, 
the g rowth rate of organisms ( e.g., bacter ia d B / d t = μΒ, where μ is the 
net g r o w t h rate constant ( t i m e - 1 ) , is determined i n a complete ly m i x e d 
system b y the h y d r a u l i c detention t ime, Γ Η 2 ο — μ" 1, because at steady 
state, the g r o w t h of the organisms, μΒ, is equa l to the outflow of organisms 
Β/ΓΉ20. 

A n o t h e r example is i l lustrated i n F i g u r e 4, where some of the i m p o r 
tant steps i n the l imno log i ca l transformation of phosphorus i n a lake are 
character ized i n terms of a steady state m o d e l (4). T h e m o d e l simulates 
a rea l system b y g i v i n g a hypothet i ca l balance of the abundance of Ρ i n 
various forms a n d of the exchange rates. T h e cyc le of phosphorus is de
t e rmined largely b y regeneration of Ρ f rom biota . P r i m a r y product i on 
depends to a large extent on the supp ly of Ρ to the trophogenic layer. F o r 
deeper lakes, the rate of supp ly f rom sediments is smal l i n comparison 
w i t h the supp ly b y the h y p o l i m n i o n a n d b y the in t roduct ion of Ρ f rom 
waste a n d drainage. A significant f ract ion of Ρ in t roduced into the lake 
is i r re tr ievably lost to the sediments. 
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1. S T U M M AND S T U M M-ZOLLINGER Water Pollution Control 11 

Soluble 
2 

I Bocterio 
0.1 

„ Phytoplonkton 
60 

Detrital Biomass 
3? Herbivores 

Detrital Biomass 
Benthol orgonisms 

700 

FeP04,AIP04, Ç a » (P04)e<0H)2 

Clay * phosphate 

50,000 I 

- e » O I 

-»» 14 
Epilimnion 

Figure 4. Simplified steady state model 
describing important steps in the lim-
nological transformations of Ρ in a lake 

The numbers in the boxes are μg Ρ per liter 
lake volume and the numbers on the arrows 
give exchange rates in μg Ρ per liter lake 

volume per day 

T h e dynamics of the transformations, especial ly the rate of regen
eration of nutrients f r om phytop lankton , detr itus , a n d sediments a n d the 
rate of supp ly of soluble phosphorus to the algae, are often more i m p o r 
tant i n determin ing produc t iv i ty than the concentrat ion of soluble Ρ or 
the quant i ty of total Ρ present. Va lues g iven i n F i g u r e 4 for abundance 
of Ρ i n various forms, a n d for exchange rates, have been chosen so as to 
be compat ib le w i t h rea l systems as reported b y various investigators; 
residence times, [ P ] / ( d [ P ] / d t ) , for soluble Ρ a n d for Ρ i n organisms 
are w i t h i n the range of observed values. A t best, this m o d e l simulates 
a rea l system to an approximate degree; its m a i n purpose is to offer i n 
sight into some attributes a n d dominant regulatory forces operat ing i n 
the rea l system. M a n i p u l a t i n g the values (e.g., waste i n p u t ) w i t h i n the 
proper constraints helps i l lustrate how real systems behave. 

A fanc i fu l analogy of the ear ths surface geochemical system to a 
giant chemica l engineer ing p lant has been suggested b y L o t k a (11) and , 
qui te recently, b y Siever (12) a n d others. F i g u r e 5 gives Siever's recent 
summary of the m a i n regulatory processes. A s he points out, the pro 
vocative feature of this hypothet i ca l chemica l engineering p lant that de
scribes the surface of the earth is that one can readi ly see the m u l t i p l i c i t y 
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12 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

of valves a n d switches that control the system a n d the ease w i t h w h i c h 
this system m a y be subject to some k i n d of per turbat ion i f there are v i o 
lent movements of any one of the switches. O f par t i cu lar concern are the 
gas regulators of the C 0 2 a n d 0 2 tanks. T h e 0 2 tank regulator appar 
ently is governed dominant ly b y photosynthesis a n d only secondari ly b y 
weather ing ; the C 0 2 - r e g u l a t i n g system probab ly is contro l led m u c h more 
b y the weather ing system than i t is b y photosynthesis. 

Homeostasis. A n y o n e w h o tries to regulate a chemica l react ion sys
tem b y a mul t i tude of valves or switches ( F i g u r e 5 ) soon becomes frus
trated w i t h the instab i l i ty of his exper imental system a n d apprec iat ive of 
automatic contro l devices ( servo systems ). F o r example, for the external 
contro l of preselected p H a n d C 0 2 ac t iv i ty , an automatic t itrator ( p H — 
stat) can be used to dose cont inuously a n d automat ica l ly the quant i ty 
of C 0 2 w h i c h is necessary to ma inta in constant p H . F e e d b a c k is an 
essential feature of such a contro l system; there are essentially two major 
components, a contro l l ing system ( error detector ) a n d a contro l led system 
(13) ( F i g u r e I d ) . 

F r o m the contro l led system, a s ignal is supp l i ed via feedback loop to 
the error detector w h i c h generates an error s ignal w h i c h i n t u r n adjusts 
the value that controls the C 0 2 supply to the reactor. T h e same k i n d of 
cybernet ic mechanism prevai ls at the leve l of the i n d i v i d u a l organism 

Figure 5. Siever's (12) steady state model of the ocean 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

01



1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 13 

as w e l l as i n groups of organisms a n d i n entire ecological systems. T h e 
w o r d "homeostatic" has been used to indicate constancy mainta ined b y 
negative feedback. A l i v i n g species adapts to diverse a n d various env i ron 
ments b y two methods : genetic spec ia l izat ion a n d adapt ive p last i c i ty of 
the phenotype (14). T h i s latter type of adaptat ion , whereby a species 
adjusts successfully to a spectrum of environments, occurs b y homeostatic 
mode. In format ion concerning the effects of an organism's o w n actions 
on a var iab le of the system is perce ived a n d fed back to the organism, 
thereby a l ter ing its subsequent performance. P o p u l a t i o n homeostasis re 
quires a s imi lar feedback of in format ion on whether the system is i n 
balance a n d , i f not, h o w far i t is a w a y f r om the balance po int (15). 

A t the ce l lu lar leve l , mechanisms that specif ical ly regulate the d is -
s imi latory activities of heterotrophic microorganisms inc lude enzyme 
repression a n d enzyme i n h i b i t i o n . I n enzyme repression, a substrate or 
a metabo l i c intermediate re lated to the substrate represses further syn
thesis of an unre lated d iss imi latory enzyme, whereas the term i n h i b i t i o n 
applies i f a metabol i c intermediate inhibi ts an exist ing unre lated d is 
s imi latory enzyme (16). 

T h e members of a t y p i c a l ecological c o m m u n i t y are interdependent 
b y various interrelated homeostatic mechanisms. T h e c o m m u n i t y of 
organisms invo lved i n an anaerobic methane fermentat ion is a s imple 
example of a system where several types of organisms coexist through 
interdependency. T h e transformation of fatty acids to C H 4 is a mult is tep 
process r e q u i r i n g several species of methanogenic bacter ia . Interact ion 
between species—e.g., between predator a n d p r e y — c a n be considered 
s imi lar ly i n terms of negative feedback regulat ion ( 1 7 ) . A n excessive 
n u m b e r of offspring is p r o d u c e d b y prey. T h i s n u m b e r is r educed to a 
l ower l eve l through destruct ion b y the predator. A s po inted out b y 
M a r g a l e f a n d others, such destruct ion is density-dependent , because the 
exist ing number of i n d i v i d u a l predators i n t u r n was determined b y the 
number of prey at a previous t ime. M o r e commonly , a predator m a y 
eat a var iety of animals , but since the most abundant k inds w o u l d be 
caught most often, there is a sort of automatic l i m i t on abundance for 
any g iven species (2). 

O u r bottle microcosmos w i l l eventual ly reach a fa i r ly steady state 
w h e n , despite a constant turnover of ind iv idua l s i n the communi ty , mor 
tal i ty is ba lanced b y reproduct ion (18, 19, 20). T h e composi t ion of the 
c ommuni ty of microorganisms may then be descr ibed i n terms of macro 
scopic parameters. E x p e r i m e n t a l l y , w e can n o w test to what extent this 
microcosmos tends to m a i n t a i n its structure despite env ironmenta l changes 
a n d shocks. 

Ecological Diversity and Stability. T h e operat ion of a we l l - regulated 
synthetic system i n a var iab le environment is difficult. I f w e subject a 
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14 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

microcosmos—e.g. , our bot t le—to an external stress ( change i n l ight 
energy, temperature, b i o t i c or abiot ic compos i t i on ) , we can test the 
extent of d isturbance b y measur ing the shift i n env ironmenta l variables 
a n d its parameters. Q u a l i t a t i v e l y , the f o l l o w i n g observations are repre 
sentative. Stress tends to reduce d ivers i ty b y e l iminat ing the stress-
sensitive species a n d i n some cases i n turn b y decreasing the degree of 
organizat ion . Desp i te the reduct ion i n d ivers i ty , the total n u m b e r of 
organisms of a certain species, usual ly a generalist, m a y increase because 
of the lessened compet i t ion b y the specialists (21). A l t h o u g h w i t h d i f 
ferent types of disturbances different microscop ic effects are observed, 
macroscopica l ly the pattern of loss of structure is qu i te general (21). 
M o s t important i n our exper imental system is the observation that the 
h igher the b io t i c a n d c h e m i c a l d ivers i ty of the system, the smal ler the 
d i s t u r b i n g effect of the stress. 

I n a complex ecological c ommuni ty , a l l its members p l a y their par t 
i n c y c l i n g nutrients (15, 22). T h e y are inter locked b y various feedback 
loops a n d are thus adapted for m u t u a l advantage; because of the i n v o l v e d 
network of checks a n d balances (switches, valves, error a n d contro l s ig
nals ) a n d the compl i ca ted food web , each species has m u l t i p l e re la t ion 
ships w i t h other species i n the c o m m u n i t y (10, 23). T h e s u r v i v a l of the 
system as a who le is promoted . A qual i tat ive cond i t i on for stabi l i ty has 
been stated b y E . P . O d u m (24): I n the passage of energy f r o m the sun 
to the lowest t rophic l eve l a n d hence u p to the highest leve l of carnivore , 
the degree of choice i n the paths that the energy can f o l l ow through the 
food w e b is a measure of the s tabi l i ty of the communi ty . H i g h c h e m i c a l 
buffer intensity a n d extensive chemostasis together w i t h b iot ic d ivers i ty 
a n d extensive homeostasis reflect stabi l i ty i n the ecosystem. 

Stream Pollution as a Disturbance of Ecological Balance 

A l t h o u g h experience w i t h various k inds of po l lu t i on is extensive, 
character izat ion of the k i n d of de tr imenta l effect that results f r o m it m a y 
not have been general ized sufficiently. A l terat ion of the environment does 
not necessarily constitute p o l l u t i o n ; nor does any departure f r o m a con 
d i t i o n of posit ive pur i ty . W h e n is the alteration of the environment 
unfavorable? T h e r e are essentially three categories: (1) po l lu t i on b y 
toxicity— i .e . , b y agents that d i rec t ly or after incorporat ion into the food 
cha in represent a d irect h a z a r d to m a n (e.g., poisons, toxic substances, 
i o n i z i n g r a d i a t i o n ) ; ( 2 ) po l lu t i on resul t ing f rom a departure of a balance 
between photosynthesis a n d respirat ion ; this type of d isturbance is usua l ly 
caused b y organic wastes or b y a lga l nutrients (usua l ly n i trogen a n d 
phosphorus compounds ) a n d m a y also occasional ly result f r om t h e r m a l 
po l lu t i on ; a n d ( 3 ) po l lu t i on as a d irect or ind i rec t impa i rment of the 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 15 

integr i ty of the diverse ecosystems that together constitute the biosphere ; 
s impl i f i cat ion a n d decrease i n stabi l i ty of an ecosystem tend to reduce 
its surv iva l value. 

W e w i l l consider here p r i m a r i l y categories (2 ) a n d (3 ) a n d w i l l 
i l lustrate w i t h a few representative examples h o w water po l lu t i on m a y 
be interpreted first as a d isturbance i n the eco logical balance between 
autotrophic a n d heterotrophic organisms a n d then more general ly as a 
loss i n stabi l i ty . 

Balance Between Photosynthesis and Respiration. W e m a y consider 
a stationary state w h i c h involves photosynthet ic produc t i on , Ρ = d p / d t 
(rate of p roduc t i on of organic mater ia l ) a n d heterotrophic respirat ion, 
R (rate of destruct ion of organic mater ia l ) ( F i g u r e 3 ) . W e can charac
terize this steady state chemica l ly b y a s imple sto ichiometry : 

106 C 0 2 + 16 N 0 3 - + H P 0 4
2 - + 122 H 2 0 + 18 H + ( + Trace e lements ; 

A tempora l ly or spat ia l ly l o ca l i zed disturbance of the balance between 
photosynthesis a n d respirat ion ( F i g u r e 3b,c) leads to c h e m i c a l a n d b i o 
l og i ca l changes w h i c h constitute po l lu t i on ( 5 , 25, 26). F o r an open 
system, the steady state balance is character ized b y 

where J a n d Ε are rate of impor t a n d export, respectively, of organic 
matter. T h e P-R balance becomes upset w h e n a n a t u r a l water receives 
an excess of organic heterotrophic nutrients or an excess of inorganic 
a lga l nutrients . T h i s balance m a y also be d i s turbed b y a p h y s i c a l sepa
rat ion of the Ρ a n d R organisms. T h e condi t ion Ρ > R + Ε — I is 
character ized b y a progressive accumulat ion of algae, w h i c h u l t imate ly 
leads to an organic over loading of the rece iv ing waters. W h e n R > Ρ + 
I — Ε, the dissolved oxygen m a y be exhausted ( b i o c h e m i c a l oxygen 
d e m a n d ) a n d u l t imate ly N 0 3 " , S 0 4

2 ~ , a n d C 0 2 m a y become reduced to 
N 2 ( g ) , N H 4

+ , H S " , a n d C H 4 ( g ) . T h e balance between Ρ a n d R is neces
sary to ma inta in a water i n an aesthetical ly p leas ing cond i t i on : W h e n 
Ρ « R , the organic mater ia l is decomposed b y respiratory ( heterotrophic ) 
ac t iv i ty as fast as i t is p r o d u c e d photosynthet ica l ly ; 0 2 p r o d u c e d b y 
photosynthesis can be used for the respirat ion ( F i g u r e 3 ). I n a stratified 
lake, a ver t i ca l separation of Ρ a n d R results f r o m the fact that the algae 
remain photosynthet ical ly active on ly i n the euphot ic upper layers; algae 
that have settled under the influence of grav i tat ion serve as food for the 

energy) 

(2) 

I + Ρ ~ (3) 
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16 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

R organisms i n the deeper layers of the lake ( F i g u r e 3b ). O r g a n i c a lga l 
mater ia l that has been synthesized w i t h excessive C 0 2 or H C 0 3 " i n the 
upper layers of the lake becomes b i o chemica l l y ox id i zed i n the deeper 
layers; most of the photosynthetic oxygen escapes to the atmosphere a n d 
does not become avai lable to heterotrophs i n the deeper water layers. 
A n excessive product i on on the surface of the lake ( Ρ > > R ) is p a r a l 
l e led b y anaerobic condit ions at the bot tom of the lake ( R > > P ) . 

p 0 2 utilized 

30 I 1 1 1 1 1 

190 195 200 205 210 215 220 
C 

A. C. Redfield, B. H. Ketchum, F. A. 
Richards, "The Sea," Interscience 

Figure 6. Stoichiometric correlations between soluble nitrate, phosphate, 
oxygen, and carbonate carbon in the western Athntic (Ref. 27) 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 17 

T h e balance between Ρ a n d R is responsible for regulat ing the c o n 
centration of 0 2 i n the oceans a n d the atmosphere (27). T h u s , b i o l og i ca l 
processes i n the sea ( p r o b a b l y more than ha l f of the tota l g l o b a l photo 
synthesis takes place i n the sea ) regulate p 0 2 a n d i n turn the redox in ten 
sity of the interface between atmosphere a n d hydrosphere. 

H o w organisms can influence the composi t ion of n a t u r a l waters is 
shown i n F i g u r e 6 A , w h i c h gives a correlat ion between dissolved nitrate 
a n d dissolved phosphate for the waters of the western A t l a n t i c . T h e mole 
ratio is Δ Ν / Δ Ρ ^ 16. A s imi lar constant correlat ion is f ound i n other 
seas a n d i n lakes. T h e slope of the correlat ion curves i n F i g u r e 6 is read i ly 
understandable i f w e consider that the deviations i n the concentrations 
of phosphate a n d nitrate result f rom deviations i n the steady state of 
Ρ a n d R. A s is suggested b y the sto ichiometry of React ion 2, i n the photo-
synthetic zone phosphate a n d nitrate are e l iminated f rom the water for 
a lga l g r o w t h i n a ratio of 1:16. I n the deeper water layers, settled algae 
become minera l i zed , whereby phosphate a n d nitrate are released into 
solution again i n a rat io of 1:16. Because 0 2 part ic ipates i n the photo
synthesis a n d respirat ion reactions, corresponding correlations are ob
ta ined between phosphate a n d 0 2 ( Δ θ 2 / Δ Ρ « 138 ) a n d between nitrate 
a n d 0 2 ( Δ θ 2 / Δ Ν « 9) ( F i g u r e 6 B ) . T h e correlations f ound are i n ac
cord w i t h the sto ichiometric composi t ion of p lankton . F i g u r e 6 C shows 
the correlat ion between nitrate nitrogen a n d carbonate carbon i n the 
waters of the western A t l a n t i c . 

It is remarkable that the summation of the compl i ca ted processes of 
the P - R dynamics , i n w h i c h so m a n y different organisms part i c ipate , 
results i n such s imple stoichiometry. T h e sto ichiometr ic f o rmulat ion of 
React ion 2 reflects i n a s imple w a y L ieb ig ' s L a w of the M i n i m u m . It 
fol lows f r om F i g u r e 6 that, as a result of photosynthet ic ass imilat ion, sea 
water becomes exhausted s imultaneously i n dissolved phosphorus a n d 
nitrogen. N o t cons ider ing temporary a n d l o ca l deviations, one infers f r o m 
F igures 6 a n d 7 that n i trogen a n d phosphorus together determine the 
extent of organic p roduc t i on i n the sea, w h i l e phosphorus appears to be 
the l i m i t i n g factor i n the p r o d u c t i v i t y of the two lakes f r o m w h i c h data 
are represented i n F i g u r e 7. F o r a a n d b ( L a k e Z u r i c h ) , data col lected 
at various depths d u r i n g the summer stagnation per i od have been p lot ted . 
F o r b, on ly results f r om the deeper water layers were considered. F i g u r e 
7c ( L a k e N o r r v i k e n ) plots ana ly t i ca l results obta ined d u r i n g winter stag
nat ion ( the lake was covered w i t h ice ). 

T h e introduct ion of organic a n d inorganic nutrients into a stream 
affect Ρ a n d R , but need not necessarily d i s turb the P - R balance. Sewage 
ponds a n d algae ponds are examples of systems w i t h very h i g h rates of 
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18 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

assimi lat ion a n d resp irat ion ; such ponds do not produce disorders w i t h 
Ρ « R—i.e., as l ong as the organic mater ia l synthesized is decomposed as 
fast as i t is produced . A balance between Ρ a n d R is a necessary b u t not 
sufficient attr ibute of a nonpo l lu ted a n d aesthetically p leas ing condi t ion . 
W e may compare the algae p o n d w i t h s imi la r l y product ive co ra l reefs 
(28). W h i l e i n algae ponds w e find a s imple a n d short p r o d u c e r - c o n 
sumer food c h a i n of great instab i l i ty , cora l reefs are stable systems made 
u p of a complex c o m m u n i t y w i t h a large n u m b e r of energy pathways . 

0 125 250 375 

μΜ,02 

ι — ι — ι — ι — ι — Γ 

0 10 20 30 40 50 
μΜ, Ρ 

Figure 7. Correlation be
tween concentration of ni
trate, phosphate, and oxygen 
in Lake Zurich (a and b) and 

Lake Norrviken (c) 

Ecological Succession and Stability. A s this comparison between 
algae p o n d a n d cora l reef epitomizes for two ecosystems of comparable 
p r i m a r y p lant produc t iv i ty , the more diversi f ied system is more resistant 
to external perturbations. A l t h o u g h the cause a n d effect relat ionship 
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1. S T U M M AND STUM M-ZOLLINGER Water Pollution Control 19 

between d ivers i ty a n d stabi l i ty is not clear (8), i t has been shown exper i 
menta l ly that d ivers i ty indeed accompanies p h y s i c a l stabi l i ty . 

O u r microcosmos bottle, as a l l eco logical systems, whether man-made 
or natura l , must i n the l ong r u n achieve a steady state. T h e r m o d y n a m i c s 
does not indicate h o w open systems become adjusted; it mere ly predicts 
that na tura l spontaneous processes are d irected t o w a r d an entropy i n 
crease (free energy decrease) . E n t r o p y has been ca l l ed (29) "time's 
a r row . " I n go ing f r om an i n i t i a l to a stationary state, the rate of entropy 
product i on decreases. Pr igog ine (7, 30) has descr ibed the steady state 
as one of m i n i m u m entropy produc t i on (least free energy d iss ipat ion) 
compat ib le w i t h external constraints upon the system (e.g., fixed concen
trations or affinities i n the env i ronment ) . T h i s interpretat ion m a y be 
considered an extension of LeChate l i e r ' s p r i n c i p l e to n o n e q u i l i b r i u m 
systems. A c c o r d i n g to Prigogine 's analysis, such a stationary state has a 
w e l l - k n o w n stabi l i ty against external perturbations because a state of 
m i n i m u m entropy product i on cannot leave this state b y a spontaneous 
irreversible change. I f as a result of some fluctuation i t deviates s l ight ly 
f rom this state, in terna l changes w i l l take place a n d b r i n g back the 
system to its stable state. 

Prigogine 's theorem is only v a l i d w h e n the system is fa i r ly close to 
e q u i l i b r i u m , and thus its v a l i d i t y for ecological systems cannot s imp ly be 
assumed (6, 31). B u t even i f w e keep its l imitat ions i n m i n d , we m a y 
consider the Pr igog ine theorem as a phenomenolog ica l p r inc ip l e , because 
i t fits i n excel lently w i t h m a n y of the observed characteristics of eco log ica l 
systems a n d because it formulates i n a most concise w a y observed eco
system development. A l t h o u g h the general v a l i d i t y of the p r i n c i p l e 
awaits further e luc idat ion , i t is i n accord w i t h the fact that organisms 
actual ly show a decrease of entropy product ion d u r i n g development 
t o w a r d the stationary state, a n d s imi lar ly that the succession of eco
systems is d i rec ted t o w a r d the state w i t h the least product i on of entropy 
(per t ime a n d mass u n i t ) (30). It also agrees w i t h the p r i n c i p l e that the 
ecosystem organizat ion general ly increases d u r i n g succession, a fact that 
appears to accord w e l l w i t h descr ipt ive studies on natura l systems (8, 17, 
25, 32). A t stationary state, the system does not come to a ha l t ; a l though 
b io l og i ca l a n d chemica l reactions take place, the system is mere ly charac
ter ized b y a zero macroscopic change. 

T h e bioenergetic basis of ecosystem development has been docu 
mented b y m a n y ecologists a n d has recently been rev iewed b y M a r g a l e f 
(17) a n d E . P . O d u m (8). H . T . O d u m a n d P inker ton (29), b u i l d i n g on 
Lotka ' s l a w of m a x i m u m power i n b io log i ca l systems (11), po in ted out 
that succession involves a fundamenta l shift of the energy flow i n the 
d irect ion t oward a steady state (re ferred to b y ecologists as c l i m a x ) as 
increasing energy is be ing used for maintenance. A t steady state, an o p t i -
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20 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

m u m i n metabol i c efficiency is attained. In accord w i t h these f u n d a 
menta l considerations, ecological succession has been descr ibed b y E . P . 
O d u m ( 8 ) as fo l lows : (1 ) Succession is an order ly process of c o m m u n i t y 
development that is reasonably d i rec t iona l a n d therefore predictable . 
( 2 ) It results f r om modi f i cat ion of the phys i ca l environment b y the c o m 
m u n i t y ; i.e., succession is communi ty - contro l l ed even though the p h y s i c a l 
environment determines the pattern, the rate of change, a n d often sets 
l imits as to h o w far development can go. ( 3 ) It culminates i n a s tab i l i zed 
ecosystem i n w h i c h m a x i m u m biomass (or h i g h in format ion content) a n d 
symbiot i c funct ion between organisms are mainta ined per un i t of a v a i l 
able energy flow. 

Succession (time) 

Unstable 
Homogeneous Community 
Metabolic Waste 
Few Energy Pathways 
Food Chain 
High Entropy 
High Production 

P/RZ1 

Stable (homeostatic) 
Heterogeneous 
Metabolic Economy 
Multiple Energy Pathways 
Food Web. Niches Symbiosis 
Low Entropy 
Strong Selective Pressure 
High Protection 
P/R*f 

Figure 8. Trends in ecological succession 

Ecological systems tend to proceed in the direction of a sta
tionary state and become progressively more self-regener

ating with regard to energy and materials 

F i g u r e 8 d isplays qua l i ta t ive ly the development of ecosystems; the 
attributes used to describe the deve lopmenta l stages are those of O d u m 
( 8 ) . C o m m o n trends, abstracted f r om observations, are s u m m a r i z e d i n 
this figure. T h e t ime scale for the process of succession is extremely 
var iab le a n d depends on the type of ecosystem under consideration. T h e 
autotrophic succession of an aquat ic laboratory microecosystem into a 
mature system may take on ly a few weeks, w h i l e a forest succession 
involves a t ime span of 100 years or more. 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 21 

F o r a t y p i c a l aquat ic microcosmic system, the sequence of events 
based on exper imental data b y C o o k e (19) [descr ibed b y E . G . O d u m 
( 8 ) ] is as fo l lows : D u r i n g the first 40 to 60 days, dayt ime net produc t i on 
( ? ) exceeds n ight t ime respirat ion ( R ) , so that biomass accumulates i n 
the system. A f ter an early " b l o o m " at about the 30th day, bo th rates 
dec l ine to become approx imate ly e q u a l at the 60th to 80th day. A t the 
same t ime the B/P rat io (grams of biomass carbon supported per g r a m 
of d a i l y carbon p r o d u c e d ) increases f rom less than 20 to more than 100 
as the steady state is reached. N o t only are autotrophic a n d heterotrophic 
metabo l i sm ba lanced i n the c l imax , but large organic structure is sup
ported b y smal l d a i l y produc t i on a n d respirat ion rates. S imi lar patterns 
of development, a l though at different rates, m a y be observed on l a n d 
a n d i n bodies of na tura l waters. 

M a r g a l e f (17, 32) describes succession as a process of se l f -organiza
t ion as i t occurs i n every cybernet ic system w i t h the properties of an 
ecosystem; he sees succession as a process of a c cumulat ing in format ion . 
It results f rom indefinite i teration w i t h variables t end ing t o w a r d a sta
t ionary endstate. 

Man's Influence upon Succession. I n accord w i t h our previous con 
siderations, an unpo l lu ted eco logical system is one i n w h i c h energy flows 
are decreasing w h i l e increasingly complex checks a n d balances are b e i n g 
developed, i n w h i c h instabi l i ty is g i v i n g w a y to stabi l i ty , a n d where , 
despite poss ibly increased biomass, net p roduc t i on is s m a l l ( F « R ) . 
H o w does m a n s act ion affect the general pattern of eco logical succession? 
F i g u r e 8 suggests a f ew relevant cr i ter ia . 

E n e r g y transfer, rec iproca l ly interrelated w i t h b io log i ca l structure, 
is perhaps the most important attr ibute of ecological successional stage. 
T h e i n p u t of energy causes a reduct ion i n matur i ty a n d w i l l " d r i v e " an 
ecosystem into a younger deve lopmental stage of h igher net p roduc t iv i ty 
a n d of decreased structure. A s po inted out b y H . T . O d u m (33), man's 
success i n adapt ing some natura l systems to his use has essentially re 
sulted f rom a p p l y i n g auxi l iary w o r k c ircuits , us ing fossil a n d atomic 
energy, into p lant a n d a n i m a l systems. O b v i o u s l y , w e need to exploit 
ecosystems for food product ion , but progress i n agr i cu l tura l food pro 
duct ion , essentially achieved b y p u m p i n g more auxi l iary energy ( mechan
i c a l energy, heat, chemica l energy i n f o rm of organic a n d inorganic 
nutrients ) through a system, must be p a i d for b y destruction of homeo
static mechanisms a n d loss of structure. B y c lear ing l a n d , b y p l a n t i n g 
crops, a n d b y contro l l ing weeds, pests, a n d other competitors, a mono
culture of h i g h crop produc t iv i ty a n d of h i g h instabi l i ty is established. 
It appears w e l l documented that deforestation causes erosion of p r i m a r y 
minerals ; nutrients or ig ina l ly l o cked i n the b i o ta can no longer be reta ined 
b y the soi l system (34). N o t on ly does the so i l system become less stable; 
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22 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

the d o w n h i l l flow of nutrients f rom so i l to water also is enhanced . A s 
po inted out b y L e o p o l d ( 3 5 ) , so i l a n d water are not two organic systems, 
b u t one; a derangement i n either affects the hea l th of both . I f energy 
i n p u t remains smal l , complex nutr ient c ircuits caused b y longer f ood 
chains re tard the drainage a n d erosion of nutrients into the water a n d 
enhance their storage i n soils. D r e d g i n g of sediments, cut t ing of reeds, 
a n d fluctuations i n water l eve l , temperature , or ve loc i ty gradients de
crease the n u m b e r of eco logical niches a n d reduce the m a t u r i t y of the 
system. 

Excess autotrophic or heterotrophic act iv i ty , a n d hence water p o l l u 
t i on , is caused b y acceleration of energy flow a n d of exchange of rates 
resu l t ing f r om direct i n p u t of organic a n d inorganic waste constituents 
into rece iv ing waters. 

S T R A N G E M A T E R I A L S . T h e in t roduct i on into rece iv ing waters of mate 
r ials nonindigenous to ecosystems ( toxic substances, i o n i z i n g rad ia t i on , 
organic substances w h i c h are not of recent b i o l og i ca l o r ig in , e.g., petro 
chemica ls ) leads to a decrease i n the n u m b e r of pathways for energy 
flow a n d thus upsets the c o m m u n i t y structure. T h e eco logical effects 
caused b y such materials or agents f o l l ow the same general pattern k n o w n 
f r o m other types of disturbances. W o o d w e l l (21), i n general iz ing on 
po l lu t i on , has concentrated on some of the most gross changes i n the 
p lant communit ies of terrestrial ecosystems a n d has i l lustrated l u c i d l y 
that changes i n ecosystems caused b y m a n y different types of d i s turb 
ances are s imi lar a n d predictable . A s imi lar i ty of response has been 
documented for either chron ic i r rad ia t i on , fire, exposure to sul fur d iox ide , 
or p o l l u t i o n b y herbic ides a n d pesticides. I n the cases reported (21), the 
loss of structure t y p i c a l l y invo lved a shift away f r om complex arrange
ments of spec ia l i zed species t o w a r d the generalists; away f r o m forests 
t o w a r d shrubs; a w a y f r om divers i ty i n b i rds , p lants , a n d fish t o w a r d 
monotony; a w a y f rom t ight nutr ient cycles t o w a r d loose ones, w i t h terres
t r i a l systems becoming depleted a n d w i t h aquat i c systems becoming 
over loaded ; away f rom stabi l i ty t o w a r d instabi l i ty . 

Pollution by Petrochemicals. O i l a n d petrochemical wastes are 
qui te refractory w h e n in t roduced into natura l waters; they f ou l u p 
beaches, k i l l water b irds , a n d become incorporated into the food cha in , 
thus possibly i m p a r t i n g odor, tastes, a n d toxic i ty to the water a n d 
its food products . It is , perhaps, not sufficiently recognized that such 
substances m i g h t also adversely affect eco logical interactions between 
organisms. A s shown recent ly b y B l u m e r (36) a n d coworkers for aquat ic 
organisms, behav iora l patterns such as food finding, avoidance of in jury , 
choosing of a habi tat or host, social communicat ions , sexual behavior , 
a n d migrat i on or recognit ion of terr i tory appear to be contro l led sensi
t ive ly a n d specif ical ly b y chemica l cues. P o l l u t i o n products that often 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 23 

differ s tructural ly f rom these s igna l ing substances m a y b l u r chemotact ic 
s t imul i or m a y mis l ead b y m i m i c k i n g signals. T h i s example i l lustrates 
that p o l l u t i o n cannot be fu l ly character ized b y s imple yardsticks. 

Water Pollution Control 

Concepts have to be converted into pract ice . W h i l e our u l t imate 
goal is to stabi l ize the ecosystems of our environment , w e find ourselves 
caught i n a conflict between resource explo i tat ion a n d p o l l u t i o n control . 
T h e r e is a need to feed the h u m a n popu la t i on a n d a desire to m a i n t a i n a 
cu l tura l l y advanced c i v i l i za t i on a n d a h i g h q u a l i t y of l i fe . H e n c e , w e 
have to continue to u t i l i ze energy, explo i t the earth s crust for fuels a n d 
minerals , manipulate the l and , a n d establish monocultures for h i g h a g r i 
c u l t u r a l product iv i ty . Desp i te technolog ica l advances, w e lack scientific 
knowledge a n d unders tanding of h o w to resolve this conflict a n d h o w 
to dec ide w h i c h eco logical balance is most desirable for m a n . A s po in ted 
out b y D u b o s ( 3 7 ) , " technolog ica l fixes are of course needed to al leviate 
c r i t i c a l situations, but general ly they have on ly temporary usefulness. 
M o r e last ing solutions must be based on eco logical knowledge of the 
phys io chemica l a n d b io l og i ca l factors that m a i n t a i n the h u m a n organiza 
t ion i n a v iab le re lat ionship w i t h the environment . " 

The Pollutants. F i g u r e 9 gives a d i a g r a m of the exponent ia l g rowth 
of the h u m a n popu la t i on , of energy consumpt ion , a n d of f er t i l i zer p r o 
duct ion (38 ) . Bas i ca l ly , i t is this g r o w t h w h i c h causes progressively 
r i s ing levels of eco logical disorder. P o l l u t i o n is inextr i cab ly interre lated 
w i t h the use that is made of energy resources ( 39 ). 

M o s t of the conscious a n d reasonably successful efforts of env i ron 
menta l a n d sanitary engineers have been a n d w i l l continue to be d i rec ted 
t o w a r d the reduct ion of organic carbon of b i o l og i ca l wastes. F o r m a n y 
natura l waters, however , other pol lutants are eco logical ly more h a r m f u l 
a n d m a y become even more so i n the future. Inorganic f e r t i l i z ing ele
ments are often more serious pol lutants than b io l og i ca l wastes for most 
of our lakes, estuaries a n d near-shore oceanic waters. W h i l e b i o l og i ca l 
wastes a n d inorganic fert i l izers cannot yet cause substantial alterations 
(besides l o ca l a n d tempora l transients) i n the composi t ion and b io logy 
of the oceans, the invas ion of the oceans b y petrochemica l wastes ( fossil 
carbon compounds ) m a y cause substantial modi f i cat ion of eco logical 
interrelations i n the ocean. C o n v e n t i o n a l b i o l og i ca l waste treatment 
efficiently reduces those organic compounds that w o u l d be e l iminated 
a n y h o w b y the forces of sel f -puri f icat ion. It is re lat ive ly inefficient w i t h 
regard to strange organic chemicals . F o r m a n y i n l a n d waters, more 
emphasis u p o n the e l iminat ion of refractory carbon compounds is neces
sary. T h e instabi l i ty of some rivers d u r i n g episodic shocks of a toxic 
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substance is frequent ly an ind i ca t i on that the r iver has lost its diversity . 
W h i l e m a n y refractory chemicals , at the l o w concentrations encountered, 
do not i m p a i r the dissolved oxygen balance and do not interfere w i t h the 
apparent heal th a n d s urv i va l of fish, they may prevent some fish f r om 
re turn ing to their streams of b i r t h for breed ing ( 3 1 ) . W h i l e one need 
not be exceedingly concerned about the disappearance of a species— 
i.e., a salmon i n a part i cu lar s t ream—such a disappearance signals an 
environmenta l stress a n d a decrease i n c o m m u n i t y metabol ism. 

Because of the continuous increase i n energy supply , heat w i l l be
come one of the most relevant water pol lutants of the future. U s i n g 
ecological cr i ter ia , more knowledge has to be developed on h o w a n d 
where to dispose of heat inte l l igent ly . 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 25 

Practical Problems. A s w e have seen, m a n y different types of d i s 
turbances cause changes i n ecosystems that are s imi lar a n d i n b r o a d 
out l ine predictable . W h a t has been ca l l ed ( 8 ) the "strategy of ecosystem 
deve lopment" provides a most impor tant basis to ant ic ipate the eco log ica l 
effects of po l lu t i on a n d to evaluate measures of water q u a l i t y control . 
T a b l e I I lists some examples of measures a n d h o w they grossly affect 
water qua l i ty . T h i s br ie f l ist i l lustrates that water p o l l u t i o n contro l 

Table II. Some Measures of Water Quality Control 

Reducing Ecological Stability Promoting Ecological Stability 

Increase of E n e r g y F l o w 
b y disposing nutr ients for 

heterotrophs a n d autotrophs 
b y m i x i n g (destrat i fying, sediment 

dredging, etc.) 
b y heat disposal 
b y impos ing turbulance 

P-R Ba lance Res torat i on 
b y reducing waste i n p u t 
b y harvest ing or washing out of 

biomass 
b y reducing re lat ive residence t ime 

or b y t r a p p i n g of nutr ients 
b y m i x i n g (bringing Ρ a n d R t o 

gether 
b y fish management 
b y aerat ion 

E x p l o i t a t i o n of A d j a c e n t So i l 
b y crop growing , seeding, we* 

a n d grazing 
b y fer t i l i z ing a n d i r r iga t ing 
b y deforestation 
b y convert ing grass l and into 

c rop land 
b y a p p l y i n g herbicides and 

pesticides 

Conservat ive L a n d M a n a g e m e n t 
b y reforestation 
b y restr i c t ing monocul ture 

p r o d u c t i v i t y 
b y zoning (mainta in ing zones 

adjacent to open waters w h i c h 
are kept free of ferti l izers a n d 
of low net p r o d u c t i v i t y ) 

b y contro l l ing erosion 
b y us ing detr i tus agr icul ture 

R e d u c t i o n of Structure 

b y us ing algicides 
b y destruct ion of niches (removal 

of reeds) 
b y episodical phys i ca l per tur 

bations (flushouts, temperature 
discharges, shock loadings) 

b y excessive harvest ing 
b y disposal of strange chemicals 
b y interfer ing w i t h chemostasis 

Enhancement of B io l og i ca l 
C o m p l e x i t y 

b y establ ishment of ecological 
niches (zones, waterfront 
development) 

b y seedingdiverse populat ions a n d 
rec irculat ing certa in organisms 

b y m a i n t a i n i n g re lat ive ly h igh 
biomass compat ib le w i t h energy 
flow 

b y m a i n t i n i n g strat i f i cat ion 
b y selective havest ing 
b y m a i n t a i n i n g h i g h chemical 

buffer intens i ty (weathering of 
rocks) 
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26 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

consists not on ly of waste treatment; m a n y other p h y s i c a l a n d b i o l og i ca l 
means of stream management need consideration. E s p e c i a l l y important 
is the real izat ion that the coexistence, side b y side, of a h i g h l y product ive 
agr icul ture a n d of a nonproduct ive surface water is not possible. T h e 
activit ies necessary to m a i n t a i n a so i l monocul ture ( p l o w i n g , seeding, 
weed ing , f e r t i l i z ing , i r r i ga t ing , contro l l ing pests, etc.) are incompat ib le 
w i t h a n d counteract measures des igned to keep lakes a n d bays i n a n o n -
po l lu ted a n d o l igotrophic state. Q u i t e typ i ca l l y , less than ha l f of the 
nutrients in t roduced into a lake or iginate f r om m u n i c i p a l wastes (21). 
Z o n i n g of l a n d i n the watershed—speci f i ca l ly , the restr ict ion of use of 
l a n d i n the corr idor ad jo in ing the surface waters w i t h preference to 
diversi f ied ecosystems of l ong food c h a i n — i s among the most p o w e r f u l 
measures for water po l lu t i on control . 

Some of the measures l i s ted i n T a b l e I I have d u a l or m u l t i p l e effects 
a n d have to be assessed depend ing on the circumstances. F o r example , 
m i x i n g a b o d y of water— i .e . , destrat i fy ing a lake—has a var iety of effects 
a n d thus m a y either decrease or increase the lake's ecological stabi l i ty . 
M i x i n g destroys ecological niches, reduces act iv i ty gradients, a n d shortens 
the food cha in ; hence, the lake becomes more d y n a m i c , w i t h an increased 
energy flow per biomass reflected i n h igher gross p r o d u c t i v i t y a n d resp ira 
t ion. O n the other h a n d , m i x i n g brings Ρ a n d R activities into closer c on 
tact a n d better balance, thus r e d u c i n g net produc t iv i ty ( F i g u r e 10) . 

P= R 

10 R 
gram m"2 day"' 

Figure 10. Mixing of lake may de
crease net productivity 

M i x i n g the top layers (photosynthet ic functions; F > R) w i t h the bot tom 
layers (heterotrophic funct ions; R > F ) increases F a n d R b u t m a y 
decrease the standing biomass B. F u r t h e r m o r e , the effective relat ive 
residence t ime of the nutrients i n the lake is reduced , thus decreasing the 
total nutr ient reserve of the lake. R e d u c i n g the residence t ime of a 
nutr ient to one ha l f is equivalent to a 5 0 % reduct ion i n the nutr ient 
i n p u t into the lake. 
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1. S T U M M AND STUMM-ZOLLINGER Water Pollution Control 27 

E U T R O P H I C A T I O N . I n stratified waters, the continuous sequence of 
nutr ient assimilat ion a n d minera l i za t i on of organic matter accompanied 
b y the phys i ca l cyc le of c i r cu lat ion a n d stagnation leads to a progressive 
retention of f e r t i l i z ing constituents a n d i n turn to a progressive increase 
i n product iv i ty . T h i s aging process f rom l ow to h i g h produc t i on is often 
referred to as eutrophicat ion. H o w does this deve lopmenta l process 
enhanced b y h u m a n influence fit into the pattern of eco logical succession? 
E v o l u t i o n a r y succession i n a hypothet i ca l lake to w h i c h input of nutrients 
were cur ta i l ed to zero w o u l d be i n the d i rec t ion of o l igotrophy. A c c o r d 
ing ly , as po inted out b y M a r g a l e f ( 1 7 ) , o l igotrophy as a more mature 
state should succeed eutrophy, not precede it . T h e development f r om 
an o l igotrophic to a eutrophic state—i.e., to a state of lower species 
d ivers i ty a n d lower m a t u r i t y — i s caused b y nutrients that are cont inuously 
d ischarged into these waters b y runoff f rom l a n d and b y po l lu t i on . T h i s 
inf low of nutrients into a eutropl i i c lake keeps i t i n a state of l o w matur i ty . 

There is documentat ion that, i n a few instances, lakes that apparent ly 
have become sufficiently insulated f rom nutr ient supp ly have spontane
ously deve loped i n the direct ion of o l igotrophy. F o r example, it is e v i 
denced by the " m e m o r y " stored i n sediments that L a k e Z u r i c h has gone 
through eutrophic episodes (40), a thousand or more years ago, as a 
result of events not yet k n o w n (erosion, deforestation, etc.) f r om w h i c h 
the lake c ou ld recover. T h i s lake has, since the turn of the century , 
undergone extensive cu l tura l eutrophicat ion (40). H u t c h i n s o n (41) 
describes the development of a smal l crater lake between R o m e a n d 
Siena ( L a g o d i M o n t e r o s i ). I n this case, c u l t u r a l eutrophicat ion was i n i t i 
ated 2000 years ago not b y art i f i c ia l l iberat ion of nutrients into the water , 
but b y a subtle change i n hydrographie regime. L a t e r the lake became 
rather less eutrophic . Such case histories, together w i t h the changes 
observed i n L a k e W a s h i n g t o n after sewage h a d been d iver ted complete ly 
f r om the lake (42), p rov ide important lessons. 

Final Remarks 

I n the last h u n d r e d years, m a n has attempted to master his env iron
ment b y a p p l y i n g ever increasing power , despite a lack of understanding . 
A p p r e c i a t i o n of the various phys i ca l , chemica l , a n d b io log i ca l factors that 
regulate the composi t ion of natura l waters provides a basis for a more 
general f o rmulat ion of po l lu t ion . I n v i e w of man's inab i l i t y to adapt to 
major env ironmenta l changes, po l lu t i on may be equated w i t h disturbance 
i n ecological balance and loss of s tabi l i ty . Because various k inds of 
disturbances cause s imi lar a n d reasonably predic table changes i n aquat i c 
ecosystems, various means of water po l lu t i on control beyond those of 
waste treatment can be out l ined . 
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28 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

T h e stress imposed u p o n the environment results p r i m a r i l y f r om the 
fact that the western w a y of l i fe is dependent on h i g h energy u t i l i z a t i o n ; 
but cont inued u n l i m i t e d g r o w t h i n energy diss ipat ion is incompat ib le 
w i t h maintenance of eco logical stabi l i ty a n d h i g h q u a l i t y of l i fe . T h e 
ecological constraints d e m a n d the alteration of h u m a n , social , a n d eco
n o m i c systems t ow ard a stationary state, where resources a n d materials 
have to be recyc led as m u c h as possible. 
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2 

Time to Chemical Steady-States in 
Lakes and Ocean 

A B R A H A M L E R M A N 
Canada Centre for Inland Waters, Burlington, Ontario 

In water and sediments, the time to chemical steady-states 
is controlled by the magnitude of transport mechanisms 
(diffusion, advection), transport distances, and reaction rates 
of chemical species. When advection (water flow, rate of 
sedimentation) is weak, diffusion controls the solute dis
persal and, hence, the time to steady-state. Models of tran
sient and stationary states include transport of conservative 
chemical species in two- and three-layer lakes, transport of 
salt between brine layers in the Dead Sea, oxygen and 
radium-226 in the oceanic water column, and reacting and 
conservative species in sediment. 

T n natura l systems of large d imensions—bodies of water , sediments, 
A a tmosphere—many c h e m i c a l processes are contro l led b y the transport 
of react ing species t h r o u g h the system. T h e d i s t r ibut i on of chemica l 
species i n n a t u r a l systems is on ly too often not homogeneous; concentra
t i on gradients a n d more or less abrupt changes i n abundance f r o m one 
par t of a n environment to another are commonplace . I n general , the 
nonhomogeneous distr ibut ions of c h e m i c a l species are a c ombinat i on of 
( i ) the geometry of the environment : its shape a n d locat ion of the 
"sources" a n d " s inks" of the c h e m i c a l species; (it) phys ics : mechanisms 
of transport of matter through the system; a n d (Hi) chemistry : the nature 
a n d rates of the c h e m i c a l reactions i n w h i c h the species enter. 

K n o w l e d g e of these three facets of a natura l system is indispensable 
w h e n w e need to understand its present chemica l state a n d also to pred ic t 
quant i tat ive ly the changes i n the c h e m i c a l state a n d their durat i on , as 
w o u l d occur w h e n the present characteristics of the system change. 

I n order to v isual ize the significance of the geometric , p h y s i c a l , a n d 
c h e m i c a l factors, one might consider a system consisting of a sediment 
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2. L E R M A N Time to Chemical Steady-States 31 

a n d a water c o l u m n above it . T h e geometric factors i n this case are the 
locat ion of the sources of the c h e m i c a l species—for example , at the 
sed iment -water interface, w i t h i n the sediment, or d i s t r ibuted throughout 
the water c o l u m n — a n d its sinks, such as r emova l b y a c h e m i c a l or b i o 
chemica l react ion oc curr ing throughout the system, r e m o v a l i n outflow, 
or evaporat ion. 

T h e relevant chemica l aspects of such a system are the concentrat ion 
or rate of p roduc t i on of the chemica l species at the source a n d the nature 
a n d rates of the reactions i n v o l v i n g the species. B i o l o g i c a l p r o d u c t i o n 
a n d consumpt ion of a d issolved substance can i n certain cases be treated 
( I ) as i f it were a c h e m i c a l react ion of a s imple order. 

T h e transport mechanisms inc lude dispersal b y di f fusional processes, 
water flow ( a d v e c t i o n ) , sett l ing of b io l og i ca l or de tr i ta l partic les t h r o u g h 
the water c o l u m n , a n d accumulat i on of sediment on the floor. I n v i e w of 
the p r i m a r y significance of di f fusion i n the transport of d isso lved matter 
i n a water c o l u m n , this mechanism a n d its bear ing o n a n u m b e r of 
chemica l processes w i l l be discussed i n de ta i l i n this paper . 

Di f ferent di f fusional processes a n d the magni tude of the characteris
t ic di f fusion coefficients are identi f ied i n F i g u r e 1. W i t h reference to 
ver t i ca l migra t i on of chemica l species through water- f i l led sediments a n d 
water c o l u m n of lakes a n d ocean, the relevant di f fusional processes are 
the molecular a n d eddy di f fusivity , respectively. T h e difference of several 
orders of magni tude between the molecular a n d eddy di f fusion coefficients 
reflects the m u c h more r a p i d dispersal b y turbulent eddies i n na tura l 
bodies of water . T h e m u c h higher values of the eddy diffusivities i n sur
face waters are o w i n g to the greater effect of the wind-generated t u r b u 
lence, as compared w i t h the deeper parts of the bas in . T h e values of the 
dif fusion coefficients w i t h i n a part i cu lar type of environment ( such as 
porous m e d i a or thermocl ine layers ) m a y vary b y several orders of m a g n i 
tude, a n d there is some overlap between different environments ( F i g u r e 
1 ) . T h e large var ia t ion i n the values of the dif fusion coefficients reported 
i n the l i terature for different c h e m i c a l species i n different environments 
a n d the laboriousness of their determinat ion i n natura l environments make 
it difficult i n m a n y cases to obta in accurate estimates of the t ime r e q u i r e d 
for a certain c h e m i c a l process to go to complet ion . H o w e v e r , w h e n the 
diffusivities are not w e l l k n o w n , it is s t i l l possible i n some systems to 
choose "reasonable" lower a n d upper l imits of the dif fusion coefficients 
a n d thereby to bracket the m o d e l i n short a n d l ong t ime estimates. 

T h e effects of the magni tude of eddy di f fusivity on the transport of 
a d issolved species i n a stratified body of water are discussed i n some 
s impl i f ied lake models a n d an example f rom a rea l lake i n the next t w o 
sections. 
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32 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

id6 h 

-EDDY DIFFUSION : 
HORIZONTAL , 
SURFACE WATERS 

- EDDY DIFFUSION : 
VERTICAL, THERMOCLINE AND 
DEEPER REGIONS IN LAKES 
AND OCEAN. 

HEAT IN H,0 

r 
MOLECULAR DFFUSION : 

SALTS AND GASES IN H 2 0 

I 

PROTEINS IN H,0 

THERMAL DIFFUSION : -IONIC SOLUTES 
IN POROUS MEDIA 
(SEDIMENTS, SOILS) 

Figure 1. Diffusion coefficients characteristic of 
various environments; sources of data: Ref. 2, 3, 4, 5, 

6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 

Effect of Eddy Diffusivity on Transport in a Stratified Water Column 

A n idea l i zed p ic ture of a stratified body of water is a w e l l - m i x e d 
layer at the surface, a layer w i t h a more or less pronounced density g r a d i 
ent (pycnoc l ine ) be low it , a n d a w e l l - m i x e d layer be l ow the pycnoc l ine . 
I n m a n y fresh water lakes, the density stratif ication is thermal i n o r i g i n , 
a n d the concentrations of major dissolved solids are the same i n the 
l ighter a n d denser layer. A difference i n concentrations between two 
layers might arise, for example, w h e n a large inf lux of w a r m e r water 
raises the lake l eve l apprec iably . A certain amount of m i x i n g is l i k e l y 
to occur i n the i n i t i a l stages of flooding, w i t h the result that a chemica l 
species d i s t r ibuted homogeneously i n the o r ig ina l lake retains its homo
geneous d i s t r ibut ion i n the deeper layer , but a concentrat ion gradient 
comes into be ing i n the m i x e d layer. S u c h cases of flooding of a saline 
layer by a layer of l ighter water have been discussed for some A n t a r c t i c , 
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2. L E R M A N Time to Chemical Steady-States 33 

A r c t i c , a n d Paci f ic Coast lakes (17, 18, 19). T h i s is s h o w n d i a g r a m m a t i -
ca l l y i n the inset of F i g u r e 2; the i n i t i a l concentrat ion i n the u p p e r layer 
( C 2 ° ) is n i l . A n o t h e r possible app l i ca t i on of the m o d e l is w h e n a d i s 
solved species has been in t roduced into one of the m i x e d layers. D i f 
fusion through the pycnoc l ine subsequently establishes a concentrat ion 
gradient , a n d the mater ia l reach ing the other m i x e d layer is u n i f o r m l y 
dispersed w i t h i n i t . T h e m o d e l m a y a p p l y f r om the ear ly stages of such 
a process, after some mater ia l has crossed the m i d d l e layer , p r o v i d e d the 
concentrat ion gradient is approx imate ly l inear . W h e n a three- layer sys
tem remains closed a n d the dimensions of the water layers do not change, 
a conservative c h e m i c a l species i n one of the m i x e d layers w o u l d re 
distr ibute itself between the two layers because of the di f fusional flux 
d o w n the concentrat ion gradient f rom one m i x e d layer into the other. 

F o r a case of transport f rom the lower into the u p p e r m i x e d layer , 
change i n the concentrat ion i n the u p p e r layer ( C 2 ) as a func t i on of t i m e 

0.5 

0.3 

0.1 

^UMIT C2/C,e WHEN " h
2 

- — — -

1/ / •0 

I / 
jC2-C((t-<D) 

u / Ah 

1/ 
h , 

1 1 1 (t»0) 

1 1 1 

c 
1 

ο 
ι 

0 10 20 30 

TIME (years) 

Figure 2. Three-layer water column; transfer of a con
servative species from the lower into upper layer 

Kate of change in concentration ( C 2 ) in hyer h 2 . Ci° and 
C o ° are initial concentrations in layers h i and h 2 identified 
in the inset. Upper and lower layer assumed well mixed; 
linear concentration gradient in middle layer. Equation 10, 
with Equations 7 and 9. Thickness of water layers: h i = h 2 

= 25 m, ΔΙι = 10 m. Concentration-time curves were com
puted for the following diffusion coefficients, from left to 
right: Κ = 5 Χ ΙΟ"2, J X JO" 2 , and 5 X JO" 3 cm2 · sec'1. 
Higher value of eddy diffusivity in the middle layer results in 
a faster attainment of chemical steady-state, indicated by 
equal concentrations in the three water layers (dashed line 

in the inset). 
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34 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

is s h o w n i n F i g u r e 2; the curves have been ca l cu lated for a 60-m-deep 
water c o l u m n ( l ower layer hx = 2 5 m , pycnoc l ine Ah — 10 m , a n d upper 
layer h^, — 2 5 m ) for three different eddy di f fusion coefficients i n the 
pycnoc l ine ( 5 Χ 10" 3 , 1 Χ 10" 2 , a n d 5 Χ 10" 2 c m 2 · sec" 1 ) . These values 
of the eddy di f fusion coefficient are i n the range reported for pycnoc l ines 

t ( y e a r s ) 

5 

0.5 

0.3 

0.1 

π 1 — ι — ι — ι — ι — ι — ι — ι ι ι ι ι ι 

L I M I T 0 F C / C 0 W H E N I = 2 h L i m i ι v r \JI V/Q » » n i _ m ι - s- n ι 

κ 2 /κ,«ιο 

! LIMIT C = 0 . 5 C 

I 
1 
1 
• 

(t = 0 ) 

- | = 6 0 m 

- h = 3 0 m 

1.0 
0.1 c m 2 / s e c 
0.01 

0.1 c m 2 / s e c 

JT (yr2) 

Figure 3. Two-layer water column; transfer of a conservative 
species from the lower into upper layer 

Rate of change in mean concentration (C) in the upper layer 1 — h. 
Co is initial concentration in the lower layer ( h ). Κι and K 2 are eddy 
diffusion coefficients in the lower and upper layer, identified in the 

inset. Equation 17. 

i n stratif ied lakes ( F i g u r e 1 ) . T h e curves i n F i g u r e 2 for the rate of 
increase i n concentrat ion show that the concentrations i n the t w o layers 
w o u l d equal ize i n a re lat ive ly short t ime ( 1 0 - 4 0 years ) . T h e t i m e re 
q u i r e d to atta in equa l concentrat ion i n such a m o d e l lake depends on 
the e d d y di f fus iv i ty i n the pycnoc l ine a n d on the ver t i ca l dimensions of 
the i n d i v i d u a l layers. 

C o n c e n t r a t i o n - t i m e curves for a two- layer water c o l u m n o f some
w h a t different p h y s i c a l characteristics are shown i n F i g u r e 3. I n this 
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2. L E R M A N Time to Chemical Steady-States 35 

mode l , the two water layers ( each 30 m th i ck , shown i n the inset of F i g 
ure 3) are not w e l l m i x e d ; each is character ized b y a different va lue of 
the eddy dif fusion coefficient. A s i n the previous example, the values of 
the e d d y di f fusion coefficients were taken to represent the range reported 
for stratif ied lakes. In i t ia l l y , a conservative species ( inset of F i g u r e 3) 
is homogeneously d i s t r ibuted w i t h i n the lower layer, its concentrat ion 
be ing C0. M i g r a t i o n across the boundary between the t w o layers a n d 
subsequent dispersal w i t h i n the upper layer w o u l d eventual ly equal ize 
the concentrations. A t the l i m i t , the concentrat ion of the species w o u l d 
be homogeneous throughout the t w o layers a n d equa l to C0h/l. 

T h e conc lus ion w h i c h m a y be d r a w n f rom the curves i n F i g u r e 3 is 
essentially the same as for the three-layer system discussed ear l ier : the 
t ime r e q u i r e d to at ta in e q u a l concentrations is re lat ive ly short, 1-20 years. 

T h e preced ing discussion of the two s imple models suggests that i n 
closed lakes w i t h stationary stratif ication of the water c o l u m n , a change 
i n the chemica l composit ion of one of the layers is a transient phenome
non of re lat ive ly short durat ion . I n order to m a i n t a i n a steady concentra
t i on gradient i n a lake water c o l u m n , the lake must be open, such that 
the i n p u t of solute is ba lanced b y its removal . Some examples of such 
cases have been discussed b y H u t c h i n s o n (7, p . 480 a n d f f . ) . 

Calculation of Concentration—Time Curves for a Three-Layer Model 
(Figure 2). T h e simplest w a y to estimate h o w long it w o u l d take for the 
concentrations i n the lower a n d u p p e r layer to become e q u a l is to assume 
that the flux across the pycnoc l ine is at a l l t imes propor t i ona l to the con 
centrat ion difference between the upper a n d lower layer 

F = k(Ct - C 2) (1) 

where F is the flux of dissolved species ( gram · c m ' 2 · sec" 1 ) , k is a con
stant proport iona l i ty factor of dimensions c m · sec" 1, a n d Cx a n d C 2 are 
the concentrations i n the lower a n d upper layer, respect ively ( g r a m · 
c m " 3 ) . 

F r o m the two f o l l o w i n g equations, C i a n d C 2 m a y be evaluated. 

R a t e of concentrat ion change i n lower layer : = — ^- (Ci — C 2 ) (2) 

M a s s balance : Qa = Cxhx + C 2 A 2 + (Ci + C 2 ) A A / 2 (3) 

where Q0 is the total amount of the chemica l species ( g r a m · cm" 2 ) i n the 
lake. Q0 m a y be expressed i n terms of the i n i t i a l concentrations i n the 
two m i x e d layers a n d the mean concentrat ion i n the pycnoc l ine : 

Qo = d e A i + t Y A 2 + (Ci° + C 2°)AA/2 (4) 
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3 6 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Subst i tut ion f r om E q u a t i o n 3 into E q u a t i o n 2 a n d integrat ion give 

Qo 

hi + h2 + Ah 

Qo 

hi + h2 + Ah 

C i = ,. x f ' x n [1 " e-«+«k>] + Ο Υ * - " " " » (5) 

C 2 = . . A U [1 - *-<·+«>*'] + C 2
0e-«+«>*' (6) 

, hi + Ah/2 
W h e r e α - hi(h2 + Ah/2) ( 7 ) 

Constant k m a y be evaluated as fol lows. W h e n the flux ( F ) t h r o u g h the 
pycnoc l ine is eddy di f fusional i n nature a n d the concentrat ion gradient 
is l inear , then 

F = * Î t = S ( C I - C 2 ) ( 8 ) 

where Κ is the eddy dif fusion coefficient i n the pycnoc l ine layer ( c m 2 · 
sec - 1 ) a n d AC is the difference between the concentrations at the pycno 
c l ine boundaries . F o r the case w h e n eddy di f fusivi ty i n the pycnoc l ine is 
constant, c ompar ing E q u a t i o n s 8 a n d 1 gives 

k = K/Ah (9) 

A s imi lar der ivat ion has been g iven i n Ref . 20. 
F o r the m o d e l shown i n F i g u r e 2, the thickness of the pycnoc l ine 

Ah = 10 m , a n d eddy dif fusion coefficient i n the pycnoc l ine was g iven the 
values of Κ = 5 Χ 1 0 3 , 1 χ 10" 2 , a n d 5 Χ 10" 2 c m 2 · s e c 1 . F r o m E q u a 
t i on 9, the values of k are 1.58, 3.16, a n d 15.8 m · y r " 1 . W h e n the i n i t i a l 
concentrat ion i n the upper layer C 2 ° = 0, E q u a t i o n 6 can be w r i t t e n i n 
the f o l l o w i n g form. 

T h e concentrat ion - t ime curves shown i n F i g u r e 2 were ca l cu lated us ing 
Re lat ionship 10 w i t h the values of the layers ' thickness hx = h2 = 25 m , 
Ah = 10 m , a n d the values of k der ived as exp la ined above. 

Constant k defined i n E q u a t i o n 2 is ident i ca l w i t h the concept of 
entrainment ve loc i ty (Ue) w h i c h has been s tudied b y T u r n e r (21) i n 
experiments on the transport of salt a n d heat across the interface of a 
density-strati f ied two- layer water c o lumn. T h e def init ion of k i n this sec
t ion also applies to a two- layer m o d e l w i t h a stationary interface; i n a 
two- layer water c o l u m n , Ah = 0 i n E q u a t i o n s 3 -7 . T h e n , however , the 
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2. L E R M A N Time to Chemical Steady-States 

re lat ionship between k a n d the eddy di f fusion coefficient Κ i n E q u a t i o n 9 
becomes i n v a l i d . 

Calculation of Concentration—Time Curves for a Two-Layer Model 
(Figure 3 ) . I n a two- layer system, w h e n the dif fusion coefficients i n the 
two layers are equa l , the concentrat ion of a d issolved substance o r i g i 
na l l y confined to one layer is g iven b y the f o l l o w i n g re lat ionship (22, 
p. 15) 

C = V2C0 Σ {erf h + 2 " ^ * + erf h ' + A ( H ) 

where C0 is the i n i t i a l concentrat ion i n one layer (0 < ζ < h), h a n d I 
are the boundaries of the two layers ( s h o w n i n the inset of F i g u r e 3 ) , a n d 
ζ is the ver t i ca l d imens ion ( 0 < ζ ^ I). T h e significance of the functions 
erf χ (error funct ion ) a n d erfc χ (error funct ion complement ) w h i c h 
appear i n m a n y of the solutions i n the text is discussed i n the A p p e n d i x . 
T h e nature of the functions a n d methods of evaluat ion , w i t h references, 
are also summar ized i n the A p p e n d i x . 

F o r the case w h e n the dif fusion coefficients i n the t w o layers are not 
equal , der ivat ion of a c losed-form re lat ionship for C is diff icult. A s a n 
alternative, a s impler method has been used w h i c h gives the m e a n con
centrat ion ( C ) as a funct ion of t ime i n the u p p e r layer into w h i c h the 
substance diffuses f r om the lower layer. T h e m e t h o d for c o m p u t i n g the 
m e a n concentrat ion is based on the f o l l o w i n g : F i r s t , i t is assumed that 
the upper layer is semi-infinite, extending f r om ζ = h u p w a r d s ; second, 
the amount of d issolved matter transported f r om the l ower layer across 
the plane ζ = h is evaluated as a funct ion of t ime ; t h i r d , the amount of 
matter transported f rom the lower into the u p p e r (semi- inf inite) layer 
u p to some t ime t is d i v i d e d b y the height of the upper layer , I — h, to 
obta in the mean concentrat ion ( C ) i n the upper layer. T h e m e a n c o n 
centrations computed b y this method are w i t h i n a f ew percent of the 
values obtainable b y the use of a complete expression for C, such as 
Re lat ionship 11 (23). 

T h e concentrat ion w i t h i n a semi-infinite m e d i u m ( C 2 ) into w h i c h 
the substance diffuses out of the lower layer ( i n i t i a l concentrat ion C0) 
m a y be ca lculated b y the f o l l o w i n g re lat ionship (24, p. 91 ; coordinates 
were changed to conform to the coordinates of the m o d e l discussed here ) 

c>. = y2c0 i - a - v) erf ττπ= + ( i - ρ2) Σ ( - ρ ) - 1 · 

e r f p L ^ L + . ^ l l (12) 
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38 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

where K i is the di f fusion coefficient i n the lower layer ( 0 < ζ < ft), K 2 is 
the di f fusion coefficient i n the upper layer (z > ft), a n d ρ is a parameter 
dependent o n the densities, specific heats, a n d di f fusion coefficients of the 
t w o layers. 

I n aqueous solutions that are not h i g h l y concentrated br ines , the 
produc t pc is close to 1 a n d varies on ly s l ight ly w i t h concentrat ion. T h u s , 
E q u a t i o n 13 m a y be s impl i f ied to 

ρ = [1 - V ( * V * . ) ] / [ 1 + ViKJKt)) (14) 

T h e flux across the p lane ζ — ft m a y be der ived f r o m E q u a t i o n 12. 

X 7 2 - h 

= y*c° |/f I 1 - * - <* - ^ s e x p ( - 0)} ( 1 5 ) 

T h e amount of matter w h i c h has crossed the p lane ζ = ft u p to t ime £ is 
obta ined b y integrat ion of E q u a t i o n 15. 

M t = £ F h d t ' = c ° I 1 " v " ( i " p 2 ) ' 

s<-"-h(-S)-^-^s]} «·> 
E r f c is the error funct ion complement , def ined as erfc χ = 1 — erf x. O n 
the computat ion of erfc, see the A p p e n d i x . T o o b t a i n the m e a n concen
trat ion w i t h i n the upper layer of thickness I — ft, the va lue of Mt ( i n 
grams · cm" 2 ) i n Re lat ionship 16 is d i v i d e d b y I — ft. 

r e x p ( ^ ) _ J ^ e r f c ^ l l (17) 
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2. L E R M A N Time to Chemical Steady-States 39 

Relat ionships 15-17 are phys i ca l l y m e a n i n g f u l for a l l values of t u p to 
the va lue at w h i c h the m e a n concentrations i n the l ower a n d u p p e r layer 
become e q u a l a n d the process of transport across the interface ends. A t 
the e n d of the process, the concentrat ion of the di f fusing substance is the 
same i n the two layers. 

T h i s e n d value of C is labe l l ed " l i m i t of C " i n the inset of F i g u r e 3. T h e 
concentrat ion - t ime curves for the upper layer i n a two- layer m o d e l i n 
F i g u r e 3 were ca lcu lated us ing Re lat ionship 17 w i t h the values of h = 
30 m , (I - h) — 30 m , Κχ = 0.1 c m 2 · sec" 1, a n d K 2 — 0.01, 0.1, a n d 
1.0 c m 2 · sec" 1 as shown. 

Three-Layer Lake 

Diffusion Coefficients in the Pycnocline. Intui t ive considerations sug
gest that i n a three-layer lake ( w e l l - m i x e d u p p e r layer , pycnoc l ine , a n d 
w e l l - m i x e d lower layer ) the eddy di f fusivi ty i n the m i d d l e layer shou ld 
to some extent depend on the steepness of the density gradient i n i t . 
W h e n the density gradient is strong, the degree of turbulence a n d , hence, 
the magni tude of eddy di f fusivity i n the pycnoc l ine m a y be expected to 
be l ow , or the gradient w o u l d be destroyed b y turbulent eddies. T h e 
steepness of the density gradient w i t h i n a water layer determines the 
stabi l i ty of strati f ication: the greater the density gradient, the more stable 
is the stratif ication. T h i s re lat ionship between the density gradient a n d 
the degree of s tabi l i ty of stratif ication is c o m m o n l y expressed i n the 
quant i ty k n o w n as the Brunt-Vàisàlà stabi l i ty f requency ( 2 5 ) , Ν 

where g is the acceleration due to gravi ty , ρ is density, a n d the depth ζ 
is scaled such that increasing d e p t h corresponds to larger negative n u m 
bers. O n such a scale, the density increasing w i t h depth results i n a 
negative density gradient a n d N2 positive. T h e d imens ion of Ν is sec" 1. 
Re lat ionship 19 is v a l i d for a water c o l u m n u p to several h u n d r e d meters 
deep, where the effect of ad iabat ic compress ib i l i ty on the density gradient 
w i t h i n the water c o l u m n m a y be ignored. F o r a deeper water c o l u m n , a n 
add i t i ona l ad iabat i c term is i n c l u d e d i n E q u a t i o n 19. E c k a r t (25) has 
discussed the der ivat ion a n d p h y s i c a l significance of the concept of sta
b i l i t y frequency, N. T h e name stabi l i ty f requency is b o r r o w e d f r o m a 
mechani ca l analog of an " i so lated" smal l parce l of water d isp laced f r om 
its hydrostat ic e q u i l i b r i u m posi t ion i n the density gradient. W h e n d is -

C = CJi/l (18) 
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Figure 4. Eddy diffusion coefficients ( K ) and the 
Vàisàlà stability frequency ( N ) plotted against depth. 
Points plotted were calculated from temperature-depth 
profiles for the month of August 1966 in Lake Tiberias. 

Data sources in Ref. 9. 

p l a c e d u p , the parce l w o u l d move d o w n under the force of gravi ty past 
its e q u i l i b r i u m pos i t ion ; buoyant force w o u l d then displace the parce l 
upwards , out of the denser l i q u i d a n d past its e q u i l i b r i u m posit ion. S u c h 
mechani ca l oscil lations are mathemat ica l ly analogous to the concept of 
s tabi l i ty frequency. 

W h e n the density stratif ication is thermal i n nature, the Vàisàlà 
stabi l i ty frequency i n E q u a t i o n 19 m a y be w r i t t e n i n terms of the t e m 
perature gradient 

where a is the coefficient of thermal expansion [a •= (l/p) dp/dT], T h e 
values of N 2 are easily ca lcu lab le f rom the measured t e m p e r a t u r e - a n d / o r 
s a l i n i t y - d e p t h profiles. 

V a r i a t i o n i n the stabi l i ty frequency (N) a n d eddy dif fusion coeffi
c ient ( K ) w i t h depth , de termined for one stratified lake ( L a k e T i b e r i a s ) , 
is shown i n F i g u r e 4. I n the near surface layer of the lake ( e p i l i m n i o n ) , 
the turbulence is h i g h a n d the thermal gradient is very poor ly deve loped ; 
this is reflected i n the h i g h value of the eddy dif fusion coefficient a n d 
l o w stabi l i ty frequency. I n the thermocl ine reg ion (depths 15-25 m ) , 
the thermal gradient is f a i r l y strong, the stabi l i ty f requency is h i g h , a n d 
the eddy dif fusion coefficient is low. T h e p icture reverses itself be l ow the 

(20) 
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2. L E R M A N Time to Chemical Steady-States 41 

thermocl ine reg ion where the density gradient is apprec iab ly smaller t h a n 
i n the thermoc l ine ; re lat ive ly h i g h eddy di f fus iv i ty a n d l o w stabi l i ty fre
quency characterize the deeper reg ion of the water c o l u m n . 

T h e rec iproca l re lat ionship between Ν a n d Κ is apparent f r om the 
data p lo t ted i n F i g u r e 5 : Ν correlates pos i t ive ly w i t h l og 1/K ( corre lat ion 
coefficient r = 0.71, s ignif icant at 0.01 l e v e l ) . T h e least-squares fit to the 
26 points p lo t ted gives 

log Κ = - 0.749 - 24.235ΛΓ (21) 

Κ = 0.178 exp ( - 55.803Λ0 (22) 

T h e constant coefficient 0.178 i n E q u a t i o n 22 does not i m p l y that 
the eddy di f fusion coefficient approaches the constant va lue of 0.178 
c m 2 · sec ' 1 w h e n the s tabi l i ty f requency Ν tends to zero. T h e factor 0.178 

1/K 

I 10 100 800 

I 0.1 0.01 

K(cm2sec"') 

Figure 5. Correlation between 
eddy diffusion coefficients ( K ) and 
stability frequency ( Ν ) in the ther
mocline region of Lake Tiberias 

(depth 15-25 m) 

Solid line: linear least squares jit to 
the data, Equation 21 in the text. 
Dashed lines: one standard deviation 
(±0.168) of the intercept (0.749) of 
log 1/K. Calculated from April-Oc
tober 1966, temperature-depth profiles 
in Lake Tiberias. Sources of data and 
computation methods discussed in Ref. 

9. 
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42 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

is the result of the straight- l ine fit to the data . I n fact, as the stratif ication 
is g radua l ly destroyed a n d the density gradient decreases, the eddy 
di f fusional m i x i n g i n the water c o l u m n is l i k e l y to become stronger, u n t i l 
i n the absence of a density gradient the eddy di f fusion coefficient m a y 
become two or more orders of magni tude greater than 0.178 c m 2 · sec" 1. 

It is not to be expected that the straight- l ine E q u a t i o n 21 w o u l d 
a p p l y to the thermocl ine layers of other lakes. B o t h Ν a n d Κ were c a l c u 
lated f rom temperature profiles the shape of w h i c h depends i n a complex 
manner on the c l imate of the area, t h e r m a l regime, depth , a n d vo lume of 
the lake. It seems, however , that b y arguments presented earl ier i n this 
section, a n inverse re lat ionship between the s tabi l i ty f requency a n d e d d y 
dif fusion coefficient w o u l d , i n general , h o l d i n the pycnoc l ine layers of 
lakes. I f such a re lat ionship is establ ished, i t w o u l d be possible to ob ta in 
estimates of Κ f r om the values of the s tabi l i ty f requency N, w h i c h are 
m u c h easier to compute . 

T h e h i g h l y e m p i r i c a l nature of the corre lat ion between Ν a n d K, 
such as the one shown i n F i g u r e 5, is underscored b y the theoret ical a n d 
exper imental analysis of the rates of transport across pycnoc l ine w h i c h 
have been reported as dependent o n the rate of d iss ipat ion of energy i n 
the upper w e l l - m i x e d layer (21, 26, 27). A t present, however , i t is dif f i 
cu l t to relate the energy d iss ipat ion a n d transport rates i n the pycnoc l ine 
of a rea l lake. 

T h u s , w i t h reference to a three-layer lake m o d e l i n w h i c h the eddy 
dif fusion coefficient i n the m i d d l e layer depends on the concentrat ion (or 
dens i ty ) gradient , the eddy dif fusion coefficient m a y be est imated b y a 
re lat ionship of the type of E q u a t i o n 22 for different values of the gradient 
a n d concentrat ion difference between the w e l l - m i x e d top a n d bot tom 
layer. A case i n w h i c h this m o d e l m i g h t a p p l y is transport of d isso lved 
salts f rom a saline br ine layer on the bot tom into a more d i lute layer 
above, w h e n the concentrat ion of tota l d issolved solids i n the pycnoc l ine 
a n d surface layer changes cont inuously i n the process. U s e of this m o d e l 
to estimate the length of t ime to a complete m i x i n g of a stratified br ine 
lake, the D e a d Sea, w i l l be demonstrated. 

T i m e of M i x i n g : T h e D e a d Sea. A l t h o u g h it has been stressed earlier 
that the re lat ionship between Ν a n d Κ establ ished for one lake m a y not 
h o l d for another lake , i n the present case the re lat ionship between Ν a n d 
Κ der ived for the thermoc l ine of L a k e T iber ias is the only one avai lable 
a n d the on ly one w h i c h m a y be a p p l i e d to estimate the eddy dif fusion 
coefficients i n the pycnoc l ine of the D e a d Sea. I m p l i c i t is an assumption 
that the eddy di f fus iv i ty of d isso lved salts is e q u a l to that of heat. 

B o t h L a k e T iber ias a n d the D e a d Sea are located w i t h i n one r i f t 
va l ley , s t r ik ing approx imate ly n o r t h - s o u t h , at a distance of about 100 
miles f rom one another. T h e stratif ication of the water c o l u m n a n d 
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2. L E R M A N Time to Chemical Steady-States 43 

bot tom morphometry of the D e a d Sea are shown d i a g r a m m a t i c a l l y i n 
F i g u r e 6. T h e major inf low into the l ighter upper water mass is f rom the 
R i v e r Jordan i n the nor th , two smal l streams i n the east, a n d a n u m b e r 
of springs around the lake. There is no surface outflow f rom the lake. 
Ca l cu la t i ons of the water budget of the D e a d Sea (29) show that the 
inf low a n d prec ip i tat ion are nearly ba lanced b y evaporat ion f r om the 
lake surface. T h i s suggests that there are no other important mechanisms 
of water remova l f rom the lake, such as underground seepage of br ine 
out of the lake through the sediments. T h e first record of the c h e m i c a l 

DISSOLVED SOLIDS (g/l) 

100 2 0 0 300 
τ 1 1 1 1 1 r-

1 k 
* 100 h INITIAL 

(ASSUMED) 

PRESENT 

3 0 0 Y 

Figure 6. Diagrammatic NNE-SSW cross-section of the Dead Sea 
drawn along the line shown in the inset; depths from Ref. 28 

Densities of upper and lower water mass identified in the cross-section. Dia
grammatic concentration-depth profile at present approximated to well-mixed 
upper and lower layers, with a linear concentration gradient in the pycnocline 
layer. Initial concentration of dissolved solids 100 grams/liter in the upper 
layer assumed for the purpose of calculating the age of stratification as dis

cussed in the text. 

stratif ication of the D e a d Sea dates back to 1864 (references i n Ref . 23), 
al though the stratif ication is l ike ly to be m u c h older. T h e stratif ication, 
however , cannot be permanent ; i n a stratified br ine lake w i thout outflow, 
w h e n the lake vo lume is nearly constant, the dissolved salts brought b y 
the inf low into the upper layer a n d b y transport across the pycnoc l ine 
cont inuously increase the concentrat ion i n the upper layer so that the 
concentration eventual ly becomes homogeneous throughout the water 
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44 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

co lumn. A s imi lar , but s impler , process has been discussed for two - a n d 
three-layer models i n the preced ing section. 

I n order to estimate h o w long w o u l d it take for the D e a d Sea water 
c o l u m n to become homogeneous, beg inn ing w i t h its present concentrat ion 
difference between the upper a n d lower layer, it is necessary to k n o w h o w 
the vo lume of the i n d i v i d u a l br ine layers a n d rate of salt input v a r y w i t h 
t ime. A s these relationships are not k n o w n , the f o l l o w i n g assumptions 
w i l l be m a d e : 

(i) T h e vo lume of the D e a d Sea a n d its i n d i v i d u a l br ine layers re 
mains constant. 

( it ) T h e rate at w h i c h salts are be ing added b y the inf low remains 
constant. 

( i n ) T h e concentrat ion of salts i n the denser l ower water mass is 
constant. 

(iv) T h e re lat ionship between the density gradient i n the pycnoc l ine 
a n d eddy di f fusion coefficient, as i n E q u a t i o n s 21 a n d 22, holds for the 
D e a d Sea pycnoc l ine . 

I n support of assumption ( i ) , the shore-l ine records of the D e a d Sea 
(28) indicate that the lake vo lume d i d not v a r y b y more than 5 % d u r i n g 
the last 2000 years. F o r assumption (Hi), a salt layer ( N a C l ) is exposed 
on the lake floor, be low 40-m depth contour l ine (28); the l ower br ine 
layer is saturated w i t h respect to hal i te ( 2 3 ) , a n d there are v i r t u a l l y no 
concentrat ion gradients i n it ( F i g u r e 6 ) . T h u s , i f d i l u t i o n of the lower w a 
ter mass occurs, the N a C l concentrat ion i n the br ine w o u l d tend to be re 
stored b y dissolut ion of hal i te on the lake floor u n t i l an e q u i l i b r i u m has 
been reestablished. W i t h regard to assumption (iv), the density gradient 
i n the m i d d l e br ine layer of the D e a d Sea is steeper than i n the seasonal 
pycnoc l ine of the fresh water L a k e T iber ias . H e n c e , the s tab i l i ty fre
quencies i n the present pycnoc l ine of the D e a d Sea are higher than the 
m a x i m u m values i n L a k e T iber ias , as shown i n F igures 4 a n d 5. 

T h e preced ing reasoning on the " l i fe expectancy" of the stratif ication 
i n the D e a d Sea m a y also be a p p l i e d to its past history , a n d the length of 
t ime needed to atta in the present concentrat ion difference start ing f rom 
some state i n the past m a y be w o r k e d out. F o r this , however , the i n i t i a l 
concentrat ion difference between the two layers must be k n o w n . 

A n i n i t i a l state i n the past was assumed as the total d isso lved solids 
concentrat ion i n the lower water mass Ci = 327 g r a m s / l i t e r , as at present; 
i n the upper water mass it was taken as CH = 100 g r a m s / l i t e r . T h e t ime 
f rom the i n i t i a l state to a complete homogenizat ion of the water c o l u m n 
was c omputed as fol lows. 

T h e rate of concentrat ion increase i n the upper water mass o w i n g 
to eddy di f fusional flux across the pycnoc l ine a n d inf low is ( this a n d 
subsequent equations are g iven i n the finite difference rather than d i f -
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2. L E R M A N Time to Chemical Steady-States 

ferent ia l f o rm, insofar as the final w o r k i n g equat ion ar r ived at is 
nonl inear ) 

^ = ψ + Cjf (grams • c m " 3 · sec" 1) (23) 

where Cu is the concentrat ion i n the upper water mass (grams · c m ' 3 ) , 
F is the eddy di f fusional flux f r om the lower in to upper water mass 
(grams · c m " 2 · sec" 1 ) , Vu is the thickness of the upper water mass ( c m 3 · 
c m " 2 ) , assumed constant, a n d C / is the rate of salt add i t i on to the u p p e r 
water mass b y surface inf low per uni t vo lume. C / is determined b y m u l 
t i p l y i n g the concentrat ion i n the inf low (C f / , grams · cm" 3 ) b y the rate of 
inf low (qJf c m 3 · sec" 1) a n d d i v i d i n g the product b y the vo lume of the 
upper water mass Vu: C/ = Cjqj/Vu (grams · c m " 3 · sec" 1 ) . 

T h e eddy di f fusional flux across the pycnoc l ine is 

F = K C l 7 C u (grams · c m " 2 · sec" 1) (24) 
Δζ 

where Κ is the eddy dif fusion coefficient ( c m 2 · s e c ' 1 ) , Cx a n d Cu are the 
concentrations i n the lower a n d upper water mass, a n d Δζ is the thickness 
of the pycnoc l ine layer. 

T h e eddy dif fusion coefficient Κ is, b y Re lat ionship 22, 

Κ = 0.178 exp ( - 55.803JV) ( cm 2 · sec" 1) (25) 

a n d the Vàisàlà stabi l i ty frequency N , f rom E q u a t i o n 19, w r i t t e n i n finite 
difference f orm is 

Ν = l / f f i ' " ? " i ( sec - ) (26) 
V Az(ç>i + pM) 

T h e subscripts I a n d u denote the density of the lower a n d upper water 
mass. 

T h e dependence of the density of the upper water mass on concen
trat ion was taken as 

pu = 1.0057 + 0 .6956C M (grams · c m " 3 ) (27) 

w h i c h was der ived f rom the dens i ty - concentrat ion data for the D e a d Sea 
brines i n N e e v a n d E m e r y (28 ) . 

B y consecutive subst itut ion f rom E q u a t i o n 27 through E q u a t i o n 23, 
w e obta in 

salt f rom eddy dif fusional flux 

A C u g a l t f r o m 

L ν«Δζ i n f l o w 

/ E g O A O ~ 10057 - 0 .6956C„ )M Λ < r m , 
exp (^-55.803 γ ^ + ^ + Q 6 9 5 6 C u ) j J ^ + C, At (28) 
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46 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

I n E q u a t i o n 28, ACU (grams · cm" 3 ) is the concentrat ion increment 
i n the upper water mass caused b y the eddy di f fusional transport across 
the pycnoc l ine i n t ime in terva l At (first t erm on the r ight -hand-s ide of 
E q u a t i o n 28) a n d a d d i t i o n of salt b y inf low i n t ime in terva l At ( second 
term o n the r i ght -hand-s ide ) . 

T h e constant terms i n E q u a t i o n 28 are the f o l l o w i n g : 

Ci = 0.327 g r a m s - c m - 3 

Vu = 3.5 Χ 10 3 c m 3 c m ~ 2 

Δ ζ = 4.0 Χ 10 3 c m 
g = 980 c m · sec" 2 

ρ ζ = 1.233 grams · c m - 3 

Cj = 7.7878 X 10~ 5 grams · c m ~ 3 · y r _ 1 (computed f rom the d a t a on mean 
concentrat ion of dissolved solids 
a n d inflow of the R i v e r J o r d a n , as 
g iven i n Ref . 28) 

Subst i tut ion of the constant parameters into E q u a t i o n 28 a n d m u l t i 
p l i ca t i on of the di f fusional flux term b y 3.156 Χ 10 7 sec · y r " 1 gives 

ACu = ^0.40125 (0.327 - Cu) X 

- (-«»» ;=:)>+'•«» * '™ ™ 
where At is i n years. 

U s i n g E q u a t i o n 29 w i t h some i n i t i a l value assigned to Cu, the con
centrat ion increment ACU can be c omputed for some short t ime interva l 
At. T h i s value of ACU is a d d e d to the i n i t i a l va lue of C M , g i v i n g a new 
concentrat ion Cu, U s i n g the latter va lue of Cu i n E q u a t i o n 29, the next 
increment ACU is c omputed for the next t ime in terva l At. T h e entire pro 
cedure is repeated u n t i l the concentrat ion i n the upper water mass equals 
that i n the lower mass, 0.327 grams · cm" 3 . T h e t ime r e q u i r e d to attain 
such a state is the sum of the At increments. 

I n order to m i n i m i z e the deviations f rom nonl inear i ty i n the c o m p u 
tat ion of ACU b y this method of finite differences, the t ime i n t e r v a l At 
must be short, such that each successive concentrat ion increment a lways 
amounts to no more than a f ew percent of the concentrat ion i n the u p p e r 
layer C u . T h e relat ive increment ACU/CU ( in percent) as a funct ion of the 
dissolved solids concentrat ion i n the upper mass Cu is shown i n F i g u r e 7 
for t ime increments At = 100 y r a n d At = 50 yr . F o r the concentrat ion 
of the upper water mass i n the range f r om 80 to 327 g r a m s / l i t e r , the 
concentrat ion increments computed for 50-year t ime intervals are a lways 
under 1 0 % of the concentrat ion i n the upper mass. F o r 100-year inter 
vals, the corresponding increments are tw i ce as large. T h e sl ight increase 
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τ r 

100 2 0 0 3 0 0 

DISSOLVED SOUDS C ( g/l) 

Figure 7. Rehtive increase in the concentra
tion in the upper brine layer ( A C / C ) owing 
to river inflow and eddy diffusional transport 
of salt from the lower brine layer in the Dead 
Sea. Concentration increment (AC) computed 
from Equation 29 for time steps (At) 50 and 
100 years. Relative increase shown as a func
tion of increasing concentration in the upper 

brine layer (C). 

i n the relat ive increment ACU/CU at h i g h concentration, w h e n the upper 
a n d l ower water mass are nearly of equa l density, is accounted for b y the 
exponential dependence of Κ i n E q u a t i o n 25 on the density difference 
between the upper a n d lower mass. 

T h e concentrat ion i n the upper water mass obta ined b y so lv ing 
E q u a t i o n 29 is shown as a funct ion of t ime i n F i g u r e 8. T h e concentra
t i o n - t i m e curves were computed for three different values of the inf low 
t e r m : C / as taken for the present m e a n a n n u a l contr ibut ion of the R i v e r 
Jordan , 2 C / , a n d 4 C / . 

T h e curves i n F i g u r e 8 m a y be read as fo l lows: f rom some stage i n 
the past w h e n the concentration of dissolved solids i n the upper water 
mass was 100 g r a m s / l i t e r , i t w o u l d have taken 1700 years to attain the 
present concentrat ion of 290 g r a m s / l i t e r . I n approximate ly 110 years f rom 
the present, the concentrations i n the upper a n d lower mass w o u l d be
come equal . I f the rate of add i t i on of salts f r om the surface inf low were 
twice the present value , then the present concentration difference between 
the water masses w o u l d have been attained i n approx imate ly 1000 years, 
a n d there w o u l d be 70 years left for the concentrations to become equal . 
S imi lar reasoning applies to the curve labe l led AC/. 
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T h e calculations a n d reasoning presented are based on an assumption 
that a l l the processes were continuous a n d character ized b y the rate 
values discussed earlier i n this section. If, for example , the salt concen
trat ion i n the inf low were m u c h lower than at present, the l ength of 
t ime to atta in the present concentrat ion i n the upper mass w o u l d have 
been correspondingly longer. A n opposite effect might have been pro 
nounced i f the vo lume of the upper water mass fluctuated, as i n the years 
w h e n evaporat ion exceeds inf low. T h e net effect of such fluctuations 
w o u l d accelerate the rate of the concentrat ion increase i n the upper 
layer. T h e dissolved solids r emain i n the br ine w h e n more water evapo
rates, a n d subsequent flooding introduces add i t i ona l amounts of d issolved 
matter. L i k e w i s e , possibly stronger evaporat ion i n the shal low southern
most section of the D e a d Sea ( s h o w n i n F i g u r e 6 ) might have resulted 
i n a concentrated br ine flow d o w n the slope a n d its subsequent m i x i n g 
w i t h the pycnoc l ine or lower waters. S u c h a process w o u l d also accelerate 
the destruct ion of the lake stratif ication. 

U s i n g E q u a t i o n 29, it is possible to calculate the f ract ion of the con
centrat ion increment i n the upper layer result ing f rom eddy di f fusional 
transport f rom be low, i n each 50-year t ime step. 

Y E A R S 

Figure 8. Concentration of dissolved solids in the upper brine hyer 
(U.W.M.) as a function of time 

U.W.M. and L.W.M. are the upper and lower water masses, or brine layers. 
Computation for a three-layer model assumes a hypothetical concentration of 
100 grams/liter in the upper water mass at time t = 0. Three concentration-
time curves computed for different values of the salt input by surface inflow: 
Curve C / for concentration and discharge as the present mean River Jordan, 
and curves for twice and four times the present rate of salt input. Equation 

29. 
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2. L E R M A N Time to Chemical Steady-States 49 

Figure 9. Fraction of increase in the con
centration of the upper water mass (Dead 
Sea) owing to eddy diffusional transport of 
salt from the lower brine layer. Computed 
from Equation 30 for three different values 
of the surface salt input as identified in 

Figure 8 

Fractional increase owing to diffusion = (30) 

The values of the diffusional transport fraction ( in percent) obtained 
from Equation 30 were plotted against time in Figure 9. A t the early 
stages of the process, when the dissolved solids concentration in the 
upper water mass was relatively low, eddy diffusional transport across 
the pycnocline amounted only to a small fraction of the concentration 
increment, the major contribution being attributed to the inflow. As time 
goes on and the concentration in the upper mass steadily increases, the 
contribution from the lower water mass gains in importance until it 
accounts for more than 50% of the dissolved solids being added into 
the upper mass in a unit of time. For the mean inflow rate as in the River 
Jordan, the present-day transport from the lower water accounts for 
70% of the total salt being added to the upper mass. 

It is realized that the premises on which the treatment of a three-
layer model of the Dead Sea is based in this section are open to criticisms 
from different directions. In the absence of any reliable information, 
however, on the past and future possible changes in the physical and 
geometric characteristics of the Dead Sea system, the assumption of con
stant dimensions and rates holding over hundreds or thousands of years 
is probably admissible insofar as it at least provides a measure of the 
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50 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

R o 2 2 6 (pc/l) 

30 50 70 

Figure 10. a: Ra-226 concentrations in the Dead 
Sea (circles) (31) . Solid curves in the pycnocline 
layer (depth 35-75 m) drawn for a steady-state model 
and different values of eddy diffusion coefficients ( K ) 

in the pycnocline. Equation 31. 

b: Eddy diffusion coefficient ( K ) in the pycnocline 
layer as a function of the shape of concentration-
depth profile: Κ plotted against the Ra-226 concen
tration at pycnocline midpoint (55 m). Mean error in 
Ra-226 analyses shows the resulting error in Κ. Κ 
computed from Equation 31 for different values of 

Ra-226 at pycnocline midpoint. 

l i fe span of a stratif ied lake. Ca l cu lat ions of the k i n d presented i n this 
section are l i k e l y to be more re l iable for shorter periods of t ime a n d for 
lakes of better k n o w n behavior . 

Reliability of Eddy Diffusion Coefficients. A method for evaluat ion 
of the e d d y dif fusion coefficients i n the thermocl ines a n d deeper regions 
of lakes, based on t e m p e r a t u r e - d e p t h - t i m e profiles or on the rate of heat
i n g of a lake , was o r ig ina l ly deve loped b y M c E w e n (30) a n d further 
deve loped a n d p o p u l a r i z e d b y H u t c h i n s o n ( 7 ) . A l t h o u g h i n this method 
routine t e m p e r a t u r e - d e p t h profiles recorded at short t ime intervals ( sev
era l days apart ) are f a i r l y convenient to obta in a n d manipulate , the error 
i n the e d d y dif fusion coefficients der ived f rom such thermal data is large. 
It has been shown ( 9 ) that for a r a n d o m error i n the temperature read 
ings |ΔΓ| = 0.05°C, an error of 2 5 - 5 0 % is associated w i t h the eddy 
dif fusion coefficients (K) i n the range 0.05-0.1 c m 2 · sec" 1, a n d i t increases 
w i t h increas ing Κ to approx imate ly 3 0 0 % w h e n Κ is i n the v i c i n i t y of 1.5 
c m 2 · sec" 1. 
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2. L E R M A N Time to Chemical Steady-States 51 

W h e n concentrat i on -depth profiles of some dissolved c h e m i c a l spe
cies are used to evaluate the eddy dif fusion coefficients of the water 
c o lumn, the rates of reactions r emov ing the species f rom the water must 
be k n o w n accurately. T h i s knowledge is l a c k i n g for most of the c o m m o n 
chemica l species w h i c h are be ing removed through inorganic or b io log i ca l 
reactions i n natura l waters. T h e exceptions are those radioact ive nucl ides 
w h i c h are be ing removed f rom the water b y radioact ive decay on ly ; the 
decay constants are i n general w e l l k n o w n . 

T h e nature a n d accuracy of the chemica l data r e q u i r e d i n order to 
obta in eddy dif fusion coefficients w i t h an accuracy of a factor of 2 m a y 
be i l lustrated i n the f o l l o w i n g example taken f rom the Ra-226 profile i n 
the D e a d Sea (31). I n F i g u r e 10a is shown the concentrat ion of Ra-226 
( i n p i c o c u r i e / l i t e r ) at five depths: the concentration i n the upper m i x e d 
layer (64 p c / l i t e r ) is h igher than i n the lower water mass be low the 
pycnoc l ine . T h e decrease in the concentration near the bot tom suggests 
that Ra-226 may be migra t ing f rom the water c o l u m n into the sediment. 
N o Ra-226 measurements were taken i n the pycnoc l ine ( depths 3 5 - 7 5 m ). 
W h e n the transport of Ra-226 f rom the surface layer d o w n through the 
pycnoc l ine is effected b y eddy dif fusion on ly ( i.e., there is neither a ver 
t i ca l nor hor izonta l flow i n the p y c n o c l i n e ) , the shape of the Ra-226 
concentrat i on -depth profile i n the pycnoc l ine is mainta ined b y eddy d i f 
fusion a n d natura l decay of the isotope. T h e l i m i t i n g shapes of the Ra-226 
profile i n the pycnoc l ine are ( i ) a l inear profile, w h e n the concentration 
decreases l inear ly f r om 64 p c / l i t e r i n the upper layer to 50 p c / l i t e r i n 
the l ower layer, as shown i n F i g u r e 10a, a n d ( ii ) a strongly curved profile, 
i n w h i c h the concentration at the midpo in t of the pycnoc l ine (55 m ) is 
equa l to that of the lower br ine layer, shown near the ind i ca t ing arrow 
on the left i n F i g u r e 10a. A t steady-state, the constant concentration at 
the pycnoc l ine m i d p o i n t and boundaries depends on the eddy dif fusion 
coefficient, decay constant, a n d the pycnoc l ine thickness b y the f o l l ow ing 
re lat ionship (32, p. 139) 

where Cx is the Ra-226 concentration at the upper pycnoc l ine boundary 
(Ci = 64 p c / l i t e r ) , CA is Ra-226 concentration at the l ower boundary 
(CH = 50 p c / l i t e r ) , C 2 is the concentration at pycnoc l ine m i d p o i n t taken 
at 55-m depth , h is the pycnoc l ine layer thickness (4 χ 10 3 c m ) , λ is the 
Ra-226 decay constant (1.355 Χ 1 0 1 1 s e c 1 ) , a n d Κ is the e d d y dif fusion 
coefficient i n the pycnoc l ine . B y Re lat ionship 31, Κ may be evaluated for 
different values of C2, the l i m i t i n g values of w h i c h for the case of eddy 
di f fusional transport are 50 p c / l i t e r a n d (64 -(- 5 0 ) / 2 = 57 p c / l i t e r , as 
exp la ined earlier i n this section. T h e eddy dif fusion coefficients ca lcu lated 

(31) 
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5 2 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

b y E q u a t i o n 31 are shown i n F i g u r e 10b. A t the lower l i m i t of C 2 , the 
eddy dif fusion coefficient is l ow , Κ = 2 Χ 10~4 c m 2 · sec" 1. As C 2 increases 
a n d the concentration profile becomes less curved , Κ also increases. A t 
the upper l i m i t of C 2 , w h e n the concentration gradient i n the pycnoc l ine 
is l inear , the eddy diffusion coefficient is inf inite ly large. 

T h e mean error i n Ra-226 concentrations p lo t ted i n F i g u r e 10a is 
± 5 % . C o m p a r i n g this error w i t h the curve of Κ values i n F i g u r e 10b 
shows that the error i n Κ c omputed f rom some value of C 2 can be as h i g h 
as several orders of magni tude . T h e estimates of Κ are very sensitive to 
the value of C 2 , as may be observed i n F i g u r e 10b a n d i n the two profiles 
close to one another shown i n F i g u r e 10a, the one g i v i n g Κ = 1.5 Χ 10" 3 

c m 2 · sec" 1 a n d the other Κ = oo. 

Approach to Chemical Steady-States 

T h e previous sections dealt w i t h transient a n d steady chemica l states 
i n systems whose geometry was constant a n d independent of t ime. I n 
fresh water lakes, however , undergo ing per iod i c seasonal changes f rom 
stratif ication i n the summer to complete m i x i n g i n the winter , the d i s t r i 
but i on of the chemica l species is greatly affected b y the changes i n the 
structure of the water c o l u m n . A steady-state d i s t r ibut ion of a chemica l 
species w h i c h has been established d u r i n g the p e r i o d of stratif ication is 
destroyed w h e n the lake turnover occurs; subsequently , the concentrations 
i n the water c o l u m n change a n d tend to a n e w steady-state w h i c h m a y 
be establ ished under the n e w phys i ca l condit ions. 

W h e n there is a constant source of a react ing chemica l species i n 
the water c o l u m n or at its boundaries (e.g., w a t e r - a i r a n d / o r w a t e r -
sediment interface) then, b y a rule of t h u m b , a steady-state m a y be at
ta ined w i t h i n a per i od of t ime equa l to " a f ew" hal f - l ives of the species. 
I n deta i l , a steady-state concentration is attained after " inf in i te ly l o n g " 
t ime. T h e t ime requ i red for the concentration to come close to the 
steady-state va lue at any po int i n the water c o l u m n depends on its dis 
tance f rom the source, transport properties of the m e d i u m ( i.e., its d i f fu
s iv i ty a n d d i s t r ibut ion of advect ive ve loc i t ies ) , a n d the rates of the 
reactions r emov ing the species f rom the water. A concentration of 9 5 % 
of a steady-state value m a y be arb i t rar i l y taken as sufficiently close to a 
steady-state a n d ind i ca t ing that the transient state has effectively come 
to an end. T h e t ime r e q u i r e d to attain this concentration leve l (i.e., 
w h e n C = 0 .95C S S ) at some point of a concentrat ion -depth profile w i l l 
be referred to as the time to steady-state. B y w a y of general izat ion, a 
chemica l species w i t h a constant hal f - l i f e w o u l d attain a steady-state 
concentration at any po int i n the water c o l u m n sooner w h e n the distance 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

00
2

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 



2. L E R M A N Time to Chemical Steady-States 53 

f r om the source is s m a l l a n d the dispersal w i t h i n the water c o l u m n is fast 
(Le., eddy dif fusion coefficient is l a r g e ) . 

I f the hal f - l i fe of a chemica l species is m u c h longer than several 
months, then on the t ime scale of seasonal turnovers of the lake , the 
species m a y be regarded as conservative, a n d the quest ion whether i t 
m a y attain a steady-state d i s t r ibut ion i n the water c o l u m n depends only 
on its source a n d the transport characteristics of the m e d i u m . 

W h i l e i n the ocean transient states of c h e m i c a l species are p r i m a r i l y 
characterist ic of the surface waters where seasonal variat ions i n b io l og i ca l 
p roduc t iv i ty greatly affect the concentrations of d issolved nutrients ( 3 3 ) , 
i n lakes subject to seasonal turnovers transient concentrations are p r o b 
ab ly a rule . T h e effects exerted b y the p h y s i c a l characteristics of the 
environment on the chances of a react ing chemica l species to attain a 
steady-state concentration profile w i l l be discussed for a lake, ocean, a n d 
sediment co lumn. 

Lake. A homogeneous water c o l u m n of height h a n d eddy dif fusion 
coefficient Κ w i l l be considered. A c h e m i c a l species is b e i n g cont inuously 
in troduced into the water c o l u m n o w i n g to its constant concentration 
(C0) at one boundary (z = h), a n d i t is be ing removed b y a first-order 
react ion (react ion rate constant λ ) o c curr ing throughout the water co l 
u m n . T h i s m o d e l may, w i t h some imaginat ion , be compared w i t h a case 
of a c h e m i c a l species f o rming at the sediment—water interface a n d trans
ported upwards b y eddy di f fusion; the upper boundary of the water 
c o l u m n at ζ = 0 (e.g., the w a t e r - a i r interface) is impermeab le to the 
dissolved species, such that its on ly sink is the c h e m i c a l react ion. 

T h e concentration ( C ) as a funct ion of t ime (t) a n d pos i t ion (z) i n 
the water c o l u m n is g iven b y the f o l l o w i n g dif ferential equat ion . 

§ = Κ f£ - X C (32) 
dt dz2 

T h e i n i t i a l a n d boundary condit ions of this m o d e l are 

I n i t i a l condit ions : at t = 0 : C = 0 i n ζ > 0 (33) 

B o u n d a r y condi t ions : a t t > 0 : C = C0 a t ζ = h (34) 

dC = ο a t z = ο (35) 
at 

T h e last condi t ion of the zero concentration gradient at the upper b o u n d 
ary ζ = 0 defines its impermeab i l i ty . T h e solut ion is ( the A p p e n d i x con
tains a note on the methods of solution of this a n d s imi lar equations 
discussed i n the text ) : 
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54 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

C = S r Σ ( - D n ( e x p ( - [ ( 2 n + 1)Λ - z] \/Çk/K)) 
* n - 0 

+ exp ([(2n + 1)A - *] n / Ô / I ) ) X erfc \ ^ 2 n * + 

+ exp ( - [ ( 2 n + 1)A + z] s/WK)) X erfc ^ 2 n + j * L + Z -

+ exp ([(2n + 1)A + Z]VWK)) X erfc ^ 2 n + J ^ ~ Z + v ^ ] | (36) 

A re lat ionship for the stationary concentration C88 m a y be determined 
either b y subst i tut ing dC/dt = 0 into E q u a t i o n 32 a n d so lv ing the r ight -
h a n d side or b y eva luat ing the l i m i t of C i n E q u a t i o n 36 w h e n t tends to 
inf inity . T h e steady-state solution is 

or 

c = Co cosh a/Çk/K) ( 3 g ) 

cosh hVffîK) 

C o n s i d e r i n g the shape of the stationary concentra t i on -depth profile 
g iven b y E q u a t i o n 37 or 38, at the source boundary (z — h) C88 = C 0 , 
whereas at the other b o u n d a r y (z = 0 ) , the concentrat ion is 

C e s = Co
/ (39) 

c o s h / i V Ô / Ï Ô 

T h e latter re lat ionship shows that w h e n the eddy dif fusion coefficient Κ 
is large a n d the cosh term consequently tends to 1, the steady-state con 
centrat ion is close to C0 throughout the water c o l u m n . 

A concentrat ion at some po int of the water c o l u m n equa l to 9 5 % 
of the steady-state concentrat ion m a y be regarded as a value reasonably 
close to, a n d ind icat ive of, the steady-state at ta ined : C = 0 .95C S 8 . A s the 
concentrat ion C g iven b y Re lat ionship 36 depends jo int ly o n h, ζ, λ, Κ, 
a n d t, a somewhat s impler f o rm is obta ined b y cons ider ing the concentra
t i on change at the boundary ζ = 0. 

T h e concentrat ion at ζ = 0 is, f rom E q u a t i o n 36 
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2. L E R M A N Time to Chemical Steady-States 55 

C*-» = CB Σ ( - D n |exp [ - ( 2 n + DhVÔTÏQ] X 
n - 0 ^ 

erfc p f ^ 7 = " V Ô Ï ) ] + exp [(2n + l ) f c V ( V # ) ] X 

A d d i t i o n a l s impl i f i cat ion of E q u a t i o n 40 m a y be achieved b y w r i t i n g 
λ a n d t i n terms of the hal f - l i f e ( τ ) of the react ing species 

λ = 0.693/τ (41) 

t = J T (42) 

where / is the n u m b e r of hal f - l ives . Subst i tut ion of E q u a t i o n s 41 a n d 42 
into E q u a t i o n 40 gives: 

C 2 - 0 = C0 Σ ( - l ) n j e x p [ - 0.833 (2n + l ) A / v / ( ^ Ô Î X 
n - 0 ( 

erfc p ^ y ^ - 0.833\/jj + exp [0.833 (2n + l)h/V(K~)~) χ 

- t w f + 0 · 8 3 3 ^ ] } < 4 3 ) 

I n E q u a t i o n 43, the terms C 0 , h, K, a n d τ are constants for each par 
t i cu lar case, a n d the on ly independent var iab le is the n u m b e r of hal f - l ives , 
/. Therefore , w h e n h, K , a n d τ are taken as a dimensionless parameter 
h/\/(Kr), i t fo l lows f rom E q u a t i o n 43 that for any value of h/\/(Κτ) 
there is only one value of / w h i c h gives the concentrat ion equa l to the 
9 5 % of the steady-state concentrat ion (i.e., C = 0 . 9 5 C s e ) . T h e values of 
t ime w h e n C = 0 .95C S 8 were c omputed for different values of the parame
ter fo/V(Kr) a n d p lot ted i n F i g u r e 11; the larger is the value of h/ 
V (Κτ), the longer i t takes to atta in the 9 5 % leve l of the steady-state 
concentration. T h e quot ient h/y/(Kr) is large w h e n the water c o l u m n 
is deep ( large h), eddy di f fusional transport is s low ( s m a l l eddy di f fusion 
coefficient K), a n d the hal f - l i fe of the react ing species is short. U n d e r 
such condit ions, it w o u l d take longer to attain a steady-state concentrat ion 
than i n a shal low water c o l u m n , or w h e n the eddy di f fusivity is large, or 
w h e n the hal f - l i f e of the species is long. 

A s an example of est imating the t ime requ i red for the concentrat ion 
to at ta in the value of 9 5 % of the steady-state concentration, one m i g h t 
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56 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

8h 

Figure 11. Time to steady-state at one boundary 
(z = 0) of a water layer of thickness h 

Model: concentration of a chemical species constant ( C c ) at 
one boundary (z = h). Transport through the water column 
by eddy diffusion (K) , and removal by first order reaction 
(half-life τ). The other boundary of the water column (z = 
0) is impermeable to the chemical species. Time to steady-
state at the impermeable boundary shown for different values 

of dimensionless quotient h / V ( Κ τ ) . Equations 39, 43. 

consider a water c o lumn 30 m deep (h = 3 Χ 103 c m ) , character ized b y 
a mean eddy diffusion coefficient Κ = 1 c m 2 · sec" 1, through w h i c h a d is 
solved species of hal f - l i fe τ = 2 months ( = 5.184 Χ 106 sec) is be ing 
dispersed, w h e n the concentration at one of the boundaries is constant. 
I n this case h/y/(Κτ) = 1.318, a n d f rom the curve i n F i g u r e 11, the 
t ime to steady-state is approximate ly t = 1.5 hal f - l ives or 3 months. T h u s , 
i f the water c o l u m n retains its characteristics for longer than 3 months, a 
stationary concentration m a y become established. 

E x t e n d i n g the analogy to lakes w h i c h are m i x e d d u r i n g four or five 
months of the year, steady-state concentrations m a y become established 
i n the water c o lumn only i n those cases w h e n the value of h/-\/(Κτ), 
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2. L E R M A N Time to Chemical Steady-States 57 

characterist ic of the water c o l u m n a n d chemica l species, gives the t ime to 
steady-state, as read off the curve i n F i g u r e 11, w h i c h is less than the 
length of t ime the lake water c o l u m n remains homogeneously mixed . 

Ocean. Desp i te the fact that no changes i n the c h e m i c a l composit ion 
of the ocean water have been established i n recent t ime, i t is instruct ive 
to consider the transient behavior of react ing chemica l species i n the 
oceanic water co lumn. T h e case of the nuclear fa l lout products trans
ported through the surface a n d thermocl ine layer of the ocean is the 
best k n o w n , a l though not yet complete ly understood, case of a transient 
chemica l event on a w o r l d - w i d e scale (34, 35,36,37). 

T h e d is t r ibut ion of a number of d issolved species ( 0 2 , C-14, Ra-226, 
sa l in i ty ) i n the C e n t r a l Paci f ic water c o lumn, at depths between 1 a n d 4 
k m , has been shown (11) to be consistent w i t h a steady-state m o d e l of 
the water c o l u m n i n w h i c h the concentra t i on -depth profiles are sta
t ionary a n d the concentrations at the boundaries 1 a n d 4 k m are s t ipulated 
at their present values. T h e phys i ca l m o d e l of the water c o l u m n is based 
on two transport mechanisms: ver t i ca l eddy dif fusion ( e d d y di f fusion 
coefficient Κ = 1.3 c m 2 · sec" 1) a n d u p w e l l i n g of deep water (advect ion 
veloc i ty U = 1.4 Χ 10" 5 c m · sec" 1, or approx imate ly 1 c m per d a y ) (11). 

F o r a water c o l u m n of such p h y s i c a l characteristics, the rat io K/U, 
the scale height, is approximate ly 900 m. F o r distances m u c h greater 
than the scale height , the transport resul t ing f rom flow is m u c h more 
important than the transport b y eddy di f fusional dispersal . Converse ly , 
for distances m u c h shorter than the scale height, the eddy di f fusional 
mode is the m a i n mechanism of transport. I n such a water c o l u m n , the 
t ime requ i red for the concentrat ion to attain a steady-state w i l l be c a l c u 
lated for chemica l species react ing b y two different mechanisms: 
(i) zero-order react ion, w h e n the rate of change i n concentrat ion (dc/dt) 
is constant a n d independent of the concentrat ion of the species, a n d 
(ii) f irst-order react ion, w h e n dc/dt is propor t i ona l to the concentration. 
D i s so lved oxygen consumed i n the ox idat ion of organic matter w i l l be 
considered as an example of a zero-order react ion, a n d radioact ive decay 
w i l l be discussed as an example of a first-order react ion. 

O X Y G E N . T h e 0 2 concentration i n the oceanic water c o l u m n at inter 
mediate depths decreases upwards to the layer of oxygen m i n i m u m . T h e 
concentrat i on -depth profile for the C e n t r a l Paci f ic , shown diagrammatic 
ca l ly i n F i g u r e 12, is considered stationary a n d mainta ined b y the supp ly 
of oxygen i n the u p w e l l i n g water a n d its r emova l i n the course of ox ida 
t ion of the organic matter sett l ing through the water c o l u m n (11, 38). 
T h e rate of oxygen consumpt ion i n the process of ox idat ion of organic 
matter has been reported as approx imate ly constant a n d independent of 
the oxygen concentration i n the water ; the reported values of the con 
sumpt ion rate (v) are i n the range 0.0027-0.0053 m l · l i ter " 1 · y r 1 (11). 
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58 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

E x p o n e n t i a l decrease w i t h d e p t h i n the oxygen consumpt ion rate has been 
considered i n a steady-state d i s t r ibut ion b y W y r t k i ( 3 9 ) . 

A good fit of the measured oxygen concentrations b y a curve c a l c u 
lated f r o m the eddy d i f fus ion -advect ion m o d e l has been ob ta ined b y 

2 

Ο 

τ 1 1 1 1 1 1 1 ι • - 1 

\ o e 

\ X 

-
\ V > U < 0 \ l 

_ \ \ * 0 \ 
\ Nv4 \ \ 

-
χ \ \ 

-
1 1 1 1 1 1 1 1 1 1 I I I I I I I I 1 1 L 

0 1 3 5 
C (ml/I) 

Figure 12. Diagrammatic stationary con
centration-depth profiles of dissolved oxy
gen in a 3-km-thick water layer with fixed 
concentrations at the boundaries (depths 
—I and —4 km). Vertical dimension ζ = 
depth + 4 km. Profiles computed for Κ 
= 1.2 cm2 · sec'1, U = ±1.4 cm - sec'1. 
Note the difference between profile 
shapes for advection up ( U > 0) and 

down (U < 0). Equations 47, 51. 

M u n k (11) us ing the rate of oxygen consumpt ion ν = 0.0027 m l . · l i ter " 1 -
y r " 1 , eddy dif fusion coefficient Κ = 1.3 c m 2 · sec" 1, a n d u p w e l l i n g veloc i ty 
U = 1.4 Χ 10" 5 c m · sec" 1. T h e oxygen concentrat ion values at the 
boundaries are s t ipulated as constant: 3.5 m l / l i t e r at the l ower boundary 
(z = 0 ) a n d 0.6 m l / l i t e r at the upper b u n d a r y (z = h = 3 k m ) . T h e 
concentrat i on -depth profi le is g iven b y the f o l l owing re lat ionship (11) 

r - Γ 4 - ί / Γ - Γ 4 - v / l ^ v exp (Uz/K) - 1 _ vz ( . c - c 0 + c 0 + vj x e x p m / R ) _ χ υ 

w h i c h is a solut ion of the di f ferential equat ion 
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2. L E R M A N Time to Chemical Steady-States 59 

descr ib ing the change i n concentrat ion as a funct ion of d e p t h ( z ) , w i t h 
the boundary condit ions C = C0 at ζ = 0 a n d C i at ζ = h. 

I n order to be able to consider the rate of change i n the oxygen con
centrat ion a n d the rate of its approach to a steady-state, n e w concentra-

Figure 13. Time to steady-state for oxygen concentration at 
ζ = 1 km 

Computed as explained in the text using initial stationary concentra
tion (C t ^ 0 ) given by profile 1 in Figure 12 and new steady-state 
given by profile 2. Time to steady-state shown for different values of 
eddy diffusion coefficient (K) and advective velocity (U). Time to 
steady-state defined as the time when the oxygen concentration has 
attained 95% of the concentration difference between the new and 
initial steady-state profiles: C — C t = 0 = 0 .95(C t = 3 0 — C t = 0 ) . 

C from Equation 50. 
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60 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

tions at the boundaries of the water c o l u m n must be st ipulated. It w i l l 
be assumed that the oxygen concentrat ion at the lower boundary (z = 0 ) 
has increased " instantaneously" to 5.0 m l / l i t e r , whereas the concentrat ion 
at the upper boundary remains unchanged at 0.6 m l / l i t e r . F o r such n e w 
boundary condit ions, the t ime-dependent oxygen concentrations m a y be 
evaluated b y so lv ing the f o l l ow ing di f ferential equat ion 

dC Tjr d2C T T dC /AG\ 
-37 = Κ — 2 - U — - ν (46) 
dt dz2 dz 

w i t h the f o l l owing i n i t i a l a n d boundary condit ions. 

I n i t i a l condit ions : at t = 0 : 

C — r = C + (r - C + y h \ * exp (Uz/K) - 1 _vz 

B o u n d a r y condi t ions : at £ > 0 : C = C 2 at z = 0 (48) 

C = C 3 at ζ = λ (49) 
T h e solut ion i s : 

C = C o + ^ ( C 2 - Co) Σ j e x p {-Uhn/K) X 
n - 0 t 

exp [ ( / ( » /• + , ) / * ] X erfc [ | ^ ± = ' + ^ ] -

exp j - ί /Κ» + 1)1 - X erfc [ < 2 " ' ^ L ~ ' - -

exp , W O . + D/Jt] X erfc + + 

M (Ci - Ci) Σ j e x p ( - t / [ ( n + 1)A - z)/K) X 
n=0 ( 

e x p ( ^ , x . r f c [ M p + ^ ] -

exp + , > / K , x , r f c [ e S ^ t i - ^ / T ] -

exp <t/(»A + z)/K) X e r f c [ < 2 " ^ + ' + ^ ( / | ] | (50) 
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2. L E R M A N Time to Chemical Steady-States 61 

I n E q u a t i o n 50, the term C i = 0 is the i n i t i a l steady-state concentra
t i o n - d e p t h profile g iven i n E q u a t i o n 47 a n d shown i n curves 1 a n d 3 i n 
F i g u r e 12 for two values, posit ive a n d negative, of advect ion ve loc i ty U. 
T h e infinite series i n E q u a t i o n 50 converge r a p i d l y w h e n the values of 
U, K, h, a n d ζ used are those discussed later i n this section. 

A l l the t ime-dependent terms i n E q u a t i o n 50 assembled between 
the braces are independent of the oxygen consumpt ion rate, v. T h i s 
means that the rate at w h i c h the concentration C at any depth approaches 
a steady-state va lue (dC/dt) is independent of the zero order react ion 
rate constant. T h e t ime-dependent terms contain , however , the eddy 
dif fusion coefficient a n d advect ion veloc ity , a n d the rate of approach to 
steady-state is therefore dependent on these two p h y s i c a l characteristics 
of the environment. 

A new steady-state profile w i t h the boundary condit ions of E q u a t i o n s 
48 a n d 49 is established w h e n t tends to inf inity . 

T h e t ime to steady-state was ca lculated for the oxygen concentrat ion 
change at ζ = 1 k m (i.e., dep th 3 k m ; see F i g u r e 12) as the t ime w h e n 
the concentration referred to the i n i t i a l steady-state ( C — Ct = o) has 
attained the value of 9 5 % of the new steady-state, E q u a t i o n 51, referred 
to the same i n i t i a l po int : ( Ct = * — Ct = ο ). 

T h e prob l em thus i s : w h a t is t w h e n C — Ct = o = 0 . 9 5 ( C i = x — 
C i = 0 ) at ζ = 1 k m ? 

T h e values of t were ca lcu lated for different di f fusion coefficients 
a n d advect ive velocities b y subst i tut ion of successively increasing values 
of t into E q u a t i o n 50 a n d us ing Equat i ons 47 a n d 51 u n t i l the value of 
( C — C* = o ) / ( C i = = 0 0 — Ct = 0) = 0.95 sought was obta ined b y interpo
lat ion between two numbers close to 0.95. T h e value of the oxygen con
sumpt ion rate used i n the computat ion of Ct = o a n d Ct=<x> was ν = 0.0027 
m l · l i ter " 1 · y r " 1 . C a l c u l a t i o n of the t ime needed to atta in 9 5 % of the 
steady-state concentrat ion was done for the eddy dif fusion coefficient 
(K) i n the range 0.2-2.0 c m 2 · sec" 1 a n d advect ive ve loc i ty (17) i n the 
range f rom +2 .4 to —2.4 c m · sec" 1. T h e results are p lo t ted i n a three-
d imens iona l d iagram i n F i g u r e 13. T h e t ime to steady-state shown i n 
F i g u r e 13 is symmetr i ca l w i t h respect to the posit ive a n d negative advec
t ive velocities because the concentration at bo th the lower a n d upper 
boundary have been st ipulated. T h e symmetry of the t ime values means 
that the t ime requ i red to attain a steady-state concentration depends on 
the absolute value of the advect ive veloc i ty b u t not on its s ign ; the same 
length of t ime is obta ined for u p w a r d a n d d o w n w a r d flow. T h e concen-

C t=m — C 2 + (C, - C 2 + f ) X 
exp (Uz/K) - 1 _ vz 
exp (Uh/K) - 1 U 

(51) 
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62 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

t rat ion values, however , at any depth very m u c h d e p e n d on the d i rec t ion 
of flow, as shown i n the concentra t i on -depth profiles i n F i g u r e 12 d r a w n 
for the posit ive ( u p ) a n d negative ( d o w n ) velocity . T h e t i m e - v e l o c i t y -
di f fusivi ty surface i n F i g u r e 13 shows that w h e n the eddy dif fusion coeffi
c ient of the water c o l u m n is large, the advect ive ve loc i ty has very l i t t le 
effect o n the t ime i t takes to at ta in a steady-state: for Κ = 2.0 c m 2 · sec" 1, 
the t ime to steady-state is between 300 a n d 400 years for a l l the values of 
U shown. Converse ly , i n a water c o l u m n of l o w e d d y di f fusivity , the 
advect ive ve loc i ty is the m a i n contro l l ing factor of the length of t ime 
needed to reach a steady-state. F o r Κ = 0.2 c m 2 · sec" 1, the t ime to 
steady-state is 4000 years w h e n the advect ive ve loc i ty is near 0, a n d i t 
decreases to 300 years w h e n the advect ive ve loc i ty approaches ± 2 . 4 X 
10" 5 c m · sec ' 1 . 

U n d e r present condit ions ( Κ = 1.3 c m 2 · sec ' 1 , U = 1.4 Χ 10" 5 c m · 
sec ' 1 ) , i t w o u l d take approximate ly 500 years for the oxygen concentrat ion 
at ζ = 1 k m to at ta in a n e w steady-state, as c a n be read off F i g u r e 13. 
T h i s estimate of t ime to steady-state i n a m o d e l layer w i t h the concentra
tions at the boundaries m a i n t a i n e d constant m a y be compared w i t h the 
t ime estimate obta ined f r om a different mode l . 

F o r the same p h y s i c a l condit ions, the same i n i t i a l c o n c e n t r a t i o n -
d e p t h profile ( F i g u r e 12, curve 1 ) , a n d the same new concentrat ion at 
the lower boundary ζ = 0 (5.0 m l / l i t e r ) , transient concentrat i on -depth 
profiles have been computed for a semi-infinite water layer extending 
u p w a r d s f r o m ζ = 0 {40). A l t h o u g h the computat ions were done for a 
semi-infinite layer m o de l , the oxygen concentrations were considered 
on ly w i t h i n the 3-km-thick layer between ζ = 0 a n d ζ = 3. I n the semi-
infinite layer m o d e l , the oxygen concentrat ion at ζ = 1 k m attains the 
9 5 % value of the steady-state concentrat ion after approx imate ly 1000 
years. A f ter 500 years, the concentrat ion is only 8 8 % of the steady-state 
value. T h e difference between the estimates of t ime to steady-state f r om 
the t w o models is understandably accounted for b y a faster approach to 
steady-state i n a water layer the two boundaries of w h i c h are m a i n t a i n e d 
at constant concentrations. 

R A D I U M - 2 2 6 IN W A T E R . Ra-226 w i l l be considered as an example of 
a chemica l species w h i c h is be ing removed f rom the oceanic water c o l u m n 
b y a first-order chemica l react ion, radioact ive decay. O t h e r possible 
mechanisms of removal , such as uptake b y detr i ta l silicates a n d organisms, 
w i l l not be discussed. T h e supp ly of Ra-226, however , f r om organic 
matter decompos ing i n the water c o l u m n w i l l be considered. 

T h e source of Ra-226 i n the deep ocean is the flux of Ra-226 f rom 
the ocean floor sediments where it forms b y the decay of i o n i u m (Th-230 ) 
(5, 41) a n d the decomposi t ion of organic matter s ink ing through the 
water c o l u m n (42, 43). T h e present concentrat ion of Ra-226 at inter -
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2. L E R M A N Time to Chemical Steady-States 63 

C [l0"13g/*] 

Figure 14. Diagrammatic stationary concen
tration-depth profiles of Ra-226 in a water 

column 

Same depths, eddy diffusion coefficient, and ad
vection as in Figure 12. Solid curves: eddy diffu
sion, advection, and radioactive decay. Equations 
52, 59. Dashed curves: eddy diffusion, advection, 

decay, and production. Equation 62. 

mediate depths ( 1-4 k m ) decreases f rom bot tom u p , a n d the concentra
t i o n - d e p t h profile has been expla ined as ma inta ined b y u p w e l l i n g , e d d y 
di f fusivity , a n d radioact ive decay ( I I ) . T h e concentrat ion of Ra-226 i n 
C e n t r a l Paci f ic decreases f r om 0.93 Χ 10~ 1 3 g r a m s / l i t e r at 4 -km d e p t h 
to 0.63 Χ 10" 1 3 g r a m s / l i t e r at 1-km depth ( F i g u r e 14) . A reasonable 
c ompat ib i l i t y between the observed concentrat ion values a n d a d i f f u s i o n -
advect ion m o d e l has been obta ined b y M u n k ( I I ) us ing the eddy d i f fu 
sion coefficient Κ = 1.3 c m 2 · sec" 1 a n d u p w e l l i n g veloc i ty U = 1.4 Χ 10" 5 

c m · sec" 1, as i n the case of the oxygen profile. T h e Ra-226 concentrat ion 
between the depths 4 a n d 1 k m is g iven b y the re lat ionship ( I I ) 

c = C » - C . « P i m e x p { R i z ) + C . exp (Rlh) - Ct { R ) 

exp (Rih) — exp (Rih) r exp (Rih) — exp (RJi) 
(52) 

where R\ a n d R 2 are constants. 
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64 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

C0 is the concentrat ion at the lower boundary (z = 0 ) , a n d C i is the 
concentration at the upper boundary (z = h = 3 k m ) . E q u a t i o n 52 is 
the solut ion of the f o l l o w i n g dif ferential equat ion descr ib ing the con
centrat ion change at steady-state 

dz2 dz 

w i t h the boundary condit ions : at ζ = 0, C = C0, a n d at ζ = h, C = C i . 
λ is the decay constant of Ra-226 ( λ — 4.279 X 1 0 ' 4 y r " 1 ) . 

A t ime-dependent concentration of Ra-226 w i t h i n the same layer of 
water , w h e n the concentrations at the lower a n d u p p e r boundary have 
been st ipulated, m a y be obta ined b y solving the f o l l ow ing di f ferential 
equat ion 

g = κξξ - υψ - \C (54) 
dt dz2 dz 

w i t h the i n i t i a l condit ions : a t£ = 0 i n 0 < z < h 

η - η - C i - Co exp (R2h) { J ? , , 
C - C ' = ° = exp ( f t * ) - e x p (RJi) β Χ Ρ ^ + 

C exp (RM - CX { R ) ( 5 5 ) 

exp (Rih) — exp (J82A) 

where the constants R i a n d R 2 were defined under E q u a t i o n 52 a n d the 
boundary condit ions 

a U > 0 : C = C 2 a t * = 0 (56) 

C = Cz at ζ = h (57) 

T h e solut ion of E q u a t i o n 54 w i t h the i n i t i a l a n d boundary condit ions of 
E q u a t i o n s 5 5 - 5 7 is 

C = C _ 0 + Vo (C 2 ~ C*) exp (C7*/2tf) X 

exp ( < 2 » 1 + . , χ erfc + j / (T^>] -
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2. L E H M A N Time to Chemical Steady-States 

l /(S + x >]-"p(' [(2n + 2)h - z] |/Jg + X 

H (C, C ) exp (U(z - h)/2K) X 

S{ E X P( - [ ( 2 η + 1 ) Λ )/S-2 + ^ ) x e r f c ; . 
(2n + - ζ 

2 ν / ( Λ ) 

K S + X )] + E X P ( ' [(2n + 1) Λ - ζ) i l / — + M X 

T h e term C i = = 0 is the i n i t i a l steady-state concentrat ion g iven b y 
Re lat ionship 55. 

I n E q u a t i o n 58, the t ime-dependent terms between the braces con 
ta in the decay constant λ. Therefore , the rate of change i n Ra-226 concen
trat ion at any d e p t h (dC/dt) depends o n the decay rate constant. T h u s , 
i n the case of a first-order react ion ( radioact ive d e c a y ) , the rate of change 
i n concentrat ion depends on the react ion rate constant, whereas i t has 
been shown i n the preced ing section that for a zero-order react ion (oxy
gen consumpt i on ) , the rate of change i n concentrat ion (dC/dt) is inde 
pendent of its rate constant. 

A new steady-state concentrat ion ( C i = = Q 0 ) w i l l be atta ined w h e n t 
tends to inf inity i n the t ime-dependent terms of E q u a t i o n 58. 

(58) 
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66 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

C i - ~ - β χ ρ ( ^ ) - β χ ρ ( ^ ) e x p ( β ι 2 ) + 

' ( f i ^ exp ( « * ) exp (βιΛ) — exp (# 2A) 
(59) 

T h e constants R i a n d R 2 were defined under E q u a t i o n 52. 
T h e t ime i t takes the Ra-226 concentrat ion to b u i l d u p to a steady-

state m a y be considered, as before, the t ime w h e n the concentrat ion has 
atta ined the 9 5 % value of the difference between the o l d a n d n e w 
steady-state concentrations: 

C - Ct=o = 0.95 ( C £ - e - C _ 0 ) (60) 

Figure 15. Time to steady-state of Ra-226 concentration at ζ = 1 km. 
Notation as in Figure 13. C from Equation 58. 
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2. L E R M A N Time to Chemical Steady-States 67 

T h e values of t ime w h i c h satisfy E q u a t i o n 60 were ca l cu lated for 
different values of the eddy dif fusion coefficient (range 0.2-2.0 c m 2 · 
sec ' 1 ) a n d advect ive ve loc i ty ( range f r om + 2 . 4 X 1 0 ' 5 to —2.4 Χ 10" 5 

c m · sec" 1) a n d p lo t ted i n the t-K-U g raph i n F i g u r e 15. T h e curves 
i n F i g u r e 15 are symmetr i ca l about [7 = 0, ind i ca t ing that the d i rec t i on 
of flow ( u p or d o w n ) has no effect on the t ime i t takes to reach a steady-
state concentrat ion. W h e n the turbulence i n the water c o l u m n is r e l a 
t ive ly h i g h (K i n the v i c i n i t y of 2.0 c m 2 · sec" 1 ) , the advect ion has l i t t l e 
effect on the t ime to steady-state; the t ime values are i n the range 3 0 0 -
400 years. W h e n turbulence is l o w ( l o w values of K ) , then advect ion 
dominates the picture . T h e t ime to steady-state decreases f rom a p p r o x i 
mate ly 2000 years w h e n U is near 0 to 300 years w h e n the absolute va lue 
of U is h i g h . 

There are indicat ions that release of Ra-226 b y decompos ing organic 
matter is a mechanism of some significance i n m a i n t a i n i n g the Ra-226 
concentrations i n ocean water (42, 43 ) . I f this a d d i t i o n a l supp ly of 
Ra-226 is expressed as a constant produc t i on rate Ç (grams · l i t e r ' 1 · 
y r " 1 ) , then a steady-state concentra t i on -depth profi le m a y be obta ined 
f rom the di f ferential equat ion 

U f - \ C + Q = 0 (61) 
dz2 dz 

the so lut ion of w h i c h for constant boundary concentrations ( C0 at ζ = 0 
a n d C i at ζ = h) is 

r _ Q , Ci ~ Co exp (RJi) - [1 - exp (R2h)]Q/X ^ ( , 
t „ — r - i / D ι\ / p ix exp \ti\Z) -+· λ exp (Rih) — exp (/?2*) 

C . e x p (R>h) - C 1 + [1 - exp ( ^ ) 1 Q / X 
exp (Rih) — exp (J?2A) 

T h e constants Ri a n d R 2 were def ined under E q u a t i o n 52. 
F o r n e w concentrations at the boundaries of the water c o l u m n , C 2 at 

ζ = 0 a n d C 3 at ζ = h, transient concentrations m a y be evaluated f rom 
the f o l l o w i n g equat ion 

C = + λΛ (C2 — Co) exp (Uz/2K) X [summation terms f rom 
equat ion 58] 

+ λΛ (Cz — Ci) exp [U(z — h)/2K] X [summation terms from E q u a t i o n 58] 

(63) 

where the i n i t i a l d i s t r ibut ion C i = 0 is g iven b y E q u a t i o n 62. A t the n e w 
steady-state, the concentrations are g iven b y E q u a t i o n 62 w i t h C 3 rep lac 
i n g C i a n d C 2 r ep lac ing C 0 . 
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Est imates of the produc t i on rate of Ra-226 at intermediate depths i n 
the Pacif ic are i n the range 1 Χ 10" 1 8 -50 Χ 1 0 1 8 grams · l i t er " 1 · y r " 1 ( 43 ) . 
T w o steady-state profiles c omputed f rom E q u a t i o n 62 us ing Q = 21 X 
10" 1 8 grams · l i ter " 1 · y r ' 1 are shown i n F i g u r e 14 (dashed curves ) . T h e 
differences between the concentrations shown b y the so l id curves 1 a n d 2 
i n F i g u r e 14 (no product i on , Q = 0 ) a n d the corresponding dashed 
curves are 1 0 % or less. T h e smal l difference between the two models 
shows that the sampl ing a n d ana lyt i ca l accuracy must be h i g h i f the 
differences i n the Ra-226 product i on i n the water c o l u m n are to be 
in ferred f rom observations. 

Figure 16. Diagrammatic Ra-226 profiles in oceanic sediment 

Profile at t = 0: steady-state, Equation 64, diffusion coefficient of Ra-226 in sedi
ment Κ = 1 X 10~9 cm2 · sec'1, sedimentation rate U = 9.5 X 10~12 cm · sec'1 

(3 mm11000 yr; (5)j. Concentration scale normalized to the value of initial Ra-226 
at the sediment-water interface C c = 1. New concentration at the interface Ci = 
1.6Co. Profiles at 100 and 1000 years after the change in boundary concentration 
computed from Equation 70. New steady-state (t = oo ) from Equation 71. Con

stant Th-230 concentration at the interface taken as C T ° = 100Co. 

R A - 2 2 6 IN S E D I M E N T . M i g r a t i o n of R a - 226 i n the sediment c o l u m n i n 
deep ocean has been inferred f rom the d i s e q u i l i b r i u m of R a - 2 2 6 a n d its 
parent i o n i u m ( T h - 2 3 0 ) detected i n a number of sediment cores ( 5 ) . 
Whereas T h - 2 3 0 taken u p b y the sediment partic les f r om the sea water 
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2. L E R M A N Time to Chemical Steady-States 69 

shows no tendency to migrate nor redistr ibute itself i n the sediment (5 , 
44), Ra-226 migrates, a n d this process results i n the flux of Ra-226 f r o m 
the sediment into water co lumn. A general ized concentra t i on -depth 
profile of Ra-226 i n the sediment, adopted f r om the I n d i a n O c e a n data , 
is shown i n F i g u r e 16, labe l led t = 0. T h e concentrat ion profi le, cons id 
ered stationary, is ma inta ined b y a balance between the supp ly of Ra-226 
f rom the decay of the parent Th-230 ( w h i c h is be ing a d d e d to the sedi 
ment at a constant rate a n d constant concentrat ion) a n d the decay of 
Ra-226 a n d its migrat i on through the sediment co lumn. F r o m the steady-
state profile of Ra-226 i n the I n d i a n Ocean , the dif fusion coefficient for 
Ra-226 i n the sediment has been estimated as 1 Χ 10" 9 c m 2 · sec ' 1 ( 5 ) . 
T h i s va lue is approximate ly three orders of magni tude lower than the 
values of the dif fusion coefficients of i on ic solutes i n aqueous solutions, 
a n d it is also m u c h too l ow to be accounted for b y the tortuosity of the 
pore space i n the sediment. C h e m i c a l interact ion of Ra-226 w i t h the 
sediment m a y be the reason for the l o w value of the dif fusion coefficient 
obta ined ( 5 ) . A stationary concentrat i on -depth profile of a chemica l 
species i n the sediment may be per turbed b y any combinat ion of such 
factors as a change i n the rate of deposit ion, change i n the rate of supply , 
a n d change i n the concentration at the sed iment -water interface resul t ing 
f rom external causes. 

S u c h changes, d i s turb ing the existing chemica l steady-state, w o u l d 
cause the concentration of the species to vary as a funct ion of t ime u n t i l 
a new steady-state has been established. T h e t ime requ i red to atta in a 
new steady-state for Ra-226 i n the sediment w i l l be evaluated for a 
s imple , but hypothet i ca l , case of the Ra-226 concentrat ion at the sedi 
m e n t - w a t e r interface increasing b y a factor of 1.6. S u c h an increase 
w o u l d keep the R a - 2 2 6 / T h - 2 3 0 atom ratio at the sed iment -water inter 
face at the value of 1.6/100, w h i c h is s t i l l be l ow the e q u i l i b r i u m value 
of approximate ly 2 /100 ; the present-day rat io is near 1/100. 

T h e present (t = 0) Ra-226 profile i n F i g u r e 16 is g iven b y the 
f o l l owing relat ionship descr ib ing a steady-state d i s t r ibut ion of a decay ing 
species 

C = A exp [-zkr/U] + (Co A) exp 
[(à - Ϋ&+xi>] 

(64) 

where A is a constant. 

A = 
"KTC T° (65) 

λ* - IT - KkJ/U* 

\ T is the decay constant of Th-230 , CT° is Th -230 concentrat ion at 
the sed iment -water interface, λΒ is the decay constant of Ra-226, C 0 is 
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70 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

the Ra-226 concentrat ion at the sed iment -water interface, 17 is the rate 
of sedimentat ion, a n d Κ is the di f fusion coefficient of Ra-226 i n the 
sediment. 

A re lat ionship for a non-steady-state concentration of Ra-226 m a y 
be obta ined b y so lv ing the f o l l ow ing dif ferential equat ion 

|£ = XTCT° exp (-ZXT/U) + Κ ^ - U ^ - 1RC (66) 

where the t e rm λτΟτ° exp ( —XTz/U) is the rate of product i on of Ra-226 
(grams · c m " 3 · y r " 1 ) i n the sediment o w i n g to decay of Th-230. T h e 
concentrations at the interface, rate of sedimentation, a n d di f fusion co
efficient are considered constant. E q u a t i o n 66 is to be solved w i t h the 
f o l l o w i n g condit ions. 

I n i t i a l condit ions : at / = 0 : 

C = C o ^ A exp [-zkT/U] + (C0 - A) exp - | / ^ + ^ ] 

(67) 

B o u n d a r y condi t i ons : at t > 0 : C = Ci at ζ = 0 (68) 

C = 0 at ζ = oo (69) 

T h e so lut ion of E q u a t i o n 66 is 

c - c_. + y2 ( c , - e.) exp [(̂  - | / ^ + ^ ] χ 

- P [ * | / S + Ï ] X « * [ ^ + ^ ( S ^ > Î (70) 

W h e n a n e w steady-state has been attained, the Ra-226 concentration 
as a funct ion of depth becomes 

C ( _ „ = A exp [-zkr/V] + (Ci - A) exp [(̂  - | / ^ - 2 + ^ ] (71) 

w h i c h is analogous to Re lat ionsh ip 64 for the i n i t i a l steady-state. T h e 
concentra t i on -depth profile for a n e w steady-state, w i t h the Ra-226 con 
centration at the sed iment -water interface taken as C i = 1.6C 0 , is shown 
i n F i g u r e 16 i n the curve labe l led t = oo. T w o curves for transient con-
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2. L E R M A N Time to Chemical Steady-States 71 

centrations at 100 a n d 1000 years after the change i n the boundary con
centrat ion, c o m p u t e d us ing E q u a t i o n 70, are also i n F i g u r e 16. A f t e r a 
t ime as short as 1000 years, the concentra t i on -depth profile is a l ready 
very close to the n e w steady-state profi le; the differences i n concentrat ion 
between the two curves are 7 % a n d less. I n the i n i t i a l profile, the Ra-226 
concentrat ion increases f rom the sed iment -water interface d o w n . S u c h a 
concentrat ion gradient is a prerequisite cond i t i on for m a i n t a i n i n g d i f 
fus ional flux of Ra-226 f rom the sediment into the over ly ing water . A t 
the new steady-state, however , the concentrat ion decreases f rom the 
interface d o w n , w h i c h indicates that there w o u l d be no Ra-226 flux out 
of the sediment. T h e new steady-state profile w o u l d be attained i n a p 
proximate ly 3000 years; concentration curve for t = 3000 is w i t h i n 1 % 
of the steady-state concentration. T h e t ime is obviously short w h e n 
v i e w e d i n perspective of the history of oceanic sediments. It m a y be 
veri f ied f rom E q u a t i o n 70 for transient concentrations that, i n general , 
r a p i d rates of sedimentat ion ( large U) or h i g h diffusivities w i t h i n the 
sediment ( large K) w o u l d result i n a more r a p i d attainment of a steady-
state. T h e hal f - l i fe of the chemica l species (1620 y r i n the case of 
Ra-226) has re lat ive ly l i t t le effect on the length of t ime i t takes to estab
l i sh a n e w steady-state. E v e n w h e n the migra t ing species is a stable 
nuc l ide (λ;? = 0 i n Equat i ons 64, 70, a n d 7 1 ) , it w o u l d take less than 
10,000 years for its concentrat ion to come to w i t h i n 5 % of the steady-state 
value i n the upper 10-20 c m of the sediment. T h e general ity of the argu 
ments may be stressed b y p o i n t i n g out that the t ime to steady-state 
depends on h o w fast the t ime-dependent terms (those between the braces 
i n E q u a t i o n 70) tend to their l i m i t i n g values of 2 a n d 0 as ί tends to 
inf inity. These terms depend on U, K, a n d but not on the chemica l 
nature of the parent species (i.e., neither on its concentrat ion CT° nor its 
decay constant λτ). 

T h e shortness of t ime for transit ion f rom one stationary concentration 
profile to another demonstrates that even i n the s lowly deposited deep 
oceanic sediments it might be difficult to detect near the sed iment -water 
interface any changes ( i f such occurred) i n the past chemica l history of 
the ocean. 

Appendix 

T h e second-order par t ia l di f ferential equations g iven i n the text of 
the paper contain t ime derivatives of concentration (dC/dt) and terms 
conta in ing dC/dz a n d C. T h e solutions of these equations, unless referred 
to a l i terature source, were obta ined b y the method of L a p l a c e transfor
mat ion w i t h the a i d of standard tables of L a p l a c e transforms. G o o d 
w o r k i n g summaries of the L a p l a c e transformation method as app l i ed to 
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solution of problems i n heat flow a n d diffusion are i n References 22 a n d 
32. Tables of L a p l a c e transforms i n References 22, 32, and 45 are g iven 
i n the form w h i c h is par t i cu lar ly convenient for so lv ing equations w i t h 
constant coefficients, of the type used i n this paper. 

T h e functions erf (error funct ion) a n d erfc (error funct ion com
p lement ) appear i n many of the solutions g iven i n the paper. These func
tions appear i n the process of integrat ion of terms conta in ing e'y2 (y is 
some funct ion of K, U, λ, t, a n d ζ ) a n d i n the process of inver t ing ( w i t h 
the a i d of the tables) the transformed concentration var iable C back to 
the or ig ina l concentration C , to be g iven i n the solution as a funct ion of 
ζ a n d t ( a n d the constants) . Discuss ion and mathemat i ca l definitions 
of the error funct ion are g iven i n m a n y texts and , among those l isted i n 
the references of this paper , i n the H a n d b o o k of M a t h e m a t i c a l Funct ions 
(46), C a r s l a w a n d Jaeger ( 3 2 ) , and C r a n k (22). T h e error funct ion is 
defined as 

erf χ = fX e~y2dy (72) 

where y is integrat ion var iable , a n d it may be a funct ion of x. T h e error 
funct ion complement is defined as 

erfc χ = 4 = f e~y2dV (73^ Vr,Jx 

E r f χ and erfc χ are interrelated, 

erfc χ = 1 — erf χ (74) 

F o r negative argument, 

erf ( — ζ ) = — erf χ (75) 

erfc ( — x) = 1 + erf χ 

= 2 — erfc χ 
(76) 

I n many of the solutions given i n the paper, the l i m i t i n g values of 
concentration C w h e n either ζ or t approach 0 or inf inity may be veri f ied 
by substitution of the appropriate values of the functions erf a n d erfc. 
T h e values of these functions w h e n the argument is zero, p lus- or minus -
inf inity are: 

erf (0) = 0 erfc (0) = 1 

erf ( « ) = 1 erfc ( « ) = 0 

erf (-co) = - 1 erfc ( - « ) = 2 
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E r f c χ is a r a p i d l y decreasing funct ion of x. W h e n χ increases i n 
definitely, erfc χ tends to zero faster than e?2 tends to inf inity. O w i n g to 
this, the product ex~ erfc χ a n d , consequently, the product exenc χ t end 
to zero as χ increases indef initely . Products of exponentials a n d error 
functions appear i n some of the solutions discussed i n the paper. 

Tables of erf χ are avai lable for values of χ between 0 a n d 2.00, i n 
steps of 0.01 (46). E r f x, erfc x, a n d several re lated functions have been 
tabulated for values of χ between 0 a n d 3.0, i n steps of 0.05 a n d 0.1 (22, 
32). References to o lder tables are i n C a r s l a w a n d Jaeger (32, p. 482 ) . 

I n this paper , the values of erf χ a n d erfc χ were computed f rom an 
approx imat ion for erf χ g iven i n Ref . 47 for 0 $ζ χ < 3. 

erfc χ = 1/(1 + αλχ + a2x2 + α 3 χ 3 + α 4 α 4 + α ^ 5 ) 8 (77) 

where αχ = 0.14112821 α 4 = - 0.00039446 

α 2 = 0.08864027 α 5 = 0.00328975 

α 3 = 0.02743349 

F o r values of χ S* 3, the f o l l o w i n g series was used (32). 

f = e~J / l 1 . 3 15 . 105 945 10365\ ( . 

Relat ionships 77 a n d 78 are easily programmable for use i n a d i g i t a l 
computer . I n combinat ion w i t h Relat ionships 75 a n d 76, they a l l ow 
computat ion of erfc χ between the l imi ts minus - a n d plus- inf inity . 

O t h e r forms of series expansion, rat ional approximations , and meth 
ods of interpolat ion f rom tables of erf χ a n d erfc χ are g iven i n the 
H a n d b o o k of M a t h e m a t i c a l Tables (46, pp . 297-9 , 304) . 
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Rates of Physical and Chemical Processes 
in a Carbonate Aquifer 

WILLIAM BACK and BRUCE B. HANSHAW 
U. S. Geological Survey, Washington, D. C. 20242 

For much of the Tertiary carbonate aquifer system of Flor
ida, the velocity of ground-water flow ranges from 2 to 8 
meters per year. Water in the recharge area is undersatu-
rated with respect to both calcite and dolomite. As the water 
moves downgradient, it attains equilibrium with respect to 
calcite in about 4000 carbon-14 years and with respect to 
dolomite in about 15,000 carbon-14 years. Combining the 
amount of entropy produced from chemical and physical 
processes with carbon-14 ages provides an approximation of 
the total entropy (excluding thermal energy from heat flow) 
production for the system as a function of time and distance. 
The values range from about —2 to 7 mcal/kg/°K/1000 
years for various flow paths of about 100 km. 

A general reference base for irreversible processes is p r o v i d e d b y en-
tropy product ion w h i c h serves as a u n i f y i n g concept re lat ing changes 

i n both phys i ca l a n d chemica l energy. D i s t r i b u t i o n of entropy product ion 
provides an integrat ing var iable for use i n evaluat ing the relat ive i m p o r 
tance of phys i ca l a n d chemica l processes at points w i t h i n a system or 
between two hydrologie systems. 

Because the concept of entropy is general ly not fami l ia r to hydro lo -
gists, a br ief introduct ion is p robab ly i n order. A thorough a n d rigorous 
explanation can be obtained f rom standard works such as those b y Fast 
( I ) , F i t t s ( 2 ) , Kat cha l sky a n d C u r r a n ( 3 ) , K l o t z ( 4 ) , L e w i s a n d R a n 
d a l l ( 5 ) , a n d Pr igog ine ( 6 ) . A statement of the second l a w of thermo
dynamics is generally used as a def init ion of entropy of a system as 
fo l lows: dS ^ DQ/T, where dS is an inf inites imal change i n entropy for 
an inf inites imal part of a process carr ied out reversibly , DQ is the heat 
absorbed, a n d Τ is the absolute temperature at w h i c h the heat is ab 
sorbed. I n one sense, entropy is a mathemat i ca l funct ion for the term 
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78 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

DQ/T, w h i c h is an exact di f ferential , whereas DQ alone cannot be inte
grated wi thout h a v i n g a p a t h specified (4, p. 101) . T h a t is, DQ/T is bo th 
an extensive var iable a n d a thermodynamic funct ion a n d merits a symbo l 
a n d name—i .e. , entropy, w h i c h comes f rom the G r e e k w o r d mean ing 
"evo lut ion . " 

T h e second l aw of thermodynamics is often stated to be the l a w of 
d iss ipat ion or degradat ion of energy; however , this can lead to confusion 
because it seems to violate the first l a w of thermodynamics , a statement 
of conservation of energy. W h e n the second l a w is stated i n the above 
form, i t is real ly re ferr ing to the degradat ion of the "useable" energy of a 
system. E n t r o p y is therefore an ind i ca t i on of the degradat ion of a system 
or an index of the exhaustion of a system (4, p. 130) . 

It fol lows log ica l ly that the combinat ion of a l l spontaneous reactions 
w i t h i n a natura l system w i l l t end to increase the entropy of that system, 
a n d this is the basis for the statement that entropy of the universe is 
s t r iv ing t o w a r d a m a x i m u m . A l t h o u g h energy a n d entropy are expressed 
i n somewhat s imi lar units , calories per mole for energy a n d calories per 
mole per degree for entropy, confusion arises i f they are thought of as 
h a v i n g s imi lar attributes or characteristics. A s K l o t z (4, p. 129) points 
out, one can th ink of energy as be ing a k i n d of mater ia l f lu id , a n d hence 
it flows f rom one area to another a n d is conserved. E n t r o p y , on the other 
h a n d , must be v i e w e d as an index of cond i t i on or character rather than 
as the measure of content of some imaginary f lu id a n d is the index of 
capacity for spontaneous change. E n t r o p y summarizes i n a concise form 
the possible ways i n w h i c h the variables of temperature, pressure, a n d 
composi t ion m a y change i n natura l processes. 

O n e of the fundamenta l tasks r e q u i r e d to achieve the u l t imate goal 
of hydrogeology is to understand the controls on energy d i s t r ibut ion a n d 
transformation w i t h i n an aqui fer system. If this is accepted, it then be
comes the hydrologists ' role to b r i n g together into one concept the fluxes 
a n d forces of the chemica l reactions, of the h y d r o d y n a m i c flow paths, 
a n d of heat. T h i s idea was c lear ly art i cu lated a n d developed b y G . B . 
M a x e y (7, p. 145) , w h o stated i n part : 

" A q u i f e r systems have been s tudied b y three separate methods of 
analysis : ( 1 ) h y d r o d y n a m i c , u t i l i z i n g a d i s t r ibuted potent ia l system; ( 2 ) 
hydrochemica l , us ing parameters of water qua l i ty ; a n d (3 ) hydro thermal , 
us ing d i s t r ibut ion a n d gradients of temperature. T h e various approaches 
have been d i c tated largely b y the spec ia l ized t ra in ing a n d experience of 
the i n d i v i d u a l research worker . H o w e v e r , the complexi ty of present 
hydrologie problems n o w requires b r i n g i n g together the various aspects 
into a single concept of a funct ion ing system." 

It fol lows that one of the fundamenta l objectives of hydrogeochem-
istry is to evaluate the relat ive significance of various processes that 
contro l the total energy d i s t r ibut ion a n d energy diss ipat ion w i t h i n a h y -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

03



3. BACK AND HANSHAW Carbonate Aquifer 79 

drolog ic system. C l a s s i c a l "thermostatics" can prov ide only a par t ia l 
descr ipt ion of the funct i on ing of a hydrogeochemica l system, a n d i t is 
necessary to a p p l y the pr inc ip les of irreversible or n o n e q u i l i b r i u m ther
modynamics . 

I n the funct ion ing of a carbonate aquifer , ra in fa l l infiltrates through 
the so i l zone, becomes charged w i t h carbon d iox ide , moves to the water 
table, dissolves soluble minerals of the aqui fer , increases i n chemica l 
concentrat ion, a n d continues to move to deeper parts of the aqui fer , even
tua l ly to discharge to the ocean. A l l of these chemica l a n d p h y s i c a l proc 
esses are irreversible reactions a n d can be thoroughly understood only 
by the appl i cat ion of pr inc ip les of irreversible thermodynamics . T h e 
processes a n d reactions c ou ld be formulated a n d expressed i n energy 
terms, but it in tu i t ive ly appeared more s imple to us to b r i n g together 
the products of these processes through the concept of entropy rather 
than through an energy funct ion . 

Line of equal head above 
\ sea level, in meters 

Area of principal 
recharge 

Figure 1. Pnncipal artesian aquifer of central Florida, showing area 
major recharge (after Ref. 9, plate 12) 
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80 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Hydrogeology 

C e r t a i n pr inc ip les of irreversible the imodynamics can be a p p l i e d b y 
consider ing the interrelations between geology, ground-water flow pat
tern, and chemica l character of water i n the F l o r i d i a n peninsula . T h e 
p r i n c i p a l artesian aquifer of F l o r i d a consists chiefly of Ter t iary l imestone, 
w i t h minor amounts of dolomite , a n d ranges i n age f rom m i d d l e Eocene 
to m i d d l e Miocene . It is one of the most extensive l imestone aquifers 
i n the U n i t e d States. T h e Ter t iary limestones crop out i n north-central 
F l o r i d a a n d i n a broad belt extending from western F l o r i d a through 
southeastern A l a b a m a , Georg ia , a n d southeastern C a r o l i n a , approximately 
para l l e l ing the F a l l L i n e . T h e O c a l a L imestone of late Eocene age is one 
of the most product ive water -bear ing formations of the p r i n c i p a l aqui fer 
(8, p. 31 ) . 

F i g u r e 1 shows the height of the energy surface i n meters above sea 
level . T w o mounds tend to dominate the ground-water flow of central 
F l o r i d a : one near the center of the m a p that is 40 meters above sea level 
a n d another smaller one to the west that is about 25 meters above sea 
level . T h e general pattern of flow is p r i m a r i l y d o w n the potentiometric 
gradient a n d perpendicu lar to the contours. 

A l so shown is the area of p r i n c i p a l recharge. N o r t h of the two 
mounds, the over ly ing sediments that form the conf ining b e d are t h i n to 
nonexistent, and because of exposed limestone i n this area, a large amount 
of recharge occurs; however , the potentiometric surface is l ow o w i n g to 
r a p i d discharge of the water. T h i s is a region i n w h i c h a great dea l of 
water is d ischarged through many springs, such as Si lver a n d R a i n b o w 
Springs , that exist i n the area of the ground-water saddle formed b y the 
centra l m o u n d a n d a potentiometric h i g h north of the study area. 

A l t h o u g h the potentiometric surface has essentially the same gradient 
a n d shape north and south of the mounds , less recharge occurs i n south
ern parts of the elongated dome than i n the northern part because of a 
th icker confining bed a n d lower transmissivity of the aqui fer to the south. 
W a t e r that flows southward discharges u p w a r d through the conf ining 
bed and also to the ocean a n d gulf. T h e m a x i m u m gradient of the po
tentiometric surface of central F l o r i d a is about 2.5 meters per ki lometer 
w i t h an average gradient of about 1 meter per ki lometer. 

T h e ground water of central F l o r i d a comprises one major hydro log ie 
system, a n d it has recently been shown that a geochemical system is 
coexistent w i t h the hydrologie system (10, 11). Depths of wel ls sampled 
d u r i n g this study range from about 100 to 500 meters. A body of salt 
water that underl ies the entire F l o r i d a peninsula ranges i n depth f rom 
near sea leve l at parts of the shoreline to about 700 meters i n central 
F l o r i d a . T h e interface between the fresh water a n d salt water forms one 
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3. BACK AND HANSHAW Carbonate Aquifer 81 

of the boundaries of the fresh-water system. G e o c h e m i c a l m a p p i n g , i n 
c l u d i n g d i s t r ibut ion of ch lor ide , sulfate, c a l c i u m , magnes ium, a n d car
bon-14 concentrations, shows a systematic pattern of increase d o w n g r a -
dient. It was conc luded that, a l though the wel ls have a range of tota l 
depths a n d open intervals , they are sampl ing parts of the same h y d r o -
logical ly -connected geochemical system (11). 

Figure 2. Principal artesian aquifer, showing areas of under saturation of 
ground water with respect to calcite and dolomite 

Chemical Reactions 

I n the carbonate aqui fer system of central F l o r i d a , two major controls 
on the chemica l character of the water are solution of calc ite a n d of 
dolomite . O n e w a y to evaluate the significance of these reactions as 
chemica l controls is to determine the departure f r om e q u i l i b r i u m of the 
water w i t h respect to each of the minerals . T o calculate departure f r om 
e q u i l i b r i u m , so lub i l i ty products of 10" 8 3 5 a n d 2 Χ 10" 1 7 were used for 
calcite a n d dolomite , respectively. T h e departure f rom e q u i l i b r i u m w i t h 
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82 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

respect to calc ite is shown i n F i g u r e 2. T h e area of undersaturat ion co in 
cides closely w i t h the area of major recharge ( F i g u r e 1 ) . T h e e q u i l i b r i u m 
boundary outlines the elongated dome on the potentiometric m a p , w h i c h 
indicates that some water is recharged into the aqui fer a long the top of 
the dome a n d is thereby l o w e r i n g the amount of saturation i n this area. 

A p r e l i m i n a r y m a p of departure f rom e q u i l i b r i u m w i t h respect to 
do lomite is also shown i n F i g u r e 2. T h e area of undersaturat ion is larger 
for do lomite than for calcite. Because the dolomite value is exactly one 
ha l f that of calcite , i t fo l lows that i n order for a water that is i n e q u i 
l i b r i u m w i t h calcite to become saturated w i t h respect to dolomite , it is 
o n l y necessary for the magnes ium concentrat ion to equa l the c a l c i u m 
concentrat ion (12, 13, 14). T h e area of recharge a n d the area of highest 
potent iometr ic surface show that the water is undersaturated w i t h respect 
to do lomite ; downgradient , it progressively attains e q u i l i b r i u m w i t h 
do lomite a n d eventual ly becomes supersaturated. 

I n m a k i n g thermodynamic calculations to determine departure f rom 
e q u i l i b r i u m , thermodynamic data for pure stoichiometric calc ite a n d 
do lomite were used. H o w e v e r , minéralogie a n d x-ray examinat ion of 
aqui fer mater ia l has shown that the calcite may have several mole percent 
magnes ium; the do lomite that occurs i n the system is general ly c a l c i u m -
r i c h (IS). Therefore , bo th of these minerals i n the natura l state have a 
h igher free energy a n d hence a somewhat h igher so lub i l i ty than the pure 
minerals . T h u s , part of the supersaturation that we have ca lcu lated 
m a y be more apparent than real . 

Rates of Flow and Chemical Reactions 

F o r the past several years, w e have been w o r k i n g to evaluate the 
rad iocarbon technique for da t ing ground water ; that is, to determine the 
amount of t ime the water has been out of contact w i t h the atmosphere 
(15,16, 17). T h i s is done b y means of the carbon-14 act iv i ty of the d is 
solved carbonate species. Results of part of this w o r k give the age of 
water as a funct ion of posit ion i n the aqui fer system. In the recharge 
area, there are waters of m i x e d or ig in , a n d the age varies accord ing to 
the amount of m i x i n g of exceedingly y o u n g water w i t h somewhat older 
water . H o w e v e r , downgradient f rom the area of p r i n c i p a l recharge, the 
age of the water increases i n a systematic manner. T h u s , b y c o m b i n i n g 
results f rom rad iocarbon concentrat ion w i t h changes i n the chemica l a n d 
p h y s i c a l parameters of the system, rates of chemica l a n d phys i ca l proc
esses w h i c h occur w i t h i n a system m a y be der ived . W i t h i n the recharge 
area, the m a x i m u m apparent age of the m i x e d water is approximately 
5000 years. D o w n g r a d i e n t f rom the recharge area, the water increases 
to approx imate ly 30,000 years before present, w h i c h is the oldest age 
f o u n d i n that part of the aqui fer system. 
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3. BACK AND HANSHAW Carbonate Aquifer 83 

83° 82° 81° 801 

83° 82° 81° 80° 

Figure 3. Residence time of water within the aquifer and velocity of 
ground-water flow; values at the arrow tips are averages for entire flow paths 

T h e values on the flow lines i n F i g u r e 3 were ca lculated f rom rad io 
carbon dates a n d indicate velocities i n meters per year for various seg
ments a long part i cu lar flow paths, w h i c h are shown b y the heavy lines 
w i t h arrows. T h e average values for the entire path range f r om about 
2.5 meters per year to 6.5 meters per year. A l o n g short reaches, the range 
of velocities is about 1.5 to 8.5 meters per year. 

I n add i t i on to est imating veloc i ty of ground-water flow, carbon-14 
concentrations permit estimation of the rate of solution a n d prec ip i tat ion 
of carbonate minerals . T h e aqui fer is composed of approx imate ly 2 / 3 
calcite a n d 1/3 dolomite d is t r ibuted throughout the section. Saturat ion 
w i t h respect to calcite occurs rather rap id ly , a n d it is only i n areas of 
p r i n c i p a l recharge that undersaturated waters are generally f ound ( F i g 
ures 1 a n d 2 ) . H o w e v e r , the kinetics of do lomite format ion a n d disso lu
t ion are qui te slow, a n d the area of undersaturat ion extends farther 
downgradient than does the area of calcite undersaturat ion. B y c om
b i n i n g age of water f rom F i g u r e 3 w i t h saturation boundaries of calc ite 
a n d do lomite f rom F i g u r e 2, an approx imat ion can be obta ined for the 
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84 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

t ime requ i red for water to become saturated w i t h these minerals . T h e 
results show that water attains e q u i l i b r i u m w i t h respect to calcite i n 
about 4000 carbon-14 years a n d w i t h respect to do lomite i n about 15,000 
carbon-14 years. 

Rate of Entropy Production 

T h u s far i n this discussion, these fluid-filled formations of F l o r i d a 
have been considered as part of a geologic system, a hydro log ie system, 
a n d as a coexisting geochemical system. It w o u l d seem desirable to com
bine the results of the various natura l processes into one u n i f y i n g concept. 

T h e input to the c o m b i n e d system occurs on the potentiometric highs 
i n the form of ra in fa l l containing minor amounts of total dissolved solids. 
I n i t i a l changes i n water chemistry occur w i t h i n the soi l zone where the 
water is charged w i t h large amounts of C 0 2 gas. T h i s C 0 2 - r i c h water 
percolates into the ground-water system where the C 0 2 attacks the car
bonate minerals . T h i s is an irreversible chemica l process whereby the 
C 0 2 i n the water reacts w i t h the minerals and brings them into solution. 

L i k e w i s e , s imple gravi tat ional movement of water f rom potentio
metr ic highs to oceanic base level is an irreversible phys i ca l process w h i c h 
produces a loss of potent ia l energy. T h e basis for eva luat ing energy d is 
t r ibut i on of a ground-water system is the potent ia l theory best expla ined 
i n a c lassical paper b y H u b b e r t ( 8 ) . Potent ia l is composed of the sum 
of two terms, a gravi tat ional potent ia l energy a n d a pressure energy. P o 
tent ia l is equa l to the w o r k requ i red to transform a uni t of mass of fluid 
f rom an arb i t rar i ly chosen standard state to the state at the point under 
consideration (18, p. 7 9 7 - 8 ) . F o r the standard state, it is convenient to 
use an elevation of zero, a pressure of 1 atm, a n d a veloc i ty of zero. Po 
tential , φ, for ground water can be expressed as fo l lows (19, p. 1959) 

Φ = gz + 7 (1) 

where g is acceleration o w i n g to gravity , ζ is e levation, Ρ is gage pressure, 
a n d ρ is density. I n almost a l l instances, the k inet i c energy of flowing 
ground water is negl ig ib le because of the l ow velocities of flow. " T o t a l 
h e a d " as used by hydrologists is re lated to "po tent ia l " by the expression 
φ = gh, where h is head. A l t h o u g h it m a y intu i t ive ly seem that the total 
potent ia l c o u l d inc lude terms other than gravi ty a n d pressure to reflect 
chemica l a n d thermal energy changes, H u b b e r t s potent ia l concept is 
restricted to mechani ca l energy only a n d is so used i n this paper. 

H e a d is an intensive state var iable a n d is independent of the process 
that produces a change i n head. T h u s , to calculate energy loss f rom flow, 
a k n o w n reversible process can replace the u n k n o w n irreversible process. 
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3. BACK AND HANSHAW Carbonate Aquifer 85 

H e a d loss thus represents useable energy lost f rom the system a n d m a y 
be thought of as a measure of change i n entropy. L i k e w i s e , the irrevers
ib le process of d isso lv ing minerals i n the aqui fer system has an entropy 
change associated w i t h i t . O n e w a y i n w h i c h the p h y s i c a l a n d chemica l 
processes w i t h i n such a system can be compared is through use of entropy 
concepts. 

Because none of the potent ia l energy of a ground-water system is 
converted to k inet i c energy, a l l the energy is transformed to heat w h i c h 
is absorbed b y the system. Therefore , changes i n entropy o w i n g to head 
loss, w h i c h can be treated as a reversible process, are obta ined by c a l 
cu la t ing the changes i n potent ia l energy associated w i t h flow through 
the system. T h i s provides a determinat ion of m i n i m u m entropy produc 
t ion caused b y change i n alt i tude. W h e n it becomes possible to separate 
a l l sources of heat to the system ( earth heat flow, solar rad iat ion , heats of 
solution a n d prec ip i tat ion , a n d f r i c t iona l heat p r o d u c t i o n ) , the add i t i ona l 

Figure 4. Distribution of entropy change resulting from head loss within 
the aquifer 
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86 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

entropy produc t i on can be c o m b i n e d w i t h the m i n i m u m to obta in total 
entropy p r o d u c e d f rom phys i ca l processes. 

Ki logram-meters can be converted read i ly to mi l l i ca lor ies ( m e a l ) per 
k i l ogram as fo l lows 

1 kg-meter = 2.34 Χ 10 3 mea l (2) 

T o convert to entropy between any two points 

Ammeters] X 2.34 Χ 10 3 mea l 

E n t r o p y [mca l /kg / °K] = O R
 k g " m e t e r S (3) 

where Ah is loss i n head between two points. T h e temperature of g round 
water i n this system ranges f rom about 23 ° C i n the recharge area to a 
m a x i m u m of about 28 ° C i n the deepest part of the system. A s imple 
sensit ivity test can be made as fo l lows : If Τ = 298.16° db 2 ° K a n d head 
= 30 m, then for Τ = 296.16°K ( 2 3 ° C ) , the ca l cu lated entropy is 237.0 
m e a l ; for Τ = 298.16°K ( 2 5 ° C ) , the ca lcu lated entropy is 235.5 m e a l ; 
a n d for Τ = 300.16°K ( 2 7 ° C ) , the ca lcu lated entropy is 234.0 meal . 
T h i s suggests that over the narrow range of observed temperatures, the 
entire system m a y be approx imated b y assuming an isothermal system at 
25 °C . F o r this p r e l i m i n a r y study, the assumption of an isothermal system 
permits neglect ing thermal energy transfer f rom sources ment ioned above. 
T h i s topic w i l l be rigorously evaluated i n a subsequent study. 

T h e results of ca l cu la t ing entropy produc t i on f r om head values rang 
i n g between elevations of 40 meters to about sea l eve l are shown on 
F i g u r e 4. Note that the h i g h po int on the potentiometric surface is des ig 
nated as h a v i n g a zero entropy level . T h i s is the i n p u t boundary of the 
system, a n d b y our def init ion, the entropy of the water a t t r ibuted to 
posi t ion is zero at this point . Therefore i n order to depict the entropy 
increase a t t r ibuted to downgrad ient flow, the equat ion was modi f ied to 

p , . , , , , ν 2.34 Χ 10 3 meal , . 
Change i n entropy = ( f t m a x - K) 0^ (4) 

A s the water flows d o w n the potent iometr ic surface, entropy is progres
s ively p r o d u c e d b y this p h y s i c a l process to about 300 m c a l / k g / ° K . 

T h e minera logy of the F l o r i d i a n aqui fer consists of approx imate ly 
6 5 % calcite a n d 3 4 % dolomite , w i t h minor amounts of gypsum scattered 
through the formation. G y p s u m m a y be loca l ly abundant i n some parts 
of the aqui fer system. Therefore , on ly three chemica l reactions need be 
considered to describe the major c h e m i c a l changes i n this system. F i r s t 
is the solut ion of calcite b y means of water a n d so i l C 0 2 gas; second is 
the solut ion of do lomite , also b y means of water a n d soi l C 0 2 gas; a n d 
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3. BACK AND HANSHAW Carbonate Aquifer 87 

Table I. Standard Entropy Values" 

Ca 2 + a q . 
M g 2 + a q . 
HCO3-
C 0 2 a q . 
H 2 0 
S 0 4

2 -
C a C 0 3 [calcite] 
C a M g ( C 0 3 ) 2 [dolomite] 
C a S 0 4 - 2 H 2 0 [gypsum] 

0Values from Rossini et al. (20) except where noted. 
6 Value for dolomite from Stout et al. {21). 

s° 
Cal/°K/Mole 

- 1 3 . 2 
- 2 8 . 2 

22.7 
29.0 
16.716 
4.1 

22.2 
37 .09 6 

46.36 

t h i r d is solution of g y p s u m ( C a S 0 4 · 2 H 2 0 ) to f orm c a l c i u m ions, s u l 
fate ions, a n d water. A l t h o u g h sulfate reduct ion occurs w i t h i n the system, 
the s i m p l i f y i n g assumption has been made that the decrease i n sulfate 
concentrat ion is not significant for these calculations. I n order to deter
mine the chemica l entropy product i on of the system, the entropy of each 
of these three reactions was ca lculated us ing values i n T a b l e I as fo l l ows : 

Calcite 

C a C 0 3 + H 2 0 + C 0 2 a q = Ca 2 + + 2 H C 0 3 - (5) 

A b a c t i o n = - 35.7 c a l / ° K / m o l e 

Dolomite 

C a M g ( C 0 3 ) 2 + 2 H 2 0 + 2 C 0 2 a q = Ca 2 + + M g 2 + + 4 H C 0 3 - (6) 

^ r e a c t i o n = - 79.9 c a l / ° K / m o l e 

Gypsum 
C a S 0 4 + 2 H 2 0 = Ca 2 + + S 0 4

2 " + 2 H 2 0 

A S r e a c t i o n = - 22.1 c a l / ° K / m o l e 

(7) 

T h e change i n entropy at any point , i , i n the system o w i n g to the 
above three equations is g iven b y the f o l l o w i n g relationships 

A S i . c a l c i t e = AStf .calci te [m C a — ( ^ M g + ^ S 0 4 ) ] 

^'St'.dolom ite = omite X W j i i r 

ASt.gypeum = AStf,gypsum X m<SOi 

^ Ο chem AS, 
alcite omite ~f" AiSgypsum 

(8) 

(9) 

(10) 

(11) 

where AS is change of entropy, m is mola l i ty , subscript i is at any site, 
subscript R is for reactions identi f ied b y subscripts calcite, dolomite , a n d 
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88 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

gypsum, A S c l i e m is total entropy change result ing f rom the chemica l reac
tions s tudied , a n d 

^ $ r e a c t i o n = roducts 
AS 

re a eta nts 
(12) 

These calculations are based on the approx imat ion that the amount of 
entropy p r o d u c e d per mole of substance dissolved is l inear for concen
trations rang ing f rom infinite d i l u t i o n to saturation w i t h respect to these 
three phases. 

T h e change i n entropy o w i n g to the solution of calcite is g iven b y 
E q u a t i o n 8. F o r these calculat ions, entropy of the react ion was m u l t i 
p l i e d b y mo la l i ty of c a l c i u m i on less mo la l i ty of magnes ium a n d sulfate 
ions. T h e reason for this subtract ion is that, assuming no other source 
for magnes ium, the total amount of do lomite that has gone into so lut ion 
m a y be approx imated b y the amount of magnes ium at any point w i t h i n 
the aquifer . Therefore , because congruent solut ion of sto ichiometric 
do lomite means that the amount of magnes ium f rom dolomite equals the 
amount of c a l c i u m from dolomite , the contr ibut ion of c a l c i u m f rom dolo-
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3. B A C K A N D H A N S H A W Carbonate Aquifer 89 

mite so lut ion can be determined b y subtract ing magnes ium i n E q u a t i o n 8. 
F o r nonstoichiometr ic dolomites, an error is in t roduced i n this ca l cu la 
t ion equa l to the percentage that the do lomite is magnes ium-r i ch or m a g 
nesium-deficient. L i k e w i s e , the amount of gypsum going into so lut ion 
may be approx imated b y the amount of sulfate; subtract ing sulfate is 
equivalent to account ing for the c a l c i u m contr ibuted to the aqueous phase 
b y the disso lut ion of gypsum. 

I n areas where supersaturation of carbonate minerals exists, it was 
f o u n d that the total amount of magnes ium plus sulfate was greater than 
the amount of ca l c ium. I n that case, we conc luded that calc ite was 
prec ip i ta t ing , a n d this equivalent amount of entropy change was a d d e d 
to the tota l chemica l entropy product ion . 

T h e essence of the above discussion is that, because the change of 
entropy of a react ion is based on mole concentrations, i t is necessary only 
to determine w h a t f ract ion of a mole of a par t i cu lar m i n e r a l has dissolved 
i n order to estimate the entropy change for that react ion at any g iven 
site. A n o t h e r po int that needs c lari f icat ion is that the negative entropy 
change for these reactions w o u l d appear to vio late the second l a w i n 
that a natura l spontaneous react ion is not tend ing to m a x i m i z e entropy. 
H o w e v e r , the second l a w refers to the universe, or at least to a total 
system, a n d not to a single react ion or process. Therefore , it is acceptable 
for any i n d i v i d u a l react ion or process to have a negative entropy change. 

I n add i t i on , every react ion w h i c h produces entropy generates d is 
order w i t h i n the react ing substances. I n the case under considerat ion, 
the entropy change is i n the H 2 0 , i n the smal l n u m b e r of ions i n so lu
t ion , a n d i n the interactions between H o O a n d the ions. H 2 0 is the 
dominant component, a n d because i t has a h i g h degree of disorder, so lu
t i on of carbonate minerals tends to order the H o O , p r i m a r i l y b y hydra t i on 
of carbonate a n d c a l c i u m ions, thereby p r o v i d i n g for a decrease i n entropy 
i n that part of the system. 

T h e results of these calculations a n d their d i s t r ibut ion are shown i n 
F i g u r e 5. T h e change i n entropy levels ar is ing f rom chemica l reactions 
ranges f rom about —30 to —200 mca l / l i t e r / °K . T h e spat ia l d i s t r ibut ion 
of the changes i n chemica l entropy a n d mechan i ca l entropy is i n excellent 
agreement, a n d surpr is ingly , the values are nearly equa l but w i t h oppo
site signs. T h e negative sign on the entropy change resul t ing f rom c h e m 
i c a l reactions indicates that part of the heat absorbed f rom energy 
transformation result ing f rom ground-water flow is ava i lab le to dissolve 
carbonate minerals a n d thereby m a y be converted to chemica l energy. 

A summat ion of the entropy produced f rom chemica l a n d phys i ca l 
processes is shown i n F i g u r e 6 to range f rom 0 to 200 m c a l / k g / ° K . I n 
the recharge area, the entropy produc t i on f rom head loss is greater than 
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90 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

the negative entropy change result ing f rom chemica l reactions. F a r d o w n -
gradient where the flow is less vigorous a n d the water is supersaturated 
w i t h respect to carbonate minerals , the values are equa l a n d produce a 
" t o t a l " entropy of zero or even of negative values. T h e negative values 
indicate an add i t i o na l source of energy not accounted for i n these pre 
l i m i n a r y calculations. Possibi l i t ies inc lude various thermal sources a n d 
sinks a n d inadequate account ing for prec ip i tat ion of carbonate minerals , 
w h i c h w o u l d prov ide for posit ive entropy change. 

I n F i g u r e 7, the hydroisochrones determined f r o m carbon-14 dat ing 
(8 ) a n d the entropy m a p ( F i g u r e 6 ) are combined , w h i c h permits the 
ca lcu lat ion of rates of entropy produc t i on a long part i cu lar flow paths 
w i t h i n the hydrogeochemica l system. T h e rate of entropy product i on , i n 
units of m c a l / k g / 1 0 0 0 years, ranges f rom —11 to 25 for various segments 
a n d f rom —2 to 7 for flow-line averages. 

83° 82° 81° 80° 

Figure 6. Distribution of entropy change resulting from combination of 
physical and chemical processes 
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3. B A C K A N D H A N S H A W Carbonate Aquifer 91 

80° 8 T 82° 83° 

83° 82° 81° 80° 

Figure 7. Rate of entropy production resulting from both chemical and 
physical processes; values at tips of arrows are averages for the entire flow 

path 

Concluding Remarks 

W e think that the approach discussed here w i l l prov ide a greater 
understanding of the c o m b i n e d phys i ca l a n d chemica l funct ion ing of an 
aqui fer system a n d hopefu l ly w i l l have transfer value to other natura l 
systems. W e expect that further app l i cat ion a n d refinement of methods 
to study the d i s t r ibut ion of entropy product ion w i l l prov ide an integrat ing 
var iable for use i n evaluat ing the relative importance of phys i ca l a n d 
chemica l processes at points w i t h i n a system or between two hydro log ie 
systems. T h e next step is to develop techniques that w i l l prov ide a method 
for pred i c t ing chemica l as w e l l as phys i ca l changes result ing f rom nat
u r a l a n d art i f ic ial stresses imposed on an aqui fer system. O u r w o r k i n g 
hypothesis is that our data represent the solution to a set of simultaneous 
transport equations. T h e next task is to formulate the transport equations 
i n a manner compat ib le w i t h field- a n d laboratory-measured parameters 
as a veri f ication of the m o d e l p r o v i d e d b y irreversible thermodynamics . 
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4 

Silica Variation in Stream Water with Time 
and Discharge 

V A N C E C. K E N N E D Y 

U . S. Geological Survey, Menlo Park, Calif. 94025 

Silica concentration in the Mattole River of northern Cali
fornia varies in a consistent manner during storm runoff as 
water from various sources enters the stream. Silica is more 
concentrated in water which seeps through the soil (sub
surface flow) than in overland flow or in groundwater. 
Thus, during a stream rise, silica decreases initially while 
overland flow comprises much of the streamflow and then 
increases as subsurface flow becomes the major component 
of streamflow. With decreasing discharge, groundwater be
comes an increasing proportion of streamflow, and silica 
concentration slowly decreases. Correlation between silica 
and stream discharge or specific conductance is poor during 
storm runoff. Data from other streams suggest that the 
pattern of silica variation observed in the Mattole River 
is present elsewhere. 

S i l i c a comprises a significant f ract ion of the d isso lved solids i n stream 
^ waters ; however , there is re lat ive ly l i t t le deta i led in format ion on the 
variations i n s i l i ca concentrat ion w i t h t ime a n d stream discharge, a n d 
f e w attempts have been made to exp la in such t ime-dependent variat ions 
as have been observed. T h e concentrat ion of most d issolved constituents 
i n stream water decreases w i t h increas ing discharge but , as D a v i s ( J ) 
has po in ted out, the s i l i ca content is less var iab le than that of any other 
of the major dissolved constituents. T h i s means that the propor t i on of 
s i l i ca i n the d isso lved solids becomes greater w i t h increas ing discharge 
a n d impl ies that the rate of s i l i ca release f r o m soils increases more r a p i d l y 
t h a n that of the other dissolved solids d u r i n g storm runoff. T h e fact that 
s i l i ca shows l i t t le or no corre lat ion w i t h discharge or specific conductance 
suggests that the controls of s i l i ca concentrat ion i n stream water are 
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4. K E N N E D Y Silica Variation in Stream Water 95 

complex. C h e m i c a l - e q u i l i b r i u m models appear inadequate to exp la in the 
behavior of s i l i ca i n na tura l waters d u r i n g storm periods. 

T h i s report presents deta i led in format ion on the var ia t i on of s i l i ca 
w i t h t ime, changes i n stream discharge, a n d specific conductance i n the 
water of the M a t t o l e R i v e r of northern C a l i f o r n i a a n d gives results of so i l 
l each ing studies that he lp i n understanding the s i l i ca variations i n the 
M a t t o l e R i v e r . These results a n d data f rom other streams indicate that 
s i l i ca variations d u r i n g the wet season may be re lated to v a r y i n g rates 
of chemica l reactions i n the so i l zone. S i l i ca concentration i n subsurface 
runoff waters is re lated to the length of t ime of contact w i t h the so i l , the 
so i l :water rat io , a n d the r a i n f a l l h istory pr i o r to the t ime of sampl ing . 

P r e v i o u s W o r k . In format ion pert inent to this invest igat ion has been 
d r a w n f rom three types of da ta : the large b o d y of p u b l i s h e d stream-water 
analyses, the basic w o r k on solubil i t ies of crystal l ine a n d amorphous s i l i ca 
a n d of various sil icates, a n d a group of recent reports on dissolved s i l i ca 
i n so i l waters. 

P a l m e r (2) thought that the more a lkal ine waters favored the reten
t ion of s i l i ca i n solut ion i n streams of the P iedmont P la teau a n d G u l f 
Coast . H e also noted that the proport ion of s i l i ca i n the dissolved solids 
was h e l p f u l i n c ompar ing the chemistry of various stream waters. H e n d -
r i ckson a n d K r i e g e r (3 ) c onc luded that s i l i ca a n d specific conductance 
were poor ly re lated for several streams i n K e n t u c k y . D a v i s ( I ) made a 
comprehensive s tudy of s i l i ca i n ground a n d surface waters, us ing m a n y 
hundreds of p u b l i s h e d analyses. F r o m these he conc luded that s i l i ca i n 
ground w a t e r — a n d , hence, that i n stream water at l o w stages—is p r i 
m a r i l y re lated to the rocks a n d minerals contact ing the water . H e f o u n d 
no m a r k e d influence of p H , sa l in i ty , c l imat i c regions, vegetation, or 
temperature on s i l i ca concentration. Storm runoff appeared to acquire 
most of its s i l i ca w i t h i n a few days. E v i d e n c e for this was the fact that 
s i l i ca concentrations i n stream water remained re lat ive ly constant d u r i n g 
periods of h i g h discharge despite the decrease i n dissolved solids. H e 
mentions several possible explanations for this, one of w h i c h was that 
water t rave l l ing through the upper part of the so i l profile m i g h t contain 
apprec iable s i l i ca leached f rom the soi l a n d comprise m u c h of the runoff 
d u r i n g a n d shortly after storms. H o w e v e r , he felt that this m e t h o d of 
ob ta in ing s i l i ca r e q u i r e d that s i l i ca be leached f rom the so i l w h i l e other 
constituents were dissolved less rap id ly . A n explanation of this process 
posed difficulties. I n a later study, D a v i s (4 ) f ound that surface runoff 
f rom r a i n can acquire 1-3 m g / l i t e r s i l i ca d u r i n g the first f ew minutes 
after r a i n contacts the soi l . F e t h and others (5 ) also showed that s i l i ca 
is released r a p i d l y ( that is, i n a f ew days or so) to perco lat ing , s l ight ly 
ac id ic , snowmelt waters w h i c h supp ly ephemera l springs i n the h i g h 
Sierra N e v a d a . 
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O n e approach to interpret ing the s i l i ca content of na tura l waters is 
to determine the rate of so lut ion a n d so lub i l i ty of various minerals w h i c h 
might be the source of the dissolved s i l i ca . K r a u s k o p f (6) s u m m a r i z e d 
previous w o r k a n d po inted out that s i l i c i c a c i d ( s i l i ca ) is v i r t u a l l y und i s -
sociated be l ow p H 9 a n d that s i l i ca i n natura l waters is predominant ly 
i n true solut ion as H 4 S i 0 4 , monomer i c s i l i c i c ac id . I n add i t i on , he per 
f o rmed n e w experiments w h i c h ind i ca ted that the so lub i l i ty of amorphous 
s i l i ca i n d i s t i l l ed water a n d sea water is on the order of 120 m g / l i t e r at 
25 °C . T i m e for equ i l i b ra t i on was approximate ly 40 days for s i l i ca ge l or 
c o l l o ida l s i l i ca but was greater than two months for opal . Siever (7) 
conf irmed K r a u s k o p f s w o r k on so lub i l i ty of amorphous s i l i ca as b e i n g 
120-140 m g / l i t e r a n d est imated f rom higher-temperature data that quar tz 
so lub i l i ty was about 10.8 m g / l i t e r at 25 °C , a l though, exper imental ly , 
quartz samples showed no measurable dissolution at 25 ° C after three 
years. M o r e y et al. (8) reported quartz so lubi l i ty at 2 5 ° C as 6 m g / l i t e r . 
Stober ( 9 ) s tud ied the so lub i l i ty of various forms of s i l i ca a n d conc luded 
that after i n i t i a l release of s i l i ca f r om the so l id , a layer of adsorbed s i l i ca 
forms a n d controls the final concentration of s i l i ca i n solution. 

W o r k has also been done on the rate of release of s i l i ca f r o m si l icate 
minerals a n d on e q u i l i b r i u m concentrations of s i l i ca i n solutions i n con 
tact w i t h natura l ly -occurr ing silicates. Garre ls a n d C h r i s t (10) have 
ind i ca ted that, cons ider ing the p H a n d a l u m i n u m concentrations present, 
the s i l i ca concentrations i n most g r o u n d a n d stream waters ( 6 - 6 0 m g / 
l i t e r ) are i n the range that might be expected f r o m e q u i l i b r i u m w i t h 
kaol ini te . Po l zer a n d H e m (11) f ound that s i l i ca concentrations were 
s t i l l increasing after two years i n a d i lu te suspension of i m p u r e kaol in i te 
at p H 3.3-3.7. A t the end of the experiments, the s i l i ca concentrat ion 
was 8 -10 m g / l i t e r . Par t of the dissolved s i l i ca was at tr ibuted to so lut ion 
of a free s i l i ca i m p u r i t y . M a c k e n z i e a n d Garre ls (12) and M a c k e n z i e 
et al. ( 13 ) showed that apprec iable amounts of s i l i ca were released to sea 
water f r om various c lay minerals w i t h i n a 10-day p e r i o d a n d conc luded 
that the s i l i ca release was governed b y an a luminous residue on the 
minerals . Correns a n d von E n g e l h a r d t (14), N a s h a n d M a r s h a l l ( 1 5 ) , 
a n d Garre ls a n d H o w a r d (16) i n s tudy ing release of Κ f rom K-fe ldspars 
a l l v isual ize the development of a react ion film on the grain surface w h i c h 
is depleted i n Κ (hence, re lat ive ly h i g h i n s i l i ca ) a n d through w h i c h Κ 
ions must diffuse as they go f rom the m i n e r a l into solution. W o l l a s t (17) 
s tudied the kinetics of s i l i ca release f rom K- fe ldspar a n d stated that "the 
weather ing of fe ldspar under natura l condit ions can be descr ibed as a 
dif fusion mechanism of H 4 S i 0 4 through a res idual layer, constituted b y 
s l ight ly soluble A l ( O H ) H a n d subsequent react ion of these t w o substances 
to f o rm a hydrated a l u m i n o - s i l i c a t e . , , L u c e (18) f ound solid-state d i f 
fusion to be the rate-control l ing step for bo th s i l i ca a n d magnes ium d u r i n g 
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4. K E N N E D Y Silica Variation in Stream Water 97 

ear ly stages of l each ing of magnes ium silicates. I n s u m m a r i z i n g controls 
on s i l i ca concentrat ion i n so i l waters, K i t t r i c k (19) l i s ted the f o l l o w i n g 
factors: rate of d issolut ion of unstable si l icates, rate of prec ip i ta t ion of 
stable sil icates, rate of movement of s i l i ca -bear ing solutions out of the 
system, a n d rate of p lant uptake. 

So i l - l each ing studies indicate that some s i l i ca is released f r o m so i l 
rather r a p i d l y . M c K e a g u e a n d C l i n e (20) have shown that i n s o i l - w a t e r 
mixtures at 1 0 0 % water saturat ion, the s i l i ca i n so lut ion after 5 minutes 
was approx imate ly ha l f as great as that after 10 days. A f t e r the first d a y 
or two the s i l i ca concentrat ion increased very s lowly . T h e y also d e m o n 
strated that p H has a m a r k e d effect on s i l i ca concentrations i n so i l so lu 
tions (21). These authors a t t r ibuted the contro l of s i l i ca concentrat ion 
to p H - d e p e n d e n t adsorpt ion a n d ind i ca ted that, of the c o m m o n so i l 
minerals , i r o n a n d a l u m i n u m oxides have apprec iab le adsorpt ion capaci ty . 
Jones a n d H a n d r e c k (22, 23) s tud ied the effects of i r o n a n d a l u m i n u m 
oxides on s i l i ca concentrations i n so i l solutions a n d conc luded that b o t h 
caused a significant reduct ion i n dissolved s i l i ca , w i t h a l u m i n u m oxides 
be ing most effective. M i n i m u m s i l i ca concentrations o ccurred at p H 
9 -10 i n solutions i n contact w i t h i r on a n d a l u m i n u m oxides. H a r d e r a n d 
F l e h m i g (24) reported that the hydroxides of i r on , a l u m i n u m , a n d other 
elements c o u l d remove s i l i ca f r om solutions conta in ing as l i t t le as 0.5 
m g / l i t e r S i 0 2 . 

B r i c k e r a n d G o d f r e y (25) f o u n d that on ly a f e w hours to a f e w days 
were needed for the s i l i ca concentrat ion to achieve a constant va lue i n 
water recyc led through a soi l c o lumn. T h e same s i l i ca concentrat ion was 
attained start ing w i t h water conta in ing either more or less s i l i ca than 
that at " e q u i l i b r i u m . " S i m i l a r conclusions r egard ing the s tab i l i z ing effect 
of so i l on disso lved s i l i ca were reached b y M i l l e r (26). 

T h e w o r k descr ibed above shows that s i l i ca can be released or taken 
u p r a p i d l y — t h a t is, w i t h i n a f e w minutes or h o u r s — a n d that the m e c h a 
n i sm is not s i m p l y one of so lubi l i ty . 

Methods of Sample Treatment and Analysis 

W a t e r samples obta ined i n this study were co l lected near mids t ream 
i n po lyethylene bottles a n d filtered through 0.45-micron membrane filters 
as soon as possible after co l lect ion us ing compressed a ir . N o r m a l l y , 
samples of 4 - 8 l iters were passed through a 4- inch (10.16-cm) d iameter 
filter, a n d the first 1-1.5 liters were d iscarded . E x c e p t under condit ions 
of unusua l ly clear water , the filter was p a r t i a l l y c logged b y sediment 
before any filtrate was reta ined , so the effective pore size of the filter 
was p r o b a b l y less than 0.2 m i c r o n for most samples a n d less than 0.1 
m i c r o n for samples co l lected d u r i n g larger flows w h e n sediment concen
trations were h i g h . W h e n samples conta in ing more than 5000 m g / l i t e r 
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of suspended sediment were filtered, the t ime for filtration occasional ly 
exceeded 6 hours but c o m m o n l y 2 -4 hours were r equ i red . A f ter filtration, 
4 m l of reagent grade concentrated H N 0 3 was a d d e d to each gal lon of 
filtrate, w h i c h was stored i n a po lyethylene bott le u n t i l i t was ana lyzed 
for major constituents. 

Suspended-sediment samples were obta ined at l o w flow b y c o m 
pos i t ing water samples col lected at three points i n the cross section. 
U n d e r h igher flow condit ions, sampl ing was done at five points equa l ly 
spaced i n the cross section. T h e s a m p l i n g device , a D H - 5 9 h a n d sampler 
( 2 7 ) , was passed through the water c o l u m n at the same rate at each 
s a m p l i n g po int so that the water co l lected represented the integrated 
effect of stream ve loc i ty a n d depth. T h u s , a l l five samples c o u l d be 
composi ted to represent the average sediment concentration i n the stream 
as a whole . U n d e r very h i g h flow condit ions, w h e n water velocit ies near 
the surface approached 15 feet (4.5 meters) per second ( 2 8 ) , on ly sam
ples of the upper 2 feet ( 0.5 meter ) of flow c o u l d be obtained. H o w e v e r , 
the extreme turbulence under such condit ions shou ld have caused suffi
c ient ver t i ca l m i x i n g that the samples t r u l y represented the average con
centration of transported sediment of m e d i u m sand size a n d finer. T h e 
sizeable l o a d of coarse sand a n d grave l m o v i n g near the streambed was 
not sampled . Suspended-sediment samples were always taken w i t h i n 
15-20 minutes of the co l lect ion of water samples. 

S i l i c a analyses were made on an automat ic analyzer us ing a mod i f i 
cat ion of the method of M u l l i n a n d R i l e y ( 29 ) . C h l o r i d e analyses were 
also made on the automatic analyzer , us ing the method of O ' B r i e n (30 ) . 
C o n d u c t i v i t y measurements usua l ly were made o n the pressure-fi ltered 

Figure 1. Index map of Mattole 
River Basin 
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4. K E N N E D Y Silica Variation in Stream Water 99 

samples. E n o u g h determinations were made to establish that no change 
i n conduct iv i ty c o u l d be detected between filtered a n d unfi l tered samples. 
T h e specific conductance was used as an index of the concentrat ion of 
d issolved electrolytes i n the water a n d was determined for every sample 
col lected. C a , M g , N a , a n d Κ were determined us ing an atomic absorp
t ion spectrophotometer. 

Mattole Drainage Basin 

T h e M a t t o l e bas in is i n northern C a l i f o r n i a ( F i g u r e 1 ) , a n d an area 
of about 240 square miles lies upstream f rom the s a m p l i n g po int used i n 
this study. R a n c h i n g a n d t imber sales have been the major source of 
income but a l i t t le f a r m i n g is done on suitable areas a long the r iver . T h e 
towns general ly consist of just a f ew rather o l d bu i ld ings w i t h some other 
homes i n the v i c in i ty . Average populat i on is probab ly less than t w o 
persons per square mi l e . 

T o p o g r a p h y a n d Geology . T o p o g r a p h y is mature w i t h a m a x i m u m 
rel ief of approximately 3500 feet a n d an average rel ief of perhaps 1500 
feet. T h e rocks i n the basin are m a i n l y f o lded graywacke , shale, a n d 
conglomerate (31 ) . A northwest strike of the fo lded a n d faul ted sedi 
mentary rocks causes the northwest t rend of the stream basin . T h e 
downstream hal f of the basin is character ized i n part b y steep grassy 
slopes w i t h shrubs a n d second growth trees located a long some drainage 
lines a n d cover ing some whole t r ibutary basins ( F i g u r e 2 ). T h e upstream 
hal f of the basin contains large areas of second-growth t imber w i t h 
scattered grasslands i n an area of somewhat gentler topography. 

Soils a n d Sediments. Soils i n the M a t t o l e bas in range f rom grave l ly 
to c lay l oam (32) a n d are a c i d w i t h a p H general ly i n the range 4.6-6.0. 
I n one 9-foot profile of u p l a n d so i l sampled i n this study, the p H ranged 
from 4.8-5.2. W h e r e re lat ive ly l i t t le recent erosion has occurred , the 
soils are 10 feet or more i n depth . H o w e v e r , i n the last 20 years there has 
been extensive l ogg ing a n d r o a d - b u i l d i n g act iv i ty , a n d this has been a 
factor i n the disturbance a n d resul t ing erosion of the soi l . A t present, 
erosion i n the bas in is r a p i d , a n d along drainage lines on some of the 
slopes the soi l has been complete ly removed to bedrock. T h i s erosion 
has caused aggradat ion of the r iver bed , a n d suspended-sediment con 
centrations i n the r iver now exceed 10,000 m g / l i t e r d u r i n g h i g h flows. 

X - r a y di f fraction analyses of the < 2-micron size f ract ion of suspended 
sediment a n d soils f r om the M a t t o l e basin indicate that kaol ini te , ver -
micu l i te , a n d a luminum- inter layered vermicu l i te comprise the m a i n c lay 
minerals . M u c h smaller amounts of i l l i te c ommonly are present. C h l o r i t e 
is detectable i n a f ew suspended-sediment samples. 
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Figure 2. View of lower Mattole River basin showing bridge from which 
sampling was done 

V e r m i c u l i t e identi f icat ion is based u p o n the presence of a m i n e r a l 
h a v i n g a 14-Â d-spacing w i t h M g saturation a n d g ly co l so lvat ion w h i c h 
collapses to 10.5 Â w i t h Κ saturation a n d air d r y i n g ( 3 3 ) . T h e r e is l i t t le 
expansion above 14 Â w h e n magnesium-saturated c lay is solvated w i t h 
ethylene g lyco l , w h i c h indicates that l i t t le , i f any, montmor i l l on i te is 
present. W h e n heated to 550°C, only c lay w i t h about a 10-Â (f-spacing 
remains i n most samples, but a smal l amount of chlor i te i n a few sediment 
samples is ind i ca ted b y the presence of 14-Â spac ing ( 3 4 ) . E v i d e n c e for 
a luminum- inter layered vermicu l i te (or possibly a luminum- inter layered 
montmori l lon i te ) is the presence of a 14-Â m i n e r a l i n M g - s a t u r a t e d sam
ples w h i c h fails to collapse to about 10 Â on Κ saturation (35) but w h i c h 
is neither montmor i l l on i te nor chlor i te , based on g lyco l lat ion or heat ing 
to 550°C. 

P r e c i p i t a t i o n . R a i n f a l l averages 92 inches per year for the bas in as 
a who le but w i t h i n the bas in ranges f rom about 50 to 110 inches. O f this , 
7 6 % appears as runoff ( 36 ) . T h e b u l k of the annua l r a i n f a l l occurs i n the 
months of N o v e m b e r through M a r c h , w i t h intense downpours associated 
w i t h some storms. N o r m a l l y , l i t t le or no r a i n falls f rom late M a y u n t i l 
late October . 

T h e average composi t ion of prec ip i tat ion f a l l i n g i n the Mat to l e 
R i v e r basin is shown i n T a b l e I. Samples were col lected near Pet ro l ia , 
H o n e y d e w , Et te r sburg , a n d T h o r n d u r i n g part of the 1966-67 r a i n y 
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Table I. Composition of Atmospheric Precipitation 
in the Mattole River Basin 

Weighted Average Values (mg/liter) 

January-May October-A pril 
Constituent 1967 1968-69 

Ca 2 + 5.5 2.2 
M g 2 + 0.4 0.3 
N a + 1.1 0.9 
K + 0.1 0.1 
S 0 4

2 - 6.4 4.7 
C I " 1.6 1.7 
S i 0 2 0.1 <0.1 

season a n d for a l l of the 1968-69 r a i n y season. I n ca l cu la t ing an average 
composi t ion , the analyses were we ighted accord ing to the amount of r a i n 
f a l l i n g d u r i n g a sampl ing per i od a n d also accord ing to the area l var ia t i on 
of r a i n f a l l w i t h i n the basin. A total of 40 samples were col lected. 

C a l c i u m a n d sulfate showed a definite tendency to be h igher i n 
concentration d u r i n g periods of l o w ra in fa l l , p resumably because of d r y 
fal lout . C a l c i u m concentrations were commonly less than 1 m g / l i t e r 
a n d sulfate less than 2 m g / l i t e r d u r i n g periods of h i g h r a i n f a l l . 

Chemical Composition of Stream Water. Streams i n the M a t t o l e 
R i v e r basin contain re lat ive ly l o w concentrations of d issolved salts, as 
might be expected because of the h i g h ra in fa l l . Representative analyses 
of the r iver water are presented i n T a b l e I I . C a l c i u m , magnes ium, a n d 
sod ium are the major cations, a n d bicarbonate a n d sulfate are the major 
anions. M e a n discharge for a 20-year p e r i o d (1912-13, 1951-68) was 
1331 f t 3 sec" 1 (37.69 m 3 sec" 1) a n d mean annua l discharge was 1.189 X 
1 0 9 m 3 ( 37 ) . 

Silica vs. Time and Discharge in the Mattole 

Diurnal Variation During Low Flow. T h e s i l i ca concentrat ion i n 
the M a t t o l e R i v e r shows smal l but consistent d i u r n a l changes, as do p H 
a n d specific conductance ( F i g u r e 3 ) . S i l i c a concentrat ion reaches a 
m a x i m u m i n the late afternoon a long w i t h p H , whereas specific c on 
ductance is at a m i n i m u m then. A m i n i m u m i n s i l i ca occurs between 
8 a n d 11 a.m. B o t h s i l i ca a n d specific conductance show about a 4 % 
d i u r n a l var iat ion . 

Samples taken the evening of October 5 at 1730 a n d at 0800 on 
October 6 ,1968 showed a var ia t ion i n s i l i ca , p H , a n d specific conductance 
s imi lar to that observed on October 1-2 a n d shown i n F i g u r e 3. H o w e v e r , 
samples col lected at 1730 on September 23 a n d at 0730 on September 24, 
1969 showed the f o l l ow ing results, respect ively : p H , 8.8, 7.9; specific con-
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102 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

10 20 
TIME IN HOURS 

Figure 3. Diurnal variation of pH, silica, 
and specific conductance on October 1-2, 

1968 

ductance , 241, 264; s i l i ca , 9.7, 9.2. T h u s , a d i u r n a l var ia t i on of about 5 % 
i n s i l i ca can occur i n the M a t t o l e R i v e r . 

S u c h a var ia t i on is not unexpected; Barnes (38) has repor ted d i u r n a l 
s i l i ca fluctuations of 1 5 - 2 0 % i n a stream, a n d E n r i g h t (39) has shown 
that the d ia tom popu la t i on is lower i n the evening than the m o r n i n g i n 
a coastal m a r i n e e n v i r o n m e n t — a change w h i c h was at t r ibuted to d i a t o m 
reduc t i on b y g r a z i n g of other organisms. T h u s , the observed s i l i ca v a r i a -

Table II. Composition of Mattole River Water Collected 
under Various Flow Conditions 

D a t e 
Discharge (cfs) 
Specific conductance 

(field meas., micromhos 
at 25°C) 

Disso lved solids 
( m g / l i t e r ) " 

p H (field meas.) 
S i 0 2 (mg / l i t er ) 
E l e c t r o l y t e concentrat ion 

( m g / l i t e r ) 6 

C a s + 

M g 2 + 
N a + 
K + 
H C 0 3 -
S 0 4

2 -
c i -

Low Flow Medium Flow High Flow 

N o v . 11, 1966 M a y 1, 1967 D e c . 4, 1966 
66 

286 

172 
8.3 
7.3 

40 
6.7 
8.7 
1.1 

127 
35 

4.9 

3500 

109 

70 
7.4 

11.6 

14 
2.4 
5.1 
0.7 

49 
9.0 
2.7 

41,150 

80 

53 
7.7 
8.2 

8.5 
1.4 
4.0 
1.0 

36 
6.0 
2.6 

" Calculated from relation between specific conductance and dissolved solids for the 
Mattole River reported in U.S. Geological Survey publications. 

1 Analyses under supervision of J. W. Helms, U.S. Geological Survey. 
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4. K E N N E D Y Silica Variation in Stream Water 103 

tions i n the M a t t o l e R i v e r m a y result f r om d ia tom reproduct ion a n d 
g r o w t h d u r i n g the n ight a n d ear ly m o r n i n g hours (40) a n d loss of 
diatoms d u r i n g the day through consumpt ion b y other organisms. 

T h e poss ib i l i ty exists that evaporat ion f rom the stream or t ransp ira 
t ion t h r o u g h plants a long the r iver bank m a y account for par t or a l l of 
the increase i n s i l i ca concentrat ion d u r i n g the d a y l i g h t hours. H o w e v e r , 
rep l i cate analyses of m o r n i n g a n d evening samples for s od ium a n d 
ch lor ide indicate less than 1 % difference, a n d a stream gage on the 
M a t t o l e capable of detect ing a 3 % change i n discharge showed no e v i 
dence of d i u r n a l var iat ion . H e n c e , the s i l i ca increase is be l i eved o w i n g 
to processes other than evaporation. 

Variations for a Single Storm Event. A n intensive s tudy of one 
s m a l l stream rise was made d u r i n g the p e r i o d N o v e m b e r 7-15 , 1969 for 
the Mat to l e R i v e r a n d C o n k l i n C r e e k ( F i g u r e 4 ) . C o n k l i n C r e e k is a 
t r ibutary to the M a t t o l e R i v e r w h i c h enters f r om the nor th about 2 miles 
upstream f rom the m a i n s a m p l i n g site on the Mat to l e . Its drainage area 
is 5 -6 square miles . 

Figure 4. Variation in discharge and chemical com
position of Conklin Creek, November 7-15, 1969 
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Table III. Rainfall at Honeydew 2 W W Station, 
California, on November 7—8, 1969 

Accumulated Rainfall on 
Rainfall," Nov. 7,' 

Time Period Inches Inches 

0000-1300 0.3 0.3 
13-1400 0.2 0.5 
14-1500 0.3 0.8 
15-1600 0.1 0.9 
16-1700 0 0.9 
17-1800 0.3 1.2 
18-1900 0.4 1.6 
19-2000 0.3 1.9 
20-2100 0.2 2.1 
21-2200 0.6 2.7 

2200-0600 ( N o v . 8) 1.9 4.5 
α Information from recording rain gage provided by Κ. E . Morgan, U.S. Weather 

Bureau. 

A f t e r the summer d r y per i od , two smal l storms h a d occurred , caus ing 
significant runoff. O n e storm causing about a 2-foot rise i n stage on the 
M a t t o l e River- was on October 15 a n d 16. A second storm resulted i n 3.7 
inches of r a i n at the H o n e y d e w weather station about 12 miles upr iver 
f r om the sampl ing site d u r i n g the evening of N o v e m b e r 4th a n d caused 
a r iver rise of about three feet. T h e r iver flow was s t i l l decreasing f r om 
this last storm w h e n the intensive study began. 

A l i t t le more than 0.1 i n c h of r a i n f e l l on the 5th a n d 6th of N o v e m 
ber. L i g h t r a i n cont inued f a l l i n g on the 7th, a n d 0.3 i n c h h a d a c c u m u 
lated by 1300. T a b l e III presents data f rom the H o n e y d e w record ing 
r a i n gage for N o v e m b e r 7 u p u n t i l 2200 w h e n the record ing gage became 
inoperable . B y c o m b i n i n g in format ion f r om a nonrecord ing r a i n gage at 
H o n e y d e w a n d the avai lable data f rom the record ing gage, i t appears 
that a total of about 4.5 inches of r a i n f e l l on N o v e m b e r 7 a n d the first 
six hours on the 8th. O f the 1.8 inches that fe l l between 2200 on the 7th 
a n d 0600 on the 8th, almost a l l f e l l before 0200 on the 8th. T h i s is on 
the basis of v i sua l observation a n d the t i m i n g of the stream rise on C o n k l i n 
Creek , w h i c h crested at 0300 on the 8th. Therefore , about 2.4 inches of 
r a i n f e l l i n a 5-hour p e r i o d at H o n e y d e w between 2100 on the 7th a n d 
0200 on the 8th. N o r m a l l y , more r a i n falls at H o n e y d e w than at the 
sampl ing po int on the M a t t o l e near Petro l ia . A n unoff icial r a i n gage near 
our sampl ing po int ind i ca ted 3.6 inches of r a i n for the storm, a n d this is 
p robab ly a better value for the prec ip i tat ion i n the C o n k l i n C r e e k 
drainage. 

A l t h o u g h l ight r a i n f e l l the m o r n i n g a n d early afternoon of N o v e m 
ber 7, the discharge of C o n k l i n C r e e k cont inued to decrease f o l l o w i n g the 
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4. K E N N E D Y Silica Variation in Stream Water 105 

previous storm, a n d specific conductance a n d p H increased. A s r a i n f a l l 
increased d u r i n g the late afternoon a n d evening a n d runoff f r o m the a c i d 
soils began, the p H of the water d r o p p e d r a p i d l y f r om 8.0 a n d reached 
a m i n i m u m of 7.4 at about the t ime of m a x i m u m discharge. A s imi lar 
pattern of p H var iat ion occurred on the Mat to l e ( F i g u r e 5 ) . F o r b o t h 
streams, the increase i n p H after peak discharge was m u c h slower t h a n 
the decrease d u r i n g r i s ing discharge. 

8.0 

7.0 ' · 1 1 1 I I I L 

TIME IN DAYS 

Figure 5. Variation in discharge and chemical compo
sition of the Mattole River, November 7-15, 1969 

T h e rat io s i l i ca to specific conductance ( S i 0 2 : S p e c . C o n d . ) is qui te 
useful i n showing changes i n the relat ive rate of release of s i l i ca as c om
pared to the major electrolytes, C a 2 + , M g 2 + , N a + , H C 0 3 " , S 0 4

2 " , a n d CI " . 
I n C o n k l i n Creek , as discharge began to rise, b o t h the s i l i ca concentrat ion 
a n d specific conductance ( i n this stream, a measure m a i n l y of the amount 
of c a l c i u m a n d bicarbonate i n so lut ion ) decreased at a rate such that the 
ratio S i 0 2 : S p e c . C o n d . r emained re lat ive ly constant ( F i g u r e 4 ) . W h e n 
gage height was less than h a l f w a y to the m a x i m u m , the rate of s i l i ca 
decrease d i m i n i s h e d compared w i t h that of specific conductance. T h e 
result was a sharp increase i n the S i 0 2 : S p e c . C o n d . rat io . T h i s cont inued 
w h i l e s i l i ca concentrat ion a n d then specific conductance reached a m i n i 
m u m . A s specific conductance increased a long w i t h s i l i ca , the rat io 
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tended to l eve l off. A f t e r s i l i ca reached a m a x i m u m about 18 hours after 
peak discharge, specific conductance cont inued to increase, a n d the 
S i 0 2 : S p e c . C o n d . rat io decreased gradual ly . A s imi lar t rend i n s i l i ca , 
specific conductance, a n d the rat io S i 0 2 : S p e c . C o n d . is apparent i n F i g u r e 
5 for the M a t t o l e R iver . 

T h e decrease i n s i l i ca concentrat ion d u r i n g r i s i n g discharge, r a p i d 
rise i n s i l i ca near the discharge peak, a n d l eve l ing off i n s i l i ca concentra
t i on 18-24 hours after peak discharge are easily seen i n the case of a n 
isolated runoff event. H o w e v e r , w h e n one storm fo l lows another i n r a p i d 
succession, the pat tern of var ia t i on i n s i l i ca a n d the rat io S i 0 2 : S p e c . 
C o n d . w i t h t ime becomes complex. Nevertheless , i f one keeps i n m i n d 
the basic pattern out l ined above, the reasons for the observed s i l i ca c on 
centrations become evident. 

Variations During a Complex Series of Storms. Changes of water 
chemistry a n d sediment concentrat ion were moni tored i n de ta i l for the 
M a t t o l e R i v e r d u r i n g the 1966-67 r a i n y season. P e r i o d i c samples were 
taken also d u r i n g the f o l l o w i n g d r y season. I n F i g u r e 6, water -qua l i t y 
variat ions are shown for the p e r i o d N o v e m b e r 24 to D e c e m b e r 19, 1966. 
T h e first s torm sequence of the r a i n y season ended on N o v e m b e r 22, so 
the p e r i o d N o v e m b e r 24 -27 represents a t ime of decreasing discharge a n d 
s i l i ca concentrat ion but of increasing specific conductance. I f one exam
ines the changes i n s i l i ca concentrat ion a n d specific conductance w i t h 
d ischarge d u r i n g the r a i n y p e r i o d N o v e m b e r 2 8 - D e c e m b e r 13, the same 
re lat ion between these parameters is seen as for the storm of N o v e m b e r 
7 -8 , 1969. R a i n f a l l shown for each day o n F i g u r e 6 is the total reported 
for a 24-hour p e r i o d e n d i n g at 0800. H o w e v e r , before discharge h a d 

Figure 6. Water quality variation with discharge of the Mattole River, 
November 24 to December 19,1966 
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4. K E N N E D Y Silica Variation in Stream Water 107 

Figure 7. Water quality variation with discharge of the Mattole River, 
January 14 to February 3,1967 

dec l ined very m u c h after one rise, another storm arr ived , the n o r m a l 
pattern of chemica l changes was interrupted , a n d a n e w cycle begun. 
F o r example, on D e c e m b e r 1 a sharp rise i n discharge occurred , a n d 
s i l i ca concentration decreased b y about 2 5 % . A s peak discharge was 
reached a n d flow began to dec l ine , s i l i ca concentration showed a greater 
percentage rebound than d i d specific conductance, a n d this is reflected 
i n the increase of the S i O ^ S p e c . C o n d . ratio . H o w e v e r , before discharge 
h a d dec l ined very m u c h , a n e w storm arr ived early on D e c e m b e r 2, a n d 
another peak i n discharge resulted. A l t h o u g h l i tt le change i n specific 
conductance was observed d u r i n g a n d after the rise, s i l i ca f o l l owed its 
usua l pattern of decreasing on the rise a n d rebound ing r a p i d l y soon after 
peak discharge. 

M o d e r a t e r a i n f a l l cont inued on D e c e m b e r 2 and gradua l ly increased 
i n intensity through D e c e m b e r 3. D u r i n g the d a y a n d early evening of 
D e c e m b e r 4, about 5 inches of r a i n f e l l on soi l that was a lready saturated. 
T h e result was a g r a d u a l but large rise i n discharge. W h i l e flow increased 
on D e c e m b e r 3 a n d 4, bo th s i l i ca a n d specific conductance dec l ined at 
about the same rate, as shown b y the re lat ive ly constant S i 0 2 : S p e c . C o n d . 
rat io , but , after the discharge peak, s i l i ca once again increased faster than 
specific conductance a n d then leveled off. 

Sediment concentration a n d s i l i ca concentrat ion show a consistent 
inverse re lat ion d u r i n g periods of storm runoff, a n d s i l i ca m i n i m a c o m 
mon ly tend to precede peak discharge b y 2 -4 hours, depend ing on h o w 
fast a rise occurs. Sediment concentration varies m u c h more than does 
any of the dissolved constituents. 
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After more than a m o n t h of d r y weather , heavy rains f e l l again 
beg inn ing on January 19, 1967, a n d r a i n f e l l intermittent ly u n t i l F e b r u a r y 
1. T h e same patterns of sediment concentration, s i l i ca , specific con
ductance, a n d S i 0 2 : S p e c . C o n d . rat io are seen as for the other ra iny 
periods descr ibed above ( F i g u r e 7 ) . 

Relation of Silica and the Ratio S i0 2 :Spec . Cond. to Discharge. 
Si l i ca concentrat ion shows no correlat ion w i t h discharge of the M a t t o l e 
R i v e r ( F i g u r e 8 ) . I n F i g u r e 9, the rat io of S i 0 2 : S p e c . C o n d . is p lo t ted 
against l og discharge. T h e rat io for samples co l lected more than four 
days after a peak i n water discharge shows a rather wel l -de f ined posit ive 
correlat ion w i t h l og discharge. Samples co l lected d u r i n g a r i s i n g stage 
tend to have a ratio w h i c h plots l ower than those col lected on a f a l l i n g 
stage. T h i s w o u l d be expected f rom the in format ion presented i n F igures 
4 -7 . Points representing the first four days after peak discharge p lo t on , 
or somewhat l ower than , the l ine of samples taken more than four days 
after peak discharge. 

Seasonal Trends in Silica Concentration. T h e mean s i l i ca concentra
t ion (d ischarge we ighted ) for each m o n t h of the 1967 water year (Oc t . 
1966-Sept. 1967) is shown i n F i g u r e 10, a long w i t h the m e a n discharge. 

100 100,000 

F I G U R E 

1,000 10,000 

DISCHARGE IN CU. FT/SEC. 

VARIATION O F S I L I C A WITH D I S C H A R G E O F T H E M A T T O L E 

R I V E R , H U M B O L D T CO., CALIF. 

Figure 8. Variation of silica with discharge of the Mattole 
River, Humboldt County, California 
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Figure 9. Variation of the ratio silica:specific conductance 
with discharge in the Mattole River, Humboldt County, 

California 

A t the end of the 1966 d r y season, discharge was l o w a n d so was s i l i ca 
concentration. W h e n the ra iny season began i n m i d - N o v e m b e r , the sur
face runoff contained more s i l i ca than the g round water , so the average 
s i l i ca concentration i n the r iver water increased. A s the rains cont inued , 
the concentration of s i l i ca i n runoff waters g radua l ly increased. W h e n 
average water discharge was decreasing d u r i n g the p e r i o d M a r c h to 
early J u l y , s i l i ca concentrations r emained re lat ive ly h i g h . H o w e v e r , 
between early J u l y a n d late Augus t , the s i l i ca concentrat ion decreased 
2 5 % f rom 12 to about 9 m g / l i t e r . 

Rates of Silica Release by Soils and Sediment 

Silica Release in Suspensions with a High Solid:Liquid Ratio. B e 
cause s i l i ca variat ions w i t h discharge suggested that s i l i ca was released 
by the so i l at a r a p i d rate, some leach ing studies were made of soils 
w h i c h h a d been co l lected f rom the M a t t o l e R i v e r bas in near the e n d of 
the summer d r y per iod . Part ic les larger than 0.18 m m i n diameter were 
separated b y s ieving a n d rejected. O n e composite sample representing 
several forest soils ( 0 - 2 - i n c h depth ) was m i x e d i n a 1:1 rat io b y we ight 
w i t h de ion ized water, st irred, let stand, sampled , a n d then occasional ly 
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st irred again w i t h per i od i c s a m p l i n g d u r i n g a tota l p e r i o d of f our days. 
A l i q u o t s were centr i fuged, the supernatant tested for conduct iv i ty , a n d 
then filtered through a 0.1-micron membrane filter. A composite of 
grassland soils were subsequently treated the same w a y except that the 
mixture was st i rred cont inuously at a s low rate us ing a magnet ic s t i rr ing 
bar . T h e mixtures of water a n d so i l were covered w i t h a t h i n p last ic 
sheet w h i l e s tanding to reduce evaporat ion. 

T h e chemistry of the water i n contact w i t h the so i l composites is 
shown i n F igures 11 a n d 12. I n the case of the forest-soil composite , 
there was l i t t le evidence of evaporat ion, either as condensation on the 
plast ic container cover or as increased ch lor ide content w i t h t ime. I n the 
case of the grassland-soi l composite , the s t i rr ing equ ipment increased the 
temperature of the s lurry 2 - 3 ° C above room temperature , a n d cons id 
erable condensation was noted on the loose-fitting p last ic cover. A l s o , the 
ch lor ide concentrat ion gradua l ly increased w i t h t ime, suggesting evapo
rat ive losses. Because other l each ing studies of ch lor ide i n M a t t o l e bas in 
soils h a d shown that almost a l l the ch lor ide i n a sample was soluble 
w i t h i n a f e w hours ' t ime, the increase i n ch lor ide was taken as a measure 
of evaporative losses. I f specific conductance a n d s i l i ca concentration h a d 
been corrected accord ing ly i n F i g u r e 12, the s i l i ca concentrations a n d 
specific conductance w o u l d show a s l ight decrease on the f ourth day. 

T h e compos i t ional patterns of the solutes were quite different for 
the forest- a n d the grassland-soi l composites. A l t h o u g h bo th showed a 
r a p i d release of s i l i ca a n d other solutes f r o m the so i l d u r i n g the first day , 

Figure 10. Monthly mean discharge and mean silica concen
tration for the 1967 water year, Mattole River near Petrolia, 

California 
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Figure 11. Composition of the solution vs. time for a 1:1 mix
ture of water and forest soil 

Figure 12. Composition of the solution vs. time for a 1:1 mix
ture of water and grassland soil 

the s i l i ca concentration i n the forest-soil so lut ion reached a m a x i m u m 16 
hours after the experiment began a n d then decreased, s lowly at first, 
a n d then more r a p i d l y . I n the grassland-soi l solution, the s i l i ca concen
trat ion cont inued to rise s l owly for about three days a n d m a y have de
creased s l ight ly on the fourth day. A surpr is ing pattern was f ound i n the 
specific conductance var iat ion of the forest-soil solution w i t h t ime. It 
increased i n almost a l inear re lat ion w i t h t ime for about a day a n d a ha l f 
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a n d then decreased again. T h e grassland-soi l so lut ion, on the other h a n d , 
showed very l i t t le ind i ca t i on of such a d r o p i n conductance. T h e 
S i 0 2 : S p e c . C o n d . rat io showed an i n i t i a l rise d u r i n g the first 8 hours a n d 
then a g r a d u a l decrease for the forest so i l . T h e grassland so i l also showed 
a sharp increase i n the rat io i n the first 8 hours, a n d then this leve led off 
after almost three days. It is apparent, therefore, that these two types of 
so i l d i sp layed quite different responses to pro longed contact w i t h water . 

I n another experiment, three so i l composites, each representing about 
10 surface soils f r om the southwestern part of the M a t t o l e bas in , were 
s ieved to remove partic les larger than 0.18 m m a n d then leached w i t h 

0 12 24 36 48 116 
TIME IN HOURS 

Figure 13. Composition of sequential leaching solu
tions in a 2:1 mixture of water and composite soil A 

successive volumes of de ion ized water . S o i l composite A was composed 
p r i m a r i l y of forest soils, w i t h an organic carbon content of 9 . 6 % . S o i l 
composite Β was i n part f rom grassland a n d i n part f rom b r u s h l a n d a n d 
contained 2 .6% organic carbon. S o i l composite C represented soils f rom 
brush land a n d areas o f second-growth t imber . Its content of organic 
carbon was 6 .4%. I n each case, dupl i cate 75-gram quantit ies of the 
a i r - d r i e d samples were m i x e d w i t h 150 m l of de ion ized water , s t i rred 
thoroughly , centr i fuged, a n d the supernatant filtered through 0.2-micron 
membrane filters. Immedia te ly after the supernatant was decanted, more 
water ( 110-115 m l ) was a d d e d to b r i n g the water - sed iment mixture back 
to its or ig ina l we ight , the mixture was st irred, a n d centr i fuged again. 
T h i s procedure was repeated seven times, tak ing 40 -65 minutes per leach. 
B e g i n n i n g w i t h the e ighth leach, the w a t e r - s e d i m e n t mixture was per -
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4. K E N N E D Y Silica Variation in Stream Water 113 

m i t t e d to stand after s t i r r ing for longer a n d longer periods before c e n -
tr i fugat ion was started. 

T h e average composi t ion of the dupl i cate leachates f r o m composite 
so i l A is shown i n F i g u r e 13. Because interst i t ia l water left b e h i n d f r o m 
one leach is m i x e d w i t h the next leach i n a rat io of about 1:3, v e r y sharp 
changes f r om leach to leach cannot be expected. H o w e v e r , the trends i n 
the various constituents are instruct ive . H i g h l y - s o l u b l e electrolytes are 
removed r a p i d l y , as is some read i ly - l eached s i l i ca , b u t w i t h cont inued 
leach ing the ratio of S i 0 2 : S p e c . C o n d . c l imbs , i n d i c a t i n g that the rate of 
s i l i ca release increases more r a p i d l y than that of the electrolytes. A s the 
l each ing per i od increases, there is more oppor tuni ty for s i l i ca to r each a 
" p la teau " concentration a n d for the less soluble materials to release 
electrolytes. T h u s , w h e n the t ime interva l between leaches was 2 4 - 3 0 
hours, the S i 0 2 : S p e c . C o n d . rat io reached a m a x i m u m , i n d i c a t i n g that 
s i l i ca a n d electrolytes were be ing leached t emporar i l y i n a constant rat io . 
A f t e r a 3-day contact per i od , the s i l i ca concentration was increas ing more 
s lowly than that of the electrolytes. T h e p H of the supernatant was 4.5, 
5.0, a n d 5.8 after the first, seventh, a n d last leach, respectively. 

A very s imi lar pattern of release of s i l i ca a n d electrolytes was ob 
served w h e n the two other soi l composites f r om the M a t t o l e bas in were 
leached, so i t appears that the type of var ia t ion seen i n F i g u r e 13 is 
representative of at least three areas i n the M a t t o l e bas in . 

T h e data presented regard ing the s i l i ca content of water contact ing 
M a t t o l e bas in soils are compat ib le w i t h in format ion f ound i n the l i t e r a 
ture. F o r example, M c K e a g u e a n d C l i n e (20) showed (see F i g u r e 14) 

Canadian Journal of Soil Science 

Figure 14. Concentration of silica vs. time for some soil-water mixtures 
at different ratios; from McKeague and Cline (20) 
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2.0 

Figure 15. Silica concentration vs. (timef12, 

in 10,000 mg/liter suspensions of soil in 
deionized water 

that i n a 1:1 soi l - to-water s lurry , two different soils d i sp layed a r a p i d 
increase i n dissolved s i l i ca d u r i n g the first two days a n d then s i l i ca de 
creased, r a p i d l y at first, then s l owly w i t h t ime. Slurries w i t h soi l -to-water 
ratios l ower than 1:4 d i d not show this pattern. 

Silica Release in Suspension with a Low Solid:Liquid Ratio. T h e 
poss ib i l i ty exists that a significant fract ion of the s i l i ca i n stream water 
m a y have been der ived f r om solut ion of suspended sediment d u r i n g 
stream transport. T o establish an order -o f -magnitude value for this l each
i n g d u r i n g transport, samples of so i l a n d suspended sediment of less than 
0.25-mm part i c l e size were washed at least five t imes w i t h de ion ized 
water i n r a p i d succession to remove easi ly-soluble mater ia l a n d then 
g iven a final w a s h w i t h e thy l a lcohol to he lp speed the d r y i n g process. A 
10 ,000-mg/ l i ter suspension of three a i r -d r i ed samples was prepared i n 
de ion ized water a n d s t i rred v igorous ly a n d cont inuously for about 31 
hours a n d a 6000 -mg / l i t e r suspension of a f our th sample was st i rred for 
21 hours. A l i q u o t s of the suspensions were r emoved per iod i ca l ly a n d 
filtered immedia te ly ; that is , solids were separated f rom l iqu ids w i t h i n 
4 - 5 minutes. T h e filtrates were then ana lyzed for s i l i ca content. 

S i l i c a concentration was p lo t ted vs. the square root of t ime to test 
for possible dif fusion contro l (17, 18) i n the release of s i l i ca . A n a l l ow
ance was made for filtering t ime. So i l composite A d i sp layed a release 
pattern w h i c h suggested dif fusion contro l at one rate for the first 8 hours 
( F i g u r e 15 ) , a n d then the slope changed to a rate s imi lar to that seen i n 
so i l composite B . A break i n slope i n the l ine for soi l Β apparent ly 
occurred at the t h i r d a l iquot col lected. 

T h e 1966 sediment sample ( F i g u r e 16) was representative of the 
suspended sediment i n transport d u r i n g a h igh- f low per iod . It p r o b a b l y 
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conta ined apprec iab ly more c lay-size mater ia l than the 1964 sample, a n d 
this m a y account for the greater amount of s i l i ca released per un i t we ight . 
T h e s i l i ca release shows a l inear re lat ion to the square root of t ime. T h e 
1964 sediment was a sample of the fine mater ia l that settled out as r iver 
water passed through a flooded b u i l d i n g d u r i n g a p e r i o d of very h i g h 
flow i n D e c e m b e r 1964. It consisted m a i n l y of s i lt w i t h some c lay a n d 
very fine sand. Presumably , most of the c lay was carr ied a w a y w i t h the 
water. Just as i n the case of the so i l A ( F i g u r e 15 ) , there appears to be 
a break i n the slope of the l ine of s i l i ca concentration after 8 -9 hours , b u t 
the l inear re lat ion between s i l i ca a n d the square root of t ime is s t i l l 
ev ident for the first 8 hours. T h i s re lat ionship suggests that the rate of 
so lut ion of s i l i ca f r o m bo th sediments a n d so i l partic les is contro l led b y a 
dif fusion process, even though b o t h soils a n d sediments are composed of 
a complex mixture of siliceous mater ia l . 

Separate splits of the 1966 sample of suspended sediment were 
st irred w i t h de ion ized water at concentrations of 2000 a n d 14,000 m g / l i t e r 
for 31 hours, a n d the water was then removed a n d analyzed . A f ter 31 
hours, the s i l i ca i n so lut ion corresponded to 0.63, 1.80 ( f r o m extrapola
t ion , F i g u r e 16) , a n d 2.84 m g / l i t e r for the 2000, 6000, a n d 14,000 m g / l i t e r 
suspensions, respectively. S i l i ca i n solut ion per 1000 m g / l i t e r suspended 
sediment was 0.31, 0.30, a n d 0.20 for the 2000, 6000, a n d 14,000 m g / l i t e r 
suspensions, respectively. A b o v e about 6000 m g / l i t e r , therefore, a l inear 
relat ion between sediment concentration a n d s i l i ca released m a y not exist. 
T h i s is not surpr is ing i f there is a back react ion o w i n g to uptake of 
s i l i ca on m i n e r a l surfaces, as suggested b y W o l l a s t (17) a n d others. 

I n consider ing the probable effect of suspended sediment on s i l i ca i n 
solut ion, one must take into account not on ly the concentration of the 

2 0 I • ; , 

Figure 16. Silica concentration vs. (time)1'2 

in suspensions of stream sediment in deion
ized water 
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sediment but also the contact t ime a n d concentrat ion of s i l i ca a lready i n 
solut ion. D u r i n g high- f low periods w h e n sediment concentrations m a y 
exceed 10,000 m g / l i t e r , the water ve loc i ty i n the stream is h i g h , a n d the 
average elapsed t ime f rom actual r a i n f a l l u n t i l surface runoff arrives at 
the sampl ing po int is about 5 -6 hours. W h e n r a i n f a l l results i n on ly 
moderate runoff, sediment concentrations may be i n the range 1000-3000 
m g / l i t e r , a n d water s t r ik ing the l a n d surface can take 10-12 hours on 
the average to reach the sampl ing po int because of l ower stream ve loc i 
ties. I f 2 -4 hours is a l l o w e d after sample co l lect ion for f i l trat ion, then 
total contact t ime of the sediment w i t h the water w o u l d range f r om 7-16 
hours. 

T h e concentration of d issolved s i l i ca i n the 6000 m g / l i t e r suspension 
at the end of 10 hours was about 1 m g / l i t e r . A reasonable estimate of 
s i l i ca concentrat ion i n the stream is 10 m g / l i t e r w h e n suspended sediment 
is 6000 m g / l i t e r . T h u s , a m a x i m u m of 1 0 % of the dissolved s i l i ca i n 
stream water m i g h t possibly have been der ived f rom suspended sediment 
d u r i n g transport. H o w e v e r , this w o u l d mean that 9 m g / l i t e r of s i l i ca 
was a lready i n solut ion w h e n the sediment-bear ing water entered a r ivu le t 
on the h i l l s ide . S u c h a s i l i ca concentration w o u l d be expected to s low 
the release of more s i l i ca f rom the sediment. Therefore , 6000 m g / l i t e r 
suspended sediment p r o b a b l y contributes m u c h less than 1 0 % of the 
dissolved s i l i ca f ound i n the M a t t o l e R i v e r under moderate ly h i g h flow 
condit ions. U n d e r more intense r a i n f a l l a n d h igher flow condit ions, 
greater concentrations of suspended sediment occur, a n d more r a p i d 
runoff offers less t ime for contact between soi l a n d storm runoff. T h e net 
result of the h igher sediment concentrations but shorter contact t ime 
w o u l d probab ly be l ower total s i l i ca i n solution i n the stream water , but 
a greater propor t ion of the total d issolved s i l i ca w o u l d be attr ibutable to 
release f r om suspended sediment. E v e n then, the s i l i ca der ived f r om 
suspended sediment probab ly w o u l d not exceed 1 0 % of the total i n 
solution. 

I f wet soi l at the l a n d surface is thought of as s imply a very concen
trated suspension of sediment i n water , the sediment concentration w o u l d 
be on the order of 1,600,000 m g / l i t e r . I f the rate of s i l i ca release into 
so lut ion were related to total so l id surface exposed per un i t vo lume of 
water a n d thus propor t i ona l to the sediment concentration, i t w o u l d take 
3 -4 minutes contact t ime to increase the s i l i ca concentration to 12 m g / 
l i ter based u p o n the data for so i l A ( F i g u r e 15 ). 

I n fact, i t is evident that back reactions w o u l d become increas ingly 
significant as the s i l i ca concentration increased i n the pore water . T h e 
so i l suspensions shown i n F igures 11 a n d 12 h a d effective sediment con 
centrations of about 730,000 m g / l i t e r , a n d dissolved-s i l ica concentrat ion 
reached 12 m g / l i t e r i n 4 hours for the grassland-soi l composite a n d i n 
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less than an hour for the forest-soil composite. Read i ly - so lub le s i l i ca i n 
bo th the grassland a n d forest soils undoubted ly contr ibuted greatly to 
the r a p i d rise i n s i l i ca concentrat ion, but the fact remains that the very 
h i g h so l id - t o - l i qu id rat io i n wet ted surface so i l , even where leached b y 
pr ior r a i n , w o u l d result i n re lat ive ly r a p i d increase i n the s i l i ca content 
of so i l water . T h u s , an hour or two of contact t ime w i t h the so i l c a n 
account for almost a l l of the d isso lved s i l i ca f o und i n M a t t o l e r iver water 
d u r i n g h i g h flow. T h e r e is l i t t le need of, or evidence for, assuming that 
more than 1 0 % of the dissolved s i l i ca is der ived f r o m suspended 
sediment. 

Silicon-Cation Ratios in Solids and Stream Water. D u r i n g low-f low 
periods of the M a t t o l e r iver , the rat io of s i l i con ( e q u i v a l e n t s / l i t e r ) to 
alkalis p lus a lkal ine earths ( equ iva lents / l i t e r ) i n so lut ion is approx imate ly 
0.15-0.2, a n d f o l l o w i n g h i g h flows i t is i n the range 0.8-0.9. These ratios 
can be compared w i t h those i n various c o m m o n rock - f o rming minerals , 
as l isted i n T a b l e I V . 

Table IV. Ratio of Silicon to Alkalis Plus Alkaline Earths 
in Common Rock-Forming Minerals and Clay Minerals 

Range of the Ratio of 
Silicon: Alkalis + Alkaline Earths'1 

Mineral (Equivalents'. Equivalents) 

B i o t i t e 2 -10 
C h l o r i t e 1-1.4 
M o n t m o r i l l o n i t e 32-48 
M u s c o v i t e 10-12 
V e r m i c u l i t e 2-14 
K- fe ldspars 12 
Plagioclases 4-12 

a Calculated from data in Dana, W) and Grim (34). 

It is apparent even d u r i n g high- f low periods, w h e n most s i l i ca is 
carr ied a w a y i n solut ion, that the rat io of s i l i con :a lka l i s p lus a lkal ine 
earths i n stream water is m u c h lower than that i n the p r i m a r y minerals . 
H e n c e , the fract ion of the s i l i con contained i n c lay minerals , micas , a n d 
feldspars w h i c h is removed i n solut ion i n stream water must be smal l . 

Factors Controlling Silica Concentration in the Mattole River 

Si l i ca concentrat ion i n the M a t t o l e R i v e r displays a consistent pat
tern w i t h respect to stream flow, specific conductance, a n d sediment con 
centration. H o w e v e r , the s i l i ca var ia t i on is "out of phase" w i t h respect to 
bo th discharge a n d dissolved electrolytes, a n d s i l i ca varies inversely w i t h 
sediment concentration. A n y explanat ion of the s i l i ca var ia t ion must 
account for these facts. 
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W h e n r a i n begins after a d r y per i od , the water enters the pore spaces 
i n the so i l easily. T h i s water dissolves readi ly -so luble materials a n d , as 
r a i n continues, the i n i t i a l r a i n f a l l w i l l be carr ied d o w n w a r d into the so i l 
a long w i t h the readi ly -so luble salts. I f r a i n f a l l increases i n intensity or 
the soils have l o w permeab i l i ty , the pores of the surface so i l become 
saturated, a n d water flows over the l a n d surface to produce "over land 
flow" (42, 43). A par t of this over land flow infiltrates the so i l farther 
downslope , a n d a part continues on to jo in r ivulets a n d become part of a 
larger stream. Some of the water w h i c h entered the so i l moves lateral ly 
d o w n gradient through the u p p e r so i l horizons a n d emerges to jo in the 
over land flow. T h i s "subsurface runoff" or "subsurface flow" can be 
expected to transport some of the readi ly -so luble so i l materials i n i t i a l l y 
and , as t ime of contact increases, some of the less readi ly -so luble mate
r ia ls w i l l also go into so lut ion a n d be carr i ed along. W i t h cont inu ing r a i n 
f a l l , an increasing amount of subsurface runoff w i l l jo in the over land flow 
to f o r m the storm runoff. Subsurface runoff w h i c h has m o v e d lateral ly 
through only a f ew inches of so i l m a y re jo in surface flow w i t h i n an hour 
or less (44), a n d i t is p r o b a b l y this water w h i c h causes the i n i t i a l increase 
i n s i l i ca concentrat ion observed d u r i n g a stream rise. I n m a n y streams, 
the propor t ion of g round water i n stream flow is very smal l d u r i n g periods 
of s torm runoff, so the stream chemistry is largely contro l led at such 
times b y c h e m i c a l reactions at the l a n d surface. T h i s is p r o b a b l y the 
case for the M a t t o l e R i v e r . 

A s r a i n f a l l decreases, over land flow also decreases, b u t subsurface 
runoff continues for several days after the storm as water gradual ly drains 
f r o m the so i l . T h i s explanat ion assumes that three water sources of differ
i n g chemica l characteristics contr ibute to stream flow, i n contrast to the 
assumption of two water sources made b y other authors, for example, 
P i n d e r a n d Jones (45). 

T h e s i l i ca var iat ion w i t h t ime a n d discharge of the M a t t o l e R i v e r a n d 
C o n k l i n C r e e k is compat ib le w i t h the sequence of events descr ibed above. 
T h i s can be observed f r om the in format ion shown i n F igures 4 a n d 5. 
A l t h o u g h almost an i n c h of r a i n f e l l before 1700 hours on N o v e m b e r 7, 
1969, there was no evidence of increased flow i n the M a t t o l e R i v e r result
i n g f r om that r a i n . I n fact, stream discharge was decreasing. T h e r a i n 
apparent ly inf i l trated the so i l as i t f e l l . A s r a i n f a l l became more intense, 
storm runoff entered the stream a n d discharge increased. A l t h o u g h the 
concentrat ion of bo th s i l i ca a n d disso lved electrolytes decreased w i t h 
increasing discharge, the decrease i n concentrat ion was m u c h less than 
w o u l d result f rom d i l u t i o n of groundwater inf low to the streams b y 
r a i n f a l l alone. T h u s , an apprec iable amount of bo th s i l i ca a n d electro
lytes must have been der ived f r om surface soils as water passed over or 
through them. 
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T h e S i 0 2 : S p e c . C o n d . rat io of the stream water decreased s l ight ly 
i n the M a t t o l e R i v e r a n d increased s l ight ly i n C o n k l i n C r e e k d u r i n g the 
i n i t i a l stream rise, i n d i c a t i n g that, on the average, the rat io of these 
constituents i n the dissolved solids removed f r om surface soils was not 
great ly different f r om that of the dissolved solids present i n the stream 
before the s torm began. H o w e v e r , before stream discharge h a d increased 
h a l f w a y to its m a x i m u m a n d before s i l i ca reached a m i n i m u m , the S i 0 2 : 
Spec. C o n d . rat io began to rise r a p i d l y . T h i s increase i n the rat io is 
at t r ibuted to the influx of water to the stream f rom surface soils w h i c h 
h a d been leached of h igh ly -so lub le salts. S u c h water is character ized b y 
a re lat ive ly h i g h rat io of s i l i ca to electrolytes (see F i g u r e 13) . 

F o l l o w i n g the u p t u r n i n the S i 0 2 : S p e c . C o n d . rat io , the s i l i ca c on 
centration cont inued to decrease for about 2.5 hours i n the case of 
C o n k l i n C r e e k a n d 5 hours i n the case of the M a t t o l e R i v e r before reach 
i n g a m i n i m u m . T h i s m i n i m u m s i l i ca concentrat ion, i n t u r n , preceded 
m a x i m u m stream discharge b y 3 -4 hours i n b o t h C o n k l i n C r e e k a n d the 
M a t t o l e R i v e r . T h e increase i n s i l i ca concentrat ion w h i l e discharge was 
s t i l l rising is a t t r ibuted to a n increas ing propor t ion o f subsurface runoff 
i n the stream flow a n d to an increasing concentrat ion of s i l i ca i n that 
subsurface runoff because of greater contact t ime w i t h the soi l . 

2 8 

LLD I I I I I l l l l I 1 I I M i l l 
10 100 1,000 

DISCHARGE IN CU. FT./SEC. 

Figure 17. Variation of silica with discharge of Pes-
cadero Creek, San Mateo County, California; after 

Steele (46) 
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120 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 18. Water quality variation with discharge of Pescadero Creek, 
January 15 to February 6, 1967; after Steele (46) 

B o t h s i l i ca concentration a n d the rat io S i 0 2 : S p e c . C o n d . cont inued 
to increase after peak stream discharge u n t i l the s i l i ca concentrat ion 
began to l eve l off w h i l e d issolved electrolytes cont inued to increase. A t 
that point , the rat io reached a m a x i m u m a n d began to decl ine. T h e 
l eve l ing off i n s i l i ca concentrat ion coincides w i t h a change i n slope of the 
discharge curve, suggesting that this marks the end of over land flow. 
T h e p lateau s i l i ca concentration, then, indicates the "steady state" va lue 
for dissolved s i l i ca i n so i l water shortly after the storm. 

T h e fact that the pattern of s i l i ca var iat ion i n C o n k l i n C r e e k is very 
s imi lar to that i n the M a t t o l e R i v e r , even though the stream basins are 
different b y a factor of about 40 i n size, indicates that the observed 
var ia t ion i n the M a t t o l e basin is not o w i n g to t rave l t ime effects. 

Silica Variation in Other Streams 

T h e on ly data on other streams w h i c h are sufficiently deta i led for 
comparison purposes are those obta ined b y Steele (46) on Pescadero 
Creek , San M a t e o C o u n t y , C a l i f o r n i a . T h i s stream has a drainage area 
of 45 square miles a n d the average annua l r a i n f a l l i n the basin is approx i 
mate ly 40 inches. A s i n the case of the M a t t o l e bas in , m u c h of the r a i n f a l l 
occurs between N o v e m b e r a n d M a r c h . 

There is l i t t le correlat ion between s i l i ca concentration a n d discharge 
of Pescadero C r e e k ( F i g u r e 17) . W h e n the s i l i ca concentrat ion, the rat io 
of S i 0 2 : S p e c . C o n d . , a n d water discharge are p lot ted against t ime for a 
storm p e r i o d ( F i g u r e 18) , one can see that the s i l i ca var iat ion a n d the 
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4. K E N N E D Y Silica Variation in Stream Water 121 

rat io S i 0 2 : S p e c . C o n d . show the same re lat ion to discharge as was ob
served i n the M a t t o l e R i v e r . T h i s is true despite the fact that specific 
conductance a n d s i l i ca concentrations are apprec iab ly h igher i n Pescadero 
C r e e k than i n the M a t t o l e R i v e r . A s i n the case of the Mat to l e R i v e r , 
samples taken on a r i s ing stage tend to have a somewhat l ower rat io of 
S i 0 2 : S p e c . C o n d . than average ( F i g u r e 19) . Three of the four samples 
w h i c h p lot l o w i n F i g u r e 19 a n d are u n d e r l i n e d were taken w i t h i n 2 
hours after peak discharge a n d the fourth w i t h i n 5 hours , so they w e r e 
obta ined just after a rise was completed . 

ο 4 

E X P L A N A T I O N 
• ON STREAM RISE 
Ο FIRST 4 DAYS AFTER 

PEAK DISCHARGE 
x MORE THAN 4 DAYS 

AFTER PEAK DISCHARGE 

I M i l l 
10 100 

DISCHARGE IN CU. FT /SEC. 

Figure 19. Variation with discharge of the ratio 
silica:specific conductance in Pescadero Creek, San 

Mateo County, California; after Steele (46) 

If enough instantaneous samples are col lected to be representative 
of a l l flow condit ions, a p lot of the rat io S i 0 2 : S p e c . C o n d . against d i s 
charge for a stream can be used to determine whether s i l i ca concentra
tions are re lat ive ly l o w d u r i n g a r i s ing stage a n d re lat ive ly h i g h on a 
f a l l i n g stage. C o m m o n l y , the p e r i o d of sharp ly r i s ing stage is short 
c o m p a r e d w i t h the t ime of f a l l i n g stage, so most samples are obta ined on 
a f a l l i n g stage. T h i s is especial ly true for smal l streams. 

A search of W a t e r - S u p p l y Papers of the U . S . G e o l o g i c a l Survey was 
made to find streams for w h i c h there existed several years ' r e cord of 
instantaneous samples a n d for w h i c h determinations of s i l i ca , specific 
conductance, a n d instantaneous discharge h a d been made . T h e s i l i ca 
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122 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

concentrat ion a n d rat io S i 0 2 : S p e c . C o n d . were p lot ted against l og d is 
charge to determine trends. Records of mean d a i l y discharge were 
examined to l earn w h i c h samples were co l lected o n a day o n w h i c h a 
stream rise occurred a n d w h i c h were co l lected at a t ime of f a l l i n g d is 
charge. Results are shown i n T a b l e V . It appears that the rat io S i 0 2 : 
Spec. C o n d . consistently increases w i t h r i s i n g discharge a l though s i l i ca 
concentrat ion itself m a y rise, f a l l , or show no trend. I n most instances, 
the S i 0 2 : Spec. C o n d . rat io is l ower than n o r m a l for samples co l lected on 
days on w h i c h a rise occurred but , i n the case of two streams, there were 
insufficient samples taken o n a rise to establ ish a t rend . These data pro 
v i d e good evidence that the rate at w h i c h s i l i ca is released f r o m soils 
increases more r a p i d l y than that of the electrolytes d u r i n g storm runoff, 
just as i n the M a t t o l e R i v e r a n d Pescadero Creek . 

Table V . Change in Silica Concentration and Si0 2 :Spec. Cond. 
Ratio with Increasing Discharge of Various Streams 

Ratio Si02: Spec. 
Change in Change in Cond. Relatively 

Stream Silica Ratio S1O2: Low on Rising 
Name Concentration Spec. Cond. Discharge? 

Delaware R . Increases Increases Y e s 
at M o n t a g u e , N . J . 

C a p e F e a r R . Increases Increases Y e s 
at L i l l i n g t o n , N . C . 

P igeon R . near Decreases Increases Y e s 
Hepco , N . C . 

F r e n c h B r o a d R . Decreases Increases Y e s 
at B l a n t y r e , N . C . 

Green R . near T r e n d uncer ta in Increases Y e s 
Greensburg , K y . 

L i c k i n g R . at T r e n d uncerta in Increases U n c e r t a i n 
M c K i n n e y s b u r g , K y . 

L i t t l e B l u e R . Decreases Increases Y e s 
near Deweese, N e b . 

Goose C r . below T r e n d uncer ta in Increases U n c e r t a i n 
Sher idan , W y o . 

A p lot of the data for the C a p e F e a r R i v e r at L i l l i n g t o n , N . C . is 
shown i n F i g u r e 20 as an example of the general relations descr ibed 
above. Some of the samples co l lected on the day of a stream rise show a 
n o r m a l S i 0 2 : S p e c . C o n d . rat io . T h i s m a y result f r om co l lect ion of the 
sample on that d a y before the stream rise began. Nevertheless , the re la 
t ive ly l o w S i 0 2 : S p e c . C o n d . ratios c o m m o n l y observed on rises suggest 
that the s i l i ca release pattern seen on the M a t t o l e R i v e r is present also 
i n the C a p e F e a r R i v e r , despite its m u c h larger drainage area (3440 
square miles ). 
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4. K E N N E D Y Silica Variation in Stream Water 123 

Discussion 

M a t t o l e soils are a c i d , a n d water removed f r om a 1:1 s o i l - w a t e r 
mixture c o m m o n l y has a p H i n the range 4.5-5.5. T h i s means that sub
surface runoff f rom such soils shou ld have a re lat ive ly l o w p H a n d sug
gests that the p H of the stream water shou ld drop considerably w h e n 
runoff is h i g h . F igures 4 a n d 5 show that some decrease i n p H occurs 
w i t h increasing stream discharge, but m u c h less than one m i g h t expect 
f rom the re lat ive ly large vo lume of storm runoff i n the stream compared 
w i t h g r o u n d water at the t ime of peak discharge. T h e excess H + must 
be lost r a p i d l y , perhaps b y reactions w i t h so i l minerals . 

I n a t tempt ing to understand the chemistry of M a t t o l e stream water , 
the re lat ive constancy of the S i 0 2 : S p e c . C o n d . rat io d u r i n g the early part 
of a rise, regardless of the absolute l eve l of the rat io before the rise began, 
needs to be considered further . I f the r a p i d increase i n the rat io ob 
served i n F i g u r e 13 were ind icat ive of what h a p p e n e d w h e n storm runoff 
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Figure 20. Variation of the ratio silica:specific 
conductance with discharge of the Cape Fear 
River at Lillington, North Carolina; data from 
U. S. Geological Survey Water-Supply Papers 
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began, the rat io might be expected to increase i n the M a t t o l e R i v e r as 
soon as discharge increased. E x a m i n a t i o n of F i g u r e s 4 - 5 shows that this 
is not the case. O n e m i g h t c a l l u p o n straight d i l u t i o n of the stream water 
b y r a i n water to cause a decrease i n the concentrations of s i l i ca a n d 
electrolytes i n a constant rat io , b u t such a mechan ism w o u l d require 
that the d isso lved solids be d i l u t e d i n proport ion to the increase i n stream 
discharge. S u c h a great d i l u t i o n does not occur, so an apprec iable amount 
of d issolved solids must be a cqu i red b y storm runoff before i t enters the 
stream. T h e explanat ion for the rather constant ratio , therefore, must be 
based u p o n the composi t ion of the d isso lved solids leached first f r o m the 
surface soils. 

E x a m i n a t i o n of the S i 0 2 : S p e c . C o n d . ratios i n F igures 11-13 shows 
that, i n each case, the rat io was i n i t i a l l y l ow. T h i s must mean that the 
electrolytes are released more q u i c k l y than the s i l i ca on the first contact 
of d r y soi l w i t h water . I f this happened i n so i l solutions at the b e g i n n i n g 
of a storm, the subsurface runoff contr ibut ion to stream flow m i g h t have 
a SiOoiSpec. C o n d . ratio w h i c h was as l o w as, or l ower than, that present 
i n the stream. A f t e r a f e w hours ' contact t ime a n d further l each ing b y 
r a i n f a l l , this rat io w o u l d be expected to rise i n the so i l water as a result 
of r emova l of soluble salts, a n d this change w o u l d then be reflected i n 
the stream chemistry. I f the soi l h a d been wet b y a previous r a i n a n d 
stream flow consisted m a i n l y of subsurface runoff w h e n a n e w storm 
arr ived , the first water flushed f rom the so i l m ight w e l l have a S i 0 2 : S p e c . 
C o n d . rat io s imi lar to that i n the stream. B u t w i t h cont inued leaching , 
an increase i n the ratio w o u l d be expected. 

F igures 4 a n d 5 show that the increase i n the S i 0 2 : S p e c . C o n d . rat io 
is de layed after the stream rise begins i n both C o n k l i n C r e e k a n d the 
M a t t o l e R i v e r , but the u p t u r n i n the rat io i n C o n k l i n C r e e k preceeded 
that i n the M a t t o l e b y about 5 -6 hours. T h i s de lay is a t tr ibuted to t rave l 
t ime effects i n the r iver . Presumably , upstream tr ibutaries show a pattern 
s imi lar to that i n C o n k l i n Creek , but flow f rom them takes longer to 
arr ive at the sampl ing site on the Mat to l e . T h e increas ing rat io i n C o n k 
l i n C r e e k water is obscured i n i t i a l l y at the M a t t o l e sampl ing site b y the 
m u c h larger vo lume of flow c o m i n g f rom upstream. 

Suspended sediment is an u n l i k e l y source for most of the s i l i ca f o u n d 
i n the M a t t o l e d u r i n g h i g h flow, a n d the only other possible source is the 
so i l itself. S i l i ca release f r om the so i l must occur r a p i d l y because the 
t ime for the r a i n to f a l l , p i c k u p s i l i ca , a n d trave l an average of perhaps 
20 miles to the sampl ing site m a y be as l i t t le as 5 -6 hours. A close look 
at the s i l i ca var iat ion on a n d pr ior to D e c e m b e r 4, 1966 ( F i g u r e 6 ) is 
enl ightening . D u r i n g the p e r i o d N o v e m b e r 1 to N o v e m b e r 27, about 25 
inches of r a i n f e l l near H o n e y d e w ( 4 7 ) , a n d i n the storm p e r i o d N o v e m 
ber 28 to 0800 D e c e m b e r 4, an a d d i t i o n a l 11.0 inches fe l l . T h e n f rom 
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4. K E N N E D Y Silica Variation in Stream Water 125 

0800 on the 4th u n t i l 0800 on the 5th , 5.3 more inches f e l l , most of i t 
d u r i n g the afternoon of the 4th. Therefore , surface soils w e r e thoroughly 
leached b y the t ime of the b i g stream rise on the evening of the 4th. 
Yet s i l i ca concentration i n the M a t t o l e R i v e r decreased only to 8 m g / l i t e r 
at peak runoff. T h e fact that s i l i ca concentrations reached a m a x i m u m 
of 12 m g / l i t e r several days later, w h e n there h a d been p lenty of t ime for 
s o i l - w a t e r interactions, makes i t probab le that the m a x i m u m s i l i ca con
tent i n so i l water d u r i n g the he ight of the storm was less than 12 m g / l i t e r . 
Because ra inwater i n the M a t t o l e bas in averages less than 0.1 m g / l i t e r 
s i l i ca , a n d s i l i ca released f r om suspended sediment p r o b a b l y contributes 
less than 1 m g / l i t e r to d issolved s i l i ca i n the r iver , more than 7 m g / l i t e r 
of the s i l i ca i n the stream water must have been obta ined d u r i n g passage 
through the soi l . T o achieve this concentrat ion, w e l l over h a l f of the 
water i n the r iver at peak discharge must have been der ived f r o m sub
surface flow. If that m u c h subsurface flow occurs d u r i n g periods of i n 
tense r a i n f a l l , then an even h igher percentage of the stream flow must 
be attr ibutable to subsurface runoff d u r i n g periods of less intense ra in fa l l . 

Suspended-sediment concentrations increased sharp ly on rises a n d 
reached a m a x i m u m at or, c ommonly , short ly before peak discharge 
( F i g u r e s 6 a n d 7 ) . Peak sediment concentrations consistently occurred 
at times of m i n i m a i n s i l i ca concentration. T h i s is to be expected i f 
m i n i m u m si l i ca a n d m a x i m u m sediment concentrations co inc ide w i t h 
m a x i m u m contr ibut ion of over land runoff to stream flow, for at that t ime 
m a x i m u m d i l u t i o n of s i l i ca - r i ch subsurface flow b y d irect runoff w o u l d 
occur a n d m a x i m u m erosive capab i l i t y of d irect runoff w o u l d exist. I f 
this reasoning is correct, peak stream discharge w o u l d co inc ide w i t h 
peak contr ibut ion f r om over land flow only w h e n r a i n f a l l was intense or 
the surface soi l was of very l ow permeabi l i ty . N o r m a l l y , peak direct 
runoff w o u l d precede peak stream discharge because of the significant 
contr ibut ion of subsurface flow at m a x i m u m stream discharge. 

Because the chemistry of stream water reflects its source i n the so i l 
profile, deta i led studies of runoff chemistry f r om s m a l l basins shou ld be 
very useful i n de l ineat ing the ways a n d rates at w h i c h various elements 
are released i n weather ing . I n the M a t t o l e bas in , it is apparent that 
groundwater inf low to the stream at the end of the d r y season has a 
re lat ive ly h i g h p H ( ^ 8 ) , re lat ive ly h i g h disso lved salts (Spec . C o n d . 
> 300) , a n d rather l o w s i l i ca ( 7 - 8 m g / l i t e r ) . T h u s , the alkal is a n d a l k a 
l ine earths are preferent ia l ly r emoved as compared w i t h s i l i ca f r om rock 
minerals at or near the water table. I n surface soils, however , d u r i n g 
storm runoff, qu i te different condit ions p reva i l . T h e p H of the water 
m a y at first be l o w ( 5 ± ) , s i l i ca release is re lat ive ly r a p i d ( 8 - 1 2 m g / 
l i t e r ) , a n d alkal is a n d a lkal ine earths are removed rather s lowly (Spec. 
C o n d . 7 0 - 1 5 0 ) . T h e result is that the rate of s i l i ca r e m o v a l c ompared 
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w i t h that of the major cations is about four times as great d u r i n g storm 
runoff as at l o w flow. E v e n d u r i n g storm runoff, however , the rat io of 
s i l i ca to a lkal is a n d a lka l ine earths i n so lut ion is m u c h less than the rat io 
i n p r i m a r y minerals . 

F r o m the standpoint of the a n n u a l l oad of d isso lved s i l i ca , the lack 
of corre lat ion between s i l i ca concentrat ion a n d discharge, w h e n cons id 
ered on an a n n u a l basis (see F i g u r e 8 ) , means that s i l i ca l oad can be 
ca l cu lated as though i t v a r i e d d i rec t ly w i t h discharge. T h i s al lows use 
of flow-duration curves to compute the t ime d i s t r ibut ion of s i l i ca l o a d 
carr i ed b y the M a t t o l e R i v e r . S u c h in format ion was obta ined f r o m the 
report of R a n t z a n d T h o m p s o n (36), a n d the necessary computat ions 
were made. These show that about 25, 60, a n d 9 0 % of the a n n u a l d is 
so lved s i l i ca l oad is carr i ed b y the M a t t o l e i n 2, 10, a n d 3 5 % of the t ime , 
respectively . Because storm runoff makes u p most of the stream flow 
i n the M a t t o l e d u r i n g at least 2 0 % of the year , 7 5 % or more of the 
d isso lved s i l i ca transported b y the M a t t o l e R i v e r annua l l y is d e r i v e d f r o m 
near-surface soils rather than f rom weather ing of soils a n d rocks at depth . 

Some tentative conclusions can n o w be d r a w n regard ing the w a y i n 
w h i c h s i l i ca is released f r o m M a t t o l e soils. T h e l inear re lat ion between 
s i l i ca concentrat ion a n d the square root of t ime i n so i l a n d sediment 
suspensions, where d isso lved s i l i ca is less than about 1 m g / l i t e r , suggests 
that a di f fusion mechan ism controls the release of s i l i ca f r o m m i n e r a l 
partic les . S u c h a mechan ism w o u l d be i n agreement w i t h studies b y 
others (14, 17, I S ) . Those studies suggest that i n the i n i t i a l release of 
s i l i ca f r om fe ldspar on ly a dif fusion mechanism w o u l d be apparent , b u t 
as the s i l i ca concentrat ion increased a subsequent sorpt ion ( p r e c i p i t a 
t ion?) react ion on the a l tered so l id surface w o u l d s low the net release 
of s i l i ca u n t i l a re la t ive ly steady cond i t i on existed. T h i s appears to be a 
pattern that w o u l d exp la in the s i l i ca released f r o m bo th l o w a n d h i g h 
concentrations of prewashed M a t t o l e so i l a n d sediment i n water . 

T h e f o l l o w i n g sequence for the release of s i l i ca f r om soils a n d rocks 
of the M a t t o l e bas in is ind i ca ted b y avai lable data . A t the end of the 
summer, surface soils conta in weather ing products that inc lude read i l y -
so luble s i l i ca . E a r l y ra ins , w h i c h are too l i ght to cause runoff, m a y carry 
m u c h of this soluble mater ia l into the l ower A a n d upper Β so i l horizons. 
B u t h y d r a t i o n of m i n e r a l surfaces encourages further weather ing a n d the 
format ion of more soluble s i l i ca w h i c h is avai lab le for r e m o v a l w i t h the 
first runoff. W h e n r a i n f a l l is heavier than that r e q u i r e d to saturate the 
surface soi l , over land flow a n d subsurface flow, the latter conta in ing some 
of the easi ly-soluble s i l i ca , j o in together to cause a stream rise. A s 
r a i n f a l l continues, the surface so i l is l eached , a n d s i l i ca diffuses into 
so lut ion i n the so i l water u n t i l i t reaches a l i m i t i n g concentrat ion w h i c h 
represents a balance between the flushing rate a n d the rate of release 
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f r om soi l materials . W h e n r a i n stops, the s i l i ca concentrat ion i n so i l water 
increases to a n e w p lateau leve l w i t h i n 24 hours or less. I f more r a i n 
falls on the moist so i l , the d isso lved s i l i ca a n d some sorbed or freshly 
reprec ip i tated s i l i ca f o rm a reservoir of read i ly -ava i lab le s i l i ca w h i c h c a n 
be flushed out first. W i t h more r a i n a n d leaching , di f fusion aga in becomes 
an important process, s u p p l y i n g the s i l i ca to the subsurface runoff. A s 
the r a i n y season continues, the concentrat ion of s i l i ca i n so i l water s l owly 
increases. A f ter the r a i n y season ends, water continues to d r a i n f r o m 
superf ic ial deposits for several months, a n d s i l i ca concentrations i n the 
r iver r emain w e l l above those observed at the end of the summer d r y 
per iod . A s g round water conta in ing l ower concentrations of s i l i ca be 
comes an increasing part of the stream flow, s i l i ca decreases i n concentra
t ion. I n late Oc tober or early N o v e m b e r , a n e w cycle begins. 

Summary and Conclusions 

S i l i c a concentrations i n the M a t t o l e R i v e r of northern C a l i f o r n i a v a r y 
i n a consistent pattern w i t h re lat ion to discharge a n d tota l concentrat ion 
of electrolytes, as measured b y specific conductance. D u r i n g the i n i t i a l 
part of a stream rise, bo th s i l i ca a n d electrolytes decrease i n a near ly 
constant rat io , but as the rise continues, the rate of s i l i ca decrease slows 
relat ive to that of the electrolytes, causing the S i 0 2 : S p e c . C o n d . rat io 
to t u r n u p w a r d . C o m m o n l y , 2 - 4 hours before peak discharge, m i n i m u m 
s i l i ca concentration a n d m a x i m u m suspended sediment concentrat ion 
occur. A t peak discharge, the specific conductance is at a m i n i m u m b u t 
bo th s i l i ca a n d the rat io S i 0 2 : S p e c . C o n d . are r i s ing a n d continue to do 
so for another 12-18 hours. T h e n s i l i ca concentrat ion becomes almost 
constant w h i l e specific conductance continues to increase, causing the 
rat io between them to decrease. A f ter several days, s i l i ca begins to de 
crease s lowly . T h i s cycle is repeated w i t h each stream rise. E n o u g h 
data f r o m other streams are avai lab le to suggest that the pattern occurs 
elsewhere. 

T h e s i l ica-concentrat ion pattern observed i n the M a t t o l e explains 
bo th the lack of h i g h correlat ion between s i l i ca a n d discharge or specific 
conductance a n d the re lat ive ly smal l changes i n s i l i ca concentrat ion w i t h 
discharge noted b y investigators for other streams. 

Because the m i n i m u m i n s i l i ca concentration a n d m a x i m u m i n sedi 
ment concentration normal ly precede peak discharge, peak over land flow 
p r o b a b l y also precedes peak discharge. Therefore , runoff that has spent 
an apprec iable p e r i o d of t ime i n so i l pores contributes a major part of the 
stream flow at peak discharge. T h e rather smal l decrease i n s i l i ca con 
centrat ion d u r i n g a stream rise supports this interpretat ion. Because l i t t le 
s i l i ca can be obta ined b y interact ion between water a n d stream sediment 
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d u r i n g transport , the re lat ive ly h i g h concentrat ion of soluble s i l i ca must 
result f r om perco lat ion of water through the soi l immed ia te ly after f a l l i n g 
as r a i n . T h i s apparent ly occurs on slopes of 1 5 ° - 2 5 ° that are c o m m o n i n 
the M a t t o l e bas in . 

I f i t can be shown that s i l i ca m i n i m a a n d sediment m a x i m a m a r k 
peak over land flow elsewhere a n d that the end of over land flow is m a r k e d 
b y a l eve l ing off i n s i l i ca concentration after peak discharge i n stream 
flow, then moni tor ing of these parameters shou ld be very h e l p f u l i n 
separat ing storm runoff into the various components of flow. 

T h e r a p i d achievement of a "constant" va lue of s i l i ca i n so i l water 
demonstrates that the oppor tuni ty for equ i l i b ra t i on exists, but the electro
lytes do not show any signs of reaching a p lateau concentration. T h e 
electrolytes apparent ly do not equi l ibrate w i t h the so i l d u r i n g or short ly 
after a storm per iod . T h u s , d u r i n g storm runoff, w h e n more than 7 5 % 
of the annua l discharge occurs, there is not sufficient t ime for c h e m i c a l 
e q u i l i b r i u m of the electrolytes to be reached i n so i l water , a n d i t appears 
that react ion kinetics must be an important factor i n de termin ing the 
concentrations of the electrolytes. 

W o r k on M a t t o l e R i v e r water a n d studies of s o i l - w a t e r interactions 
indicate that deta i led investigations of changes i n water chemistry d u r i n g 
storm runoff can be a p o w e r f u l too l i n obta in ing a better understanding 
of weather ing reactions. T h e use of ratios between constituents can be 
especial ly he lp fu l because d i lu t i on is e l iminated as a factor. S a m p l i n g 
intervals apparent ly should not exceed 2 hours d u r i n g a stream rise, a n d 
1-hour intervals are preferred. A s basins increase i n size, travel - t ime 
effects m a y obscure changes i n chemistry o w i n g to weather ing reactions. 
It is desirable , therefore, to w o r k w i t h the smallest bas in that can be 
considered representative of the area under study. M i n o r changes i n 
concentrat ion trends can be seen best i f samples are r u n i n sequence, 
us ing automatic equ ipment for analysis. 
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A Dynamic Model of the Phytoplankton 
Population in the 
Sacramento-San Joaquin Delta 

DOMINIC M . DI TORO, D O N A L D J . O'CONNOR, and 
ROBERT V. T H O M A N N 

Environmental Engineering and Science Program, Manhattan College, 
Bronx, Ν. Y. 10471 

The quality of natural waters can be markedly influenced 
by the growth and distribution of phytoplankton, whose 
population development can be accelerated by the addition 
of nutrients resulting from man's activities or natural proc
esses. The resulting fertilization provides more than ample 
inorganic nutrients for excessive phytoplankton growth. This 
is commonly referred to as eutrophication. This investiga
tion presents a mathematical model of this phenomenon as a 
component in the solution of eutrophication problems. The 
model of the dynamics of phytoplankton populations is based 
on the principle of conservation of mass. The growth and 
death kinetic formulations of the phytoplankton and zoo-
plankton are empirically determined by an analysis of exist
ing experimental data. The resulting equations are compared 
with two years of data from the tidal portion of the San 
Joaquin River, California. 

' " I^he q u a l i t y of na tura l waters can be m a r k e d l y inf luenced b y the g r o w t h 
A a n d d i s t r ibut i on of phytop lankton . U t i l i z i n g radiant energy, these 

microscopic plants assimilate inorganic chemicals a n d convert them to 
ce l l mater ia l w h i c h , i n t u r n , is consumed b y the various a n i m a l species 
i n the next tropic level . T h e phytop lankton , therefore, are the base of the 
food c h a i n i n natura l waters, a n d their existence is essential to a l l aquat ic 

T h e qua l i ty of a b o d y of water can be adversely affected i f the p o p u 
la t ion of phytop lankton becomes so large as to interfere w i t h either water 

l i fe . 
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use or the higher forms of aquat ic l i fe . I n part i cu lar , h i g h concentrations 
of a lga l biomass cause large d i u r n a l variations i n dissolved oxygen w h i c h 
can be fa ta l to fish l i fe . A l s o , the growths can be nuisances i n themselves, 
especial ly w h e n they decay a n d either settle to the bot tom or accumulate 
i n w i n d r o w s on the shoreline. Phytop lankton can cause taste a n d odor 
problems i n water supplies and , i n add i t i on , contr ibute to filter c logg ing 
i n the water treatment p lant . 

T h e deve lopment of large populat ions of phytop lankton and , i n some 
cases, larger aquat ic plants can be accelerated b y the add i t i on of nutrients 
w h i c h result f rom man's activit ies or natura l processes. T h e result ing 
fer t i l i zat ion provides more than ample inorganic nutrients, w i t h the re 
su l t ing development of excessive phytop lankton . T h i s sequence of events 
is c ommonly referred to as eutrophicat ion. 

Genera l l y , the management of water systems subjected to accelerated 
eutrophicat ion because of waste discharges has been largely subjective. 
Extens ive programs of nutr ient remova l have been ca l l ed for, w i t h l i t t le 
or no quant i tat ive pred i c t i on of the effects of such treatment programs. 
A quant i tat ive methodology is r e q u i r e d to estimate the effect of proposed 
treatment programs that are p lanned to restore water q u a l i t y or to predic t 
the effects of expected future nutr ient discharges. T h i s methodology 
shou ld inc lude a m o d e l of the phytop lankton popu la t i on w h i c h approx i 
mates the behavior of the phytop lankton i n the water b o d y of interest 
and , therefore, can be used to test the effects of the various contro l pro 
cedures avai lable . I n this w a y , ra t iona l p l a n n i n g a n d water q u a l i t y m a n 
agement can be inst i tuted w i t h at least some degree of confidence that 
the p l a n n e d results actual ly w i l l be achieved. 

T h i s paper presents a phytop lankton populat i on m o d e l i n natura l 
waters, constructed on the basis of the p r i n c i p l e of conservation of mass. 
T h i s is an elementary phys i ca l l a w w h i c h is satisfied b y macroscopic 
na tura l systems. T h e use of this p r i n c i p l e is d i c tated p r i m a r i l y b y the 
lack of any more specific phys i ca l laws w h i c h can be a p p l i e d to these 
b i o l og i ca l systems. A n alternate conservation l a w , that of conservation 
of energy, can also be used. H o w e v e r , the details of h o w mass is trans
ferred f rom species to species are better understood t h a n the correspond
ing energy transformations. T h e mass interactions are re lated, among 
other factors, to the kinetics of the populat ions , a n d i t is this that the b u l k 
of the paper is devoted to explor ing . 

Conservat ion of mass has been successfully a p p l i e d to the m o d e l i n g 
of the dissolved oxygen d i s t r ibut ion i n natura l waters as w e l l as the d is 
t r ibut i on of sa l in i ty a n d other dissolved substances. T h e resul t ing models 
have proved useful i n g u i d i n g engineer ing a n d management decisions 
concerned w i t h the efficient u t i l i za t i on of water resources a n d the pro 
tect ion of their qual i ty . It is felt that the phytop lankton m o d e l presented 
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5. Di TORO E T A L . Phytoplankton IPopulation 133 

here in can serve a s imi lar purpose b y p r o v i d i n g a basis for pred i c t ing 
the effects of nutr ient contro l programs on the eutrophicat ion of na tura l 
waters. 

T h u s , the p r i m a r y purpose of this paper is to introduce a quant i tat ive 
m o d e l of phytop lankton popu la t i on dynamics i n natura l waters. I t is 
w i t h i n this p rob l em context that the s impli f ications, assumptions, a n d 
general ly the structure of the m o d e l is f ormulated . A n attempt is made 
to make the equations representative of the b io l og i ca l mechanisms w h i l e 
s t i l l r e ta in ing a sufficient s impl i c i t y so that the result is tractable a n d 
useful . 

Review of Previous Models 

T h e i n i t i a l attempts to m o d e l the dynamics of a phytop lankton p o p u 
lat ion were based on a vers ion of the l a w of conservation of mass i n w h i c h 
the h y d r o d y n a m i c transport of mass is assumed to be insignif icant. L e t 
P(t) be the concentrat ion of phytop lankton mass at t ime t i n a su i tab ly 
chosen region of water . T h e p r i n c i p l e of conservation of mass can be 
expressed as a di f ferential equat ion 

dP ς 

where S is the net source or sink of phytop lankton mass w i t h i n the region. 
I f h y d r o d y n a m i c transport is not i n c l u d e d , then the rate at w h i c h Ρ i n 
creases or decreases depends on ly on the in terna l sources a n d sinks of 
phytop lankton i n the region of interest. 

T h e f orm of the internal sources a n d sinks of phytop lankton is d i c 
tated b y the mechanisms w h i c h are assumed to govern the g r o w t h a n d 
death of phytop lankton . F l e m i n g (1939) , as descr ibed b y R i l e y ( I ) , 
postulated that spr ing d ia tom flowering i n the E n g l i s h C h a n n e l is de
scr ibed b y the equat ion 

^ = [a - (b + ct))P 

where Ρ is the phytop lankton concentrat ion, α is a constant g rowth rate, 
a n d (b + ct) is a death rate resul t ing f rom the graz ing of zooplankton . 
T h e zooplankton populat i on , w h i c h is increasing o w i n g to its graz ing , 
results i n an increasing death rate w h i c h is approx imated b y the l inear 
increase of the death rate as a funct ion of t ime. 

A less e m p i r i c a l m o d e l has been proposed b y R i l e y ( 1946) ( I ) based 
on the equat ion 

f = [Pk-R-G]P 
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134 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

w h e r e Ph is the photosynthet ic g r o w t h rate, R is the endogenous resp i ra 
t i o n rate of the phytop lankton , a n d G is the death rate o w i n g to zooplank
ton graz ing . A major improvement i n Ri ley ' s equat ion is the attempt to 
relate the g r o w t h rate, the respirat ion rate, a n d the graz ing to more 
fundamenta l env i ronmenta l variables such as inc ident solar rad ia t i on , 
temperature, ext inct ion coefficient, a n d observed nutr ient a n d zooplank
ton concentrat ion. A s a consequence, the coefficients of the equations 
are t ime-var iab le since the env ironmenta l parameters vary throughout 
the year. T h i s precludes a n ana ly t i ca l so lut ion to the equat ion , a n d n u 
m e r i c a l integrat ion methods must be used. T h r e e separate appl icat ions 
(2 , 3, 4) of these equations to the near-shore ocean environment have 
been made , a n d the resu l t ing agreement w i t h observed data is qui te 
encouraging. 

A complex set of equations, proposed b y R i l e y , S tommel , a n d B u m p u s 
(1949) (5 ) first in t roduced the spat ia l var ia t i on of the phytop lankton 
w i t h respect to d e p t h into the conservation of mass equat ion. I n a d d i 
t i on , a conservation of mass equat ion for a nutr ient (phosphate ) was also 
in t roduced , as w e l l as s impl i f ied equations for the herbivorous a n d car
nivorous zoop lankton concentrations. T h e p h y t o p l a n k t o n a n d nutr ient 
equations were a p p l i e d to 20 vo lume elements w h i c h extended f rom the 
surface to w e l l be l ow the euphot ic zone. I n order to s impl i fy the ca l cu 
lations, a t empora l steady-state was assumed to exist i n each vo lume ele
ment. T h u s , the equations a p p l y to those periods of the year d u r i n g 
w h i c h the dependent variables are not chang ing signif icantly i n t ime. 
S u c h condit ions usual ly p r e v a i l d u r i n g the summer months. T h e results 
of these calculat ions were compared w i t h observed data , a n d aga in the 
results were encouraging. 

Steele (1956) (6) f o u n d that the steady-state assumption d i d not 
a p p l y to the seasonal var ia t i on of the phytop lankton populat ion . Instead, 
he used two vo lume segments to represent the upper a n d lower water 
levels a n d kept the t ime derivatives i n the equations. T h u s , bo th tempora l 
a n d spat ia l variat ions were considered. I n add i t i on , the di f ferential equa
tions for p h y t o p l a n k t o n a n d zoop lankton concentrat ion were coup led so 
that the interactions of the populat ions c o u l d be s tudied , as w e l l as the 
n u t r i e n t - p h y t o p l a n k t o n dependence. T h e coefficients of the equations 
were not functions of t ime, however , so that the effects of t ime -vary ing 
solar rad ia t i on intensity a n d temperature were not i n c l u d e d . T h e equa
tions were numer i ca l l y integrated a n d the results compared w i t h the ob
served d i s t r ibut ion . Steele a p p l i e d s imi lar equations to the ver t i ca l 
d i s t r ibut i on of c h l o r o p h y l l i n the G u l f of M e x i c o ( 7 ) . 

T h e models proposed b y R i l e y et al. a n d Steele are bas ica l ly s imilar . 
E a c h consider the p r i m a r y dependent variables to be the phytop lankton , 
zoop lankton , a n d nutr ient concentration. A conservation of mass equa-
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5. DI TORO E T A L . Phytoplankton Population 135 

t i o n is w r i t t e n for each species, a n d the spat ia l var ia t i on is incorporated 
b y cons ider ing finite vo lume elements w h i c h interact because of ver t i ca l 
eddy di f fusion a n d d o w n w a r d advect ive transport of the phytop lankton . 
T h e i r equations differ i n some details ( for example , the g r o w t h coefficients 
that were used a n d the assumptions of steady state) b u t the p r i n c i p l e 
is the same. I n add i t i on , these equations were a p p l i e d b y the authors to 
actual mar ine situations a n d their solutions c ompared w i t h observed data. 
T h i s is a c r u c i a l part of any invest igat ion discussion w h e r e i n the assump
tions that are made a n d the approximations that are used are diff icult 
to justify a priori. 

T h e models of b o t h R i l e y a n d Steele have been r e v i e w e d i n greater 
de ta i l b y R i l e y ( I ) i n a discussion of the ir a p p l i c a b i l i t y a n d possible 
future development. T h e difficulties encountered i n f o rmulat ing s imple 

FLOW 
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Figure 1. Interactions of environmental variables and the phyto
plankton, zooplankton, and nutrient systems 
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theoret ical models of p h y t o p l a n k t o n - z o o p l a n k t o n popu la t i on models were 
discussed b y Steele (8). 

O t h e r models have been proposed w h i c h fo l l ow the outlines of the 
equations a lready discussed. Equat i ons w i t h parameters that vary as a 
funct ion of temperature, sunl ight , a n d nutr ient concentrat ion have been 
presented b y D a v i d s o n a n d C l y m e r (9 ) a n d s imulated b y C o l e ( 1 0 ) . A 
set of equations w h i c h m o d e l the popu la t i on of phytop lankton , zooplank
ton, a n d a species of fish i n a large lake have been presented b y Parker 
(11). T h e app l i ca t i on of the techniques of phytop lankton m o d e l i n g to 
the p r o b l e m of eutrophicat ion i n rivers a n d estuaries has been proposed 
b y C h e n (12). T h e interrelations between the n i trogen cycle a n d the 
phytop lankton popu la t i on i n the Potomac E s t u a r y has been invest igated 
us ing a feed- forward- feed-back m o d e l of the dependent variables , w h i c h 
interact l inear ly f o l l owing first order kinet ics (13). 

T h e formulat ions a n d equations presented i n the subsequent sections 
are modif ications a n d extensions of prev ious ly presented equations w h i c h 
incorporate some add i t i ona l phys io log i ca l in format ion on the behavior 
of phytop lankton a n d zooplankton populat ions. I n contrast to the m a 
jor ity of the appl icat ions of phytop lankton models w h i c h have been made 
previously , the equations presented i n the subsequent sections are a p p l i e d 
to a re lat ive ly shal low reach of the San J o a q u i n R i v e r a n d the estuary 
further downstream. T h e mot ivat ion for this app l i cat ion is an invest iga
t i on of the poss ib i l i ty of excessive phytop lankton growths as env i ron 
menta l condit ions a n d nutr ient loadings are changed i n this area. T h u s , 
the p r i m a r y thrust of this invest igat ion is to produce an engineer ing tool 
w h i c h can be used i n the solut ion of engineering problems to protect the 
water qua l i ty of the region of interest. 

Phytoplankton System Interactions 

T h e major obstacle to a rigorous quant i tat ive theory of phytop lankton 
populat i on dynamics is the enormous complexi ty of the b io log i ca l a n d 
phys i ca l phenomena w h i c h influence the populat ion . It is necessary, there
fore, to ideal ize a n d s impl i fy the conceptual m o d e l so that the result is a 
manageable set of dependent systems or variables a n d their interrelations. 
T h e m o d e l considered i n the f o l l owing sections is f o rmulated on the basis 
of three p r i m a r y dependent systems: the phytop lankton populat i on , whose 
behavior is the object of concern; the herbivorous zooplankton p o p u l a 
t i on , w h i c h are the predators of the phytop lankton , u t i l i z i n g the avai lable 
phytop lankton as a food supp ly ; a n d the nutr ient system, w h i c h repre 
sents the nutrients, p r i m a r i l y inorganic substances, that are r equ i red b y 
the phytop lankton d u r i n g growth . These three systems are affected not 
on ly b y their interactions, but also b y external environmental variables . 
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5. Di T O R O E T A L . Phytoplankton Population 137 

T h e three p r i n c i p a l variables considered i n this analysis are temperature , 
w h i c h influences a l l b i o l og i ca l a n d chemica l reactions, d ispers ion a n d 
advect ive flow, w h i c h are the p r i m a r y mass transport mechanisms i n a 
na tura l b o d y of water , a n d solar rad ia t i on , the energy source for the 
photosynthet ic g r o w t h of the phytop lankton . 

I n a d d i t i o n to these external variables , the effect of man's activit ies 
o n the system is felt predominate ly i n the nutr ient system. Sources of the 
necessary nutrients m a y be the result of, for example , inputs of waste
water f r om m u n i c i p a l a n d i n d u s t r i a l discharges or agr i cu l tura l runoff. 
T h e man-made waste loads are i n most cases the p r i m a r y contro l variables 
w h i c h are avai lab le to affect changes i n the p h y t o p l a n k t o n a n d zooplank
ton systems. A schematic representation of these systems a n d their inter 
relations is presented i n F i g u r e 1. 

I n add i t i on to the conceptua l m o d e l w h i c h isolates the major inter 
ac t ing systems, a further idea l i za t i on is r e q u i r e d w h i c h sets the lower 
a n d upper l imits of the tempora l a n d spat ia l scales b e i n g considered. 
W i t h i n the context of the p r o b l e m of eutrophicat ion a n d its contro l , the 
seasonal d i s t r ibut ion of the p h y t o p l a n k t o n is of major importance , so that 
the lower l i m i t of the tempora l scale is on the order of days. T h e spat ia l 
scale is set b y the hydrodynamics of the water b o d y b e i n g considered. 
F o r example, i n a t i d a l estuary, the spat ia l scale is o n the order of miles 
whereas i n a s m a l l lake i t is l i k e l y a good d e a l smaller. T h e upper l imi ts 
for the tempora l a n d spat ia l extent of the m o d e l are d ic tated p r i m a r i l y 
b y prac t i ca l considerations such as the length of t ime for w h i c h adequate 
in format ion is avai lab le a n d the size of the computer b e i n g used for the 
calculations. 

These s i m p l i f y i n g assumptions are made p r i m a r i l y o n the basis of 
an in tu i t ive assessment of the important features of the systems be ing 
considered a n d the experience ga ined b y previous attempts to address 
these a n d re lated problems i n na tura l bodies of water . T h e basic p r i n 
c ip le to be a p p l i e d to this conceptual mode l , w h i c h can then be translated 
into mathemat i ca l terms, is that of conservation of mass. 

Conservation of Mass 

T h e p r i n c i p l e of conservation of mass is the basis u p o n w h i c h the 
mathemat i ca l development is structured. A l ternate formulat ions , such 
as those based on the conservation of energy, have been proposed. H o w 
ever, conservation of mass has p r o v e d a useful starting po int for m a n y 
models of the na tura l environment . 

T h e pr inc ip l e of conservation of mass s imp ly states that the mass of 
the substances be ing considered w i t h i n a n arb i t rar i l y selected vo lume 
must be accounted for b y either mass transport into a n d out of the vo lume 
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138 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

or as mass p r o d u c e d or r emoved w i t h i n the vo lume. T h e transport of 
mass i n a n a t u r a l water system arises p r i m a r i l y f r om two phenomena : 
d ispers ion, w h i c h is caused b y t i d a l act ion, density differences, turbulent 
di f fusion, w i n d act ion , etc.; a n d advect ion o w i n g to a u n i d i r e c t i o n a l flow 
— f o r example , the fresh water flow i n a r iver or estuary or the p r e v a i l i n g 
currents i n a b a y or a near-shore environment . T h e d is t inc t ion between 
the two phenomena is that, over the t ime scale of interest, dispersive 
mass transport mixes adjacent volumes of water so that a por t i on of the 
water i n adjacent vo lume elements is interchanged , a n d the mass trans
port is propor t iona l to the difference i n concentrations of mass i n adjacent 
volumes. A d v e c t i v e transport , however , is transport i n the d i rec t i on of 
the advect ive flow only . I n a d d i t i o n to the mass transport phenomena , 
mass i n the vo lume can increase resul t ing f r o m sources w i t h i n the vo lume . 
These sources represent the rate of a d d i t i o n or r emova l of mass per un i t 
t ime per u n i t vo lume b y c h e m i c a l a n d b io log i ca l processes. 

A mathemat i ca l expression of conservation of mass w h i c h inc ludes 
the terms to descr ibe the mass transport phenomena a n d the source term 
is a p a r t i a l d i f ferential equat ion of the f o l l o w i n g f o rm 

= V · EVP - V · QP + SP (1) 

where Ρ (x, y, ζ, t) is the concentrat ion of the substance of interest—e.g., 
p h y t o p l a n k t o n biomass—as a funct ion of pos i t ion a n d t ime ; Ε is the 
d i a g o n a l matr ix of d ispers ion coefficients; Q is the advect ive flow rate 
vector ; S ρ is the vector whose terms are the rate of mass a d d i t i o n b y the 
sources a n d s inks; a n d V is the gradient operator. T h i s p a r t i a l di f feren
t i a l equat ion is too general to be so lved ana lyt i ca l ly , a n d n u m e r i c a l 
techniques are used i n its solut ion. 

A n effective approx imat ion to E q u a t i o n 1 is obta ined b y segmenting 
the water b o d y of interest into η vo lume elements of vo lume V , a n d rep 
resenting the derivatives i n E q u a t i o n 1 b y differences. L e t V be the 
η χ η d iagona l matr ix of vo lumes V ; ; A, the η χ η matr ix of dispersive 
a n d advect ive transport terms; SP, the η vector of source terms SPj, aver
aged over the vo lume V,·; a n d P, the η vector of concentrations P ; , w h i c h 
are the concentrations i n the volumes. T h e n the finite difference equations 
c a n be expressed as a vector di f ferential equat ion 

VP = AP + VSP (2) 

where the dot denotes a t ime der ivat ive . T h e details of the app l i ca t i on 
of this vers ion of the d ispers ion advect ion equat ion to na tura l bodies of 
water has been presented b y T h o m a n n (14) a n d r e v i e w e d b y O ' C o n n o r 
etal. (15). 
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5. D I T O R O E T A L . Phytoplankton Population 139 

T h e m a i n interest i n this report is centered on the source terms SPj 

for the par t i cu lar app l i ca t i on of these equations to the p h y t o p l a n k t o n 
popu la t i on i n na tura l water bodies. It is convenient to express the source 
te rm of phytop lankton , SPj> as a difference between the g r o w t h rate, GPj, 
of p h y t o p l a n k t o n a n d their death rate, DPj, i n the vo lume V ; . T h a t is 

SPj = (GPj - DPj)Pj (3) 

where GPj a n d DPj have units [ d a y 1 ] . T h e subscript Ρ identifies the 
quantit ies as re ferr ing to p h y t o p l a n k t o n ; the subscript / refers to the v o l 
ume element be ing considered. T h e balance between the magni tude of 
the g r o w t h rate a n d death rate determines the rate at w h i c h phytop lank 
ton mass is created or destroyed i n the vo lume element V ; . T h u s , the 
f orm of the g r o w t h a n d death rates as functions of env i ronmenta l p a r a m 
eters a n d dependent variables is an important element i n a successful 
phytop lankton popu la t i on mode l . 

Phytoplankton Growth Rate 

T h e growth rate of a popu la t i on of phytop lankton i n a natura l en 
v i ronment is a compl i ca ted funct ion of the species of phytop lankton 
present a n d their d i f fer ing reactions to solar rad ia t i on , temperature, a n d 
the balance between nutr ient ava i lab i l i t y a n d phytop lankton require 
ments. T h e complex a n d often conf l ict ing data pert inent to this p r o b l e m 
have been rev iewed recently b y H u t c h i n s o n (1967) ( 1 6 ) , S t r i c k l a n d 
(1965) ( 1 7 ) , L u n d (1965) ( I S ) , a n d R a y m o n t (1963) (19 ) . T h e a v a i l 
able in format ion is not sufficiently deta i led to specify the g r o w t h kinet ics 
for i n d i v i d u a l phytop lankton species i n natura l environments . H e n c e , 
i n order to accompl i sh the task of construct ing a g rowth rate funct ion , a 
s impl i f ied approach is fo l lowed. T h e prob l em of different species a n d 
their associated nutr ient a n d environmenta l requirements is not addressed. 
Instead, the popu la t i on is character ized as a who le b y a measurement of 
the biomass of phytop lankton present. T y p i c a l quantit ies used are the 
c h l o r o p h y l l concentrat ion of the popu la t i on , the number of organisms per 
uni t vo lume , or the d r y we ight of the phytop lankton per uni t vo lume 
(20). W i t h a choice of biomass units established, the g rowth rate ex
presses the rate of p roduc t i on of biomass as a funct ion of the important 
env i ronmenta l variables . T h e env ironmenta l variables to be considered 
be low are l ight , temperature, a n d the various nutrients w h i c h are neces
sary for phytop lankton growth . 

Light and Temperature. Cons ider a popu la t i on of phytop lankton , 
either a natura l association or a single species cul ture , a n d assume that 
the o p t i m u m or saturat ing l i ght intensity for m a x i m u m g r o w t h rate of 
biomass is present a n d i l luminates a l l the cells, a n d further that a l l the 
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Figure 2. Phytopknkton saturated growth rate (base e) 
as a function of temperature 

necessary nutrients are present i n sufficient quant i ty so that no nutr ient 
is i n short supply . F o r this condi t ion , the growth rate that is observed 
is ca l l ed the m a x i m u m or saturated growth rate, K'. Measurements of K ' 
(base e) as a funct ion of temperature are shown i n F i g u r e 2 a n d l i s ted 
i n T a b l e I . T h e exper imental condit ions under w h i c h these data were 
co l lected appear to meet the requirements of o p t i m u m l ight intensity a n d 
sufficient nutr ient supply . T h e data presented are selected f r om larger 
groups of reported values, a n d they represent the m a x i m u m of these 
reported g r o w t h rates. T h e presumpt ion is that these large values reflect 
the m a x i m u m growth rates achievable . F r o m an ecological po int of v i e w , 
i t is necessary to consider the species most ab le to compete, a n d , i n terms 
of g r o w t h rate, i t is the species w i t h the largest g rowth rate w h i c h w i l l 
predominate . A straight- l ine fit to this data appears to be a crude but 
reasonable approx imat ion of the data re lat ing saturated g r o w t h rate K' 
to temperature, Τ 

Κ' = KXT (4) 

where Kx has values i n the range 0.10 ± 0.025 day" 1 ° C _ 1 . T h i s coefficient 
indicates a n approximate d o u b l i n g of the saturated g r o w t h rate for a 
temperature change f rom 10° to 20 ° C , i n accordance w i t h the general ly 
reported temperature-dependence of b io log i ca l g rowth rates. T h e o p t i 
m u m temperature for a lga l g r o w t h appears to be i n the range between 
20° a n d 2 5 ° C , a l though thermophi l i c strains are k n o w n to exist (27). A t 
higher temperatures, there is usual ly a suppression of the saturated g r o w t h 
rate, a n d the straight- l ine approx imat ion is no longer v a l i d . It shou ld 
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5. Di TORO E T A L . Phytoplankton Population 141 

also be noted that the scatter i n the data i n F i g u r e 2 is sufficiently large 
so that the l inear dependence o n temperature a n d also the magni tude 
of K' can v a r y considerably i n par t i cu lar situations. 

I n the natura l environment , the l ight intensity to w h i c h the phyto 
p lankton are exposed is not u n i f o r m l y at the o p t i m u m value but i t varies 
as a funct ion of d e p t h because of the natura l t u r b i d i t y present a n d as a 
funct ion of t ime over the day. T h u s , the phytop lankton i n the l ower 
layers are exposed to intensities be low the o p t i m u m a n d those at the 
surface m a y be exposed to intensities above the o p t i m u m so that their 
g r o w t h rate w o u l d be inh ib i t ed . F i g u r e 3b,c ,d f r om R y t h e r (28) are 
plots of the photosynthesis rate normal i zed b y the photosynthesis rate at 
the o p t i m u m or saturating l ight intensity vs. the l ight intensity , I, inc ident 
on the populat ions . F i g u r e 3a is a p lot of funct ion 

for I8 = 2000 ft-candles, proposed b y Steele (8) to describe the l i ght -
dependence of the g rowth rate of phytop lankton . 

T h e s imi lar i ty between this funct ion a n d data f rom R y t h e r is suffi
c ient to warrant the use of this expression to express the influence of 
n o n o p t i m u m l ight intensity on the g rowth rate of phytop lankton . O t h e r 
workers have suggested different forms for this re lat ionship (29, 30). 

Table I. Maximum Growth Rates as a Function of Temperature 

(5) 

Ref. Organism Temperature, 
Saturated Growth Rate, 

K'(Basee, Day-1) 

21 Chlorella ellipsoidea 
(green alga) 

22 Nannochloris atomus 
(marine flagellate) 

23 Nitzschia closterium 
(marine d iatom) 

2^ Chlorella pyrenoidosa 
24 Scenedesmus quadricauda 
25 Chlorella pyrenoidosa 
25 Chlorella vulgaris 
25 Scenedesmus obliquus 
25 Chlamydomonas reinhardti 
26 Chlorella pyrenoidosa 

5 N a t u r a l association 

(synchronized culture) 
(high-temperature strain) 

25 
15 
20 
10 
27 
19 
15.5 
10 
4 
2.6 

25 
25 
25 
25 
25 
25 
10 
15 
20 
25 

3.14 
1.2 
2.16 
1.54 
1.75 
1.55 
1.19 
0.67 
0.63 
0.51 
1.96 
2.02 
2.15 
1.8 
1.52 
2.64 
0.2 
1.1 
2.4 
3.9 
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0 1 2 3 4 5 6 7 8 9 10 

LIGHT INTENSITY (FOOT CANDLES χ ΙΟ 3 ) 

Limnology and Oceanography 

Figure 3. Normalized rate of photosynthesis vs. incident 
light intensity: (a) Theoretical curve after Steele (8); (b,c,d) 

Data after Ryther (28) 

These variat ions approx imate ly f o l l ow the shape of E q u a t i o n 5 for l ow 
l ight intensities but differ for the region of h i g h l i ght intensities, usua l ly 
b y not decreasing after some o p t i m u m intensity is reached. I n part i cu lar , 
T a m i y a et al. (21) have invest igated the g rowth rate of ChloreUa ellip-
soidea to various l ight a n d temperature regimes. T h e saturated g r o w t h 
rates as a funct ion of temperature are i n c l u d e d i n F i g u r e 2. T h e influence 
of v a r y i n g l ight intensity fits the funct ion 

F(I) = 
I + K'/a (6) 

where K' is the saturated g r o w t h rate a n d α is a constant ( a = 0.45 day" 1 

k i l o l u x ' 1 ) . H o w e v e r , since K' is a funct ion of temperature , the saturat ing 
l i ght intensity for E q u a t i o n 6 is also a funct ion of temperature. S i m i l a r 
data obta ined b y Sorok in et al. (26) us ing a high-temperature strain of 
Chlorella pyrenoidosa support the temperature-dependence of the satu-
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5. D I T O R O E T A L . Phytopfonkton Population 143 

r a t i n g l i ght intensity for ch lore l la . Therefore , i n us ing E q u a t i o n 5, a 
temperature-dependent l ight saturation intensity m a y be warranted . 

A t this po int i n the analysis, the effect of the n a t u r a l environment 
on the l ight avai lab le to the phytop lankton must be i n c l u d e d . E q u a t i o n 5 
expresses the reduct ion i n the g r o w t h rate caused b y n o n o p t i m u m l i g h t 
intensity. T h i s expression can therefore be used to calculate the reduct ion 
i n g r o w t h rate to be expected at any intensity. H o w e v e r , this is too 
deta i led a descr ipt ion for conservation of mass equations w h i c h d e a l 
w i t h homogeneous vo lume elements, Vj, a n d the g rowth rate w i t h i n these 
elements. W h a t is r e q u i r e d is averages of the g r o w t h rate over the v o l 
ume elements. 

I n order to calculate the l i ght intensity w h i c h is present i n the 
vo lume V}, the l i ght penetrat ion at the depth of water where Vj is located 
must be evaluated. T h e rate at w h i c h l ight is attenuated w i t h respect to 
depth is g iven b y the ext inct ion coefficient, ke. T h a t is, at a d e p t h z, the 
intensity at that depth , I(z), is re lated to the surface intensity , I0, b y the 
f o r m u l a 

where ζ = 0 is the water surface a n d ζ is posit ive d o w n w a r d . T h u s , the 
reduct ion of the saturated g r o w t h rate at any depth ζ resul t ing f rom the 
n o n o p t i m u m l ight intensity present is g iven b y E q u a t i o n 7, substituted 
into E q u a t i o n 5. 

T o a p p l y this equat ion to the finite vo lume elements, w i t h i n w h i c h i t is 
assumed that the phytop lankton concentrat ion is u n i f o r m , i t is necessary 
to average this reduct ion factor throughout the d e p t h of the vo lume 
element Vj. L e t H0j a n d Ηυ be the depths of the surface a n d bot tom, 
respectively, of the vo lume element Vj. F o r example, i f the vo lume ele
ment Vj extends f rom the water surface to the bot tom of the water body , 
then H 0 ; = 0 a n d Ηυ is the water depth at the locat ion of Vj. F o r the 
sake of s impl i c i ty , i t is assumed that this is the case. If Hoj Φ 0, a straight
f o r w a r d general izat ion of the f o l l o w i n g average is requ i red . 

I n add i t i on to an average over depth , i t is also expedient to average 
the phytop lankton g r o w t h rate over a t ime interva l . Since the t ime scale 
w i t h i n w h i c h this analysis is addressed is the week-to-week change i n 
the popu la t i on over a year, a d a i l y average is appropriate . F o r s imp l i c i t y , 
it is assumed that the inc ident solar rad ia t i on as a funct ion of t ime over 
a day is g iven b y the funct ion 

I{z) = I0 exp ( - kez) (7) 

(8) 

Io(t) = Ia 

/·(<) = 0 

0 < t <f 
f <t < 1 (9) 
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144 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

where / is the day l ight f ract ion of the day (i.e., the photo p e r i o d ) a n d Ia 

is the average inc ident solar rad ia t i on intensity d u r i n g the photo per iod . 
L e t η be the reduct ion i n g r o w t h rate at tr ibuted to n o n o p t i m u m 

l ight condit ions i n vo lume Vj, averaged over depth a n d t ime. T h e n is 
g iven b y 

- ' - Α Γ ' τ / ' ^ ^ Η γ ^ + ']** ( , 0 ) 

where Τ = 1 day, the t ime-averaging interva l , Ηυ = Hj = the depth of 
segment Vj, a n d kej is the ext inct ion coefficient i n Vj. T h e result is 

rj = r^jr e-an -e-*«i (11) 

where 

α ι . = γ e-k'>H> (12) 

la 
(XOj = γ 

T h e integra l g iven b y E q u a t i o n 10 is a f o rm of an integra l used b y 
Steeman N i e l s o n (1952) , T a i l i n g (1957) , a n d R y t h e r a n d Yentsch 
(1957) , as descr ibed b y V o l l e n w e i d e r (1958) (30), and , i n par t i cu lar , 
Steele ( 8 ) , for the purpose of re lat ing an instantaneous rate (e.g., g rowth , 
photosynthesis, etc. ) to an average day rate a n d an average d e p t h rate. 

T h e reduct ion factor tj is a funct ion of the ext inct ion coefficient kej 

of the vo lume V . H o w e v e r , the ext inct ion coefficient is a funct ion of the 
phytop lankton concentration present i f their concentration is large. T h u s , 
an important feedback mechanism exists w h i c h can have a m a r k e d effect 
on the g r o w t h rate of phytop lankton . A s the concentration of p h y t o 
p lankton i n a vo lume element increases, the ext inct ion coefficient, par 
t i cu lar ly at the green wavelengths, starts to increase. T h i s mechan ism 
is ca l l ed sel f -shading. T h e most s tra ight forward approach to i n c l u d i n g 
this effect into the g r o w t h rate expression is to speci fy the ext inct ion 
coefficient as a funct ion of the phytop lankton concentrat ion 

kej = k'ej + h(Pj) (13) 

where k'ej is the ext inct ion coefficient attr ibutable to other causes a n d kej 

inc ludes the phytoplankton 's contr ibut ion . T h e funct ion h(Pj) has been 
invest igated b y R i l e y (31), w h o f ound that i t can be approx imated b y 
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5. DI TORO E T A L . Phytoplankton Popuhtion 145 

h(Pj) = 0.0088 Pi + 0.054 P*3 (14) 

where Fy has the units /xg / l i ter c h l o r o p h y l l a concentrat ion a n d h has 
units m" 1 . A more recent invest igat ion (32) shows that this re lat ionship 
applies to coastal waters of O r e g o n for a range i n c h l o r o p h y l l a concen
trat ion of f r om 0 to 5.0 m g C h l a / m 3 . 

A theoret ical basis for this re lat ionship is the B e e r - L a m b e r t l a w , 
w h i c h expresses the ext inct ion coefficient i n terms of the concentrat ion of 
l ight -absorb ing mater ia l . F o r dense a lga l cultures, this l a w has been 
exper imental ly ver i f ied (33). A s imi lar re lat ionship based o n this l a w 
has been proposed b y C h e n (12) f r o m the data of A z a d a n d B o r c h a r d t 

F o r h i n m ' 1 a n d Pjy the phytop lankton concentrat ion is m g / l i t e r of d r y 
weight . T h i s expression gives values comparable w i t h E q u a t i o n 14 for a 
reasonable conversion factor for the units invo lved . 

T o summar ize the analysis to this po int , the saturated g r o w t h rate 
K' has been est imated f r om avai lable data a n d its temperature depend 
ence established. T h e reduct i on to be expected f r om n o n o p t i m u m l i g h t 
intensities has been quant i f ied a n d used to calculate the reduc t i on i n 
g r o w t h rate, rjf to be expected i n each vo lume element Vj as a funct ion 
of the ext inct ion coefficient a n d the depth of the segment. T h e mechan ism 
of se l f -shading has been i n c l u d e d b y spec i fy ing the c h l o r o p h y l l d e p e n d 
ence of the ext inct ion coefficient. It remains to evaluate the effect of 
nutrients on the g r o w t h rate. 

N u t r i e n t s . T h e effects of various nutr ient concentrations o n the 
growth of phytop lankton has been invest igated a n d the results are qu i te 
complex. A s a first approx imat ion to the effect of nutr ient concentrat ion 
on the growth rate, i t is assumed that the p h y t o p l a n k t o n popu la t i on i n 
question f o l l ow M o n o d g r o w t h kinetics w i t h respect to the important 
nutrients. T h a t is , at an adequate l eve l of substrate concentrat ion, the 
g rowth rate proceeds at the saturated rate for the temperature a n d l i ght 
condit ions present. H o w e v e r , at l o w substrate concentrat ion, the g r o w t h 
rate becomes l inear ly proport ional to substrate concentration. T h u s , for 
a nutr ient w i t h concentrat ion Nj i n the jth segment, the factor b y w h i c h 
the saturated g r o w t h rate is i n the ; t h segment reduced i s : Nj/(Km + Nj). 
T h e constant, Km, w h i c h is ca l l ed the M i c h a e l i s or ha l f saturation con
stant, is the nutr ient concentrat ion at w h i c h the g r o w t h rate is ha l f the 
saturated g r o w t h rate. There exists an increas ing b o d y of exper imental 
evidence to support the use of this funct iona l f o r m for the dependence of 
the g r o w t h rate on the concentrat ion of either phosphate ( 3 5 ) , nitrate, 
or a m m o n i a (36) i f on ly one of these nutrients is i n short supply . A n 

(34) 

A ( P y ) = 0.17 Pj (15) 
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0 

A =13-3 
Β 

-

K M « 3 0 . 4 

• 

" " · " * M P 
K m + P 

1 » 

0 10 20 30 40 50 60 

PÛ4 (M9-P/IÎ 

Figure 4. Nutrient absorption rate as a function of nutrient 
concentration: comparison of Michaelis Menton theoretical 

curve with data from Ketchum (37) 

example of this behavior , us ing the data f rom K e t c h u m ( 3 7 ) , is shown 
i n F i g u r e 4a for the nitrate uptake rate as a funct ion of nitrate concentra
t i on a n d i n F i g u r e 4b for the phosphate uptake as a funct ion of phosphate 
concentrat ion. These results are f r o m bat ch experiments. S i m i l a r results 
f r o m chemostat experiments, w h i c h seem to be more suitable b u t more 
lengthy for this type of analysis , have also been obtained. T a b l e I I is a 
l i s t ing of measured a n d estimated M i c h a e l i s constants for ammonia , 
nitrate , a n d phosphate. T h e estimates are obta ined b y tak ing one - th i rd 
the reported saturat ion concentrat ion of the nutrients . These measure
ments a n d estimates indicate that the M i c h a e l i s constant for phosphorus 
is approx imate ly 10 μg P / l i t e r a n d for inorganic n i trogen forms i n the 
range f rom 1.0 to 100 /xg N / l i t e r , depend ing on the species a n d its p r e v i 
ous history. 

T h e data on the effects of the concentrat ion of other inorganic n u t r i 
ents on the g r o w t h rate is less complete . Since algae use carbon d iox ide 
as their carbon source d u r i n g photosynthesis, this is c lear ly a nutr ient 
w h i c h can reduce the g r o w t h rate at l o w concentrations (43). R e p o r t e d 
saturation concentrat ion for C h l o r e l l a is < 0 . 1 % a tm (24). 
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5. D I T O R O E T A L . Phytoplankton Population 147 

T h e si l icate concentrat ion is a factor i n the g r o w t h rate of d iatoms 
for w h i c h i t is an essential requirement . T h e saturated g r o w t h rate c o n 
centrat ion is i n the range of 50-100 f t g S i / l i t e r (17). 

T h e r e are a large n u m b e r of trace inorganic elements w h i c h have 
been i m p l i c a t e d i n the g r o w t h processes of algae, among w h i c h are i r o n 
[ for w h i c h a M i c h a e l i s constant of 5 / A g / l i t e r for react ive i r o n has been 
reported (39)], manganese, c a l c i u m , magnes ium, a n d potass ium ( I S ) . 
H o w e v e r , the significance of these elements i n the g r o w t h of p h y t o 
p lankton i n natura l waters is s t i l l unclear . T r a c e organic nutrients have 
also been shown to be necessary for most species of algae: 80% of the 
strains s tud ied require v i t a m i n B i 2 , 53% require th iamine , a n d 10% 
require b i o t i n (44). Presumably , these nutrients are avai lable i n sufficient 
quantit ies i n natura l waters so that their concentrat ion does not appre 
c iab ly affect the growth rate. 

I n the preceeding discussion of nutr ient influences on the g r o w t h 
rate, i t is tac i t ly assumed that only one nutr ient is i n short supp ly a n d 
a l l the other nutrients are p lent i fu l . T h i s is sometimes the case i n a 
natura l b o d y of water. H o w e v e r , i t is also possible that more than one 
nutr ient is i n short supply . T h e most s t ra ight forward approach to f o r m u 
l a t i n g the g r o w t h rate reduct ion caused b y a shortage of more than one 
nutr ient is to m u l t i p l y the saturated g r o w t h rate b y the reduct i on factor 
for each nutr ient . T h i s approach has also been suggested b y C h e n (12). 

Table II. Michaelis Constants for Nitrogen and Phosphorus 

Ref. Organism Nutrient 
Michaelis Constant, 
[ig/Liter as Ν or Ρ 

38 Chaetoceros gracilis 
(marine d iatom) 

39 Scenedesmus gracile 

P 0 4 25 

40 N a t u r a l association 
Microcystis aeruginosa 

(blue-green) 
41 Phaeodactylum tricornutum 
36 Oceanic species 

Oceanic species 
36 N e r i t i c d iatoms 

N e r i t i c d iatoms 
36 N e r i t i c or l i t t o r a l 

Flagel lates 
42 N a t u r a l association 

Ol igotrophic 
42 N a t u r a l association 

E u t r o p h i c 

t o t a l Ν 
to ta l Ρ 
P 0 4 

P 0 4 

150 
10 
6° 

10* 

P 0 4 

N 0 3 

N H 3 

N 0 3 

N H 3 

N O , 
N H 3 

N 0 3 

N H 3 

N 0 3 

N H 3 

10 
1.4-7.0 
1.4-5.6 
6 . 3 - 28 
7.0-120 
8 .4 - 130 
7.0-77 
2.8 
1.4-8.4 
14 
18 

a Estimated. 
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148 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

A s an example , the data f r o m K e t c h u m (37) for the rate of phosphate 
absorpt ion as a funct ion of bo th phosphate a n d nitrate concentrat ion c a n 
be satisfactori ly fit w i t h a product of two M i c h a e l i s - M e n t o n expressions. 
T h e resul t ing fit, obta ined b y a m u l t i p l e nonl inear regression analysis , is 
shown i n F i g u r e 5. T h e M i c h a e l i s constants that result are 28.4 μξ 
N 0 3 - N / l i t e r a n d 30.3 μg P 0 4 - P / l i t e r , w i t h a saturated absorpt ion rate 
of 15.1 X 1 0 ' 8 / A g P 0 4 - P / c e l l - h r . T h i s approx imat ion to the g r o w t h rate 
behavior as a funct ion of more than one nutr ient must be regarded as 
o n l y a first approx imat ion , however , since the complex interact ion re 
por ted between the nutrients is neglected. 

T h e result of the above invest igat ion is the f o l l o w i n g g r o w t h rate 
expression. F o r the case of one l i m i t i n g nutrient , N, w i t h M i c h a e l i s con 
stant Km, the g r o w t h expression for the rate i n the ; t h segment is 

G" - K>T> Cxlr - (rrhr) <16) 

i n w h i c h Equat i ons 4 a n d 11 have been combined . T h i s is the funct i ona l 

MEASURED P 0 4 ABSORBED * Ι Ο 8 /AG-P/CELL-HR 

Figure 5. Measured phosphate absorption rate, after 
Ketchum (37), vs. phosphate absorption rate estimated 
using / A N 1 N 2 / ( K 1 I I 1 + N 1 ) ( K M 2 + N 2 ) where N X and N 2 are 

the nitrate and phosphate concentrations, respectively 
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5. Di T O R O E T A L . Phytophnkton Population 149 

f o rm that is used subsequently i n the appl icat ions of these equations to 
na tura l phytop lankton populat ions . 

Comparison with Other Growth Rate Expressions 

T h e most extensive invest igat ion of the re lat ionship between the 
g r o w t h rate of na tura l phytop lankton populat ions a n d the signif icant 
env ironmenta l variables , w i t h i n the context of p h y t o p l a n k t o n models , is 
that of R i l e y et al (1949) ( 5 ) . T h e expression w h i c h results f r o m the i r 
w o r k is 

log K , ^ P _ G p = 22.884 + log v p - log I0 -
6573.8 

Γ 
(17) 

where GP is the g r o w t h rate ( d a y " 1 ) , K ' = 7.6, i 0 = average d a i l y i n c i 
dent solar rad ia t i on ( l y / m i n ) , T ' = temperature i n °K, a n d vp is the 
nutr ient reduct ion factor for phosphate concentration, NP, def ined as 

v p = 1.0 

v p = ( 0 . 5 5 ) - W P 

NP > 0.55 m g - a t / m 3 

NP < 0.55 m g - a t / m 3 

(18) 

I n order to compare this expression w i t h that i n the previous section, 
let the nutr ient reduct ion factor be rep laced b y a M i c h a e l i s - M e n t o n 
expression. 

(19) 

where Kmp is the M i c h a e l i s constant for phosphate. T o be comparable w i t h 
E q u a t i o n 16, Kmp should e q u a l approximate ly 0.20 m g - a t / m 3 (6.2 m g 
P / m 3 ) . U s i n g E q u a t i o n 19 for vp, the g r o w t h rate expression becomes 

where 

Κ 
\rt(T) + Ιο. 

logic η(Γ) = 
22.9 (Τ) - 336.4 

Τ + 278 

(20) 

(21) 

a n d Τ is temperature i n degrees centigrade. T o compare this expression 
w i t h that proposed i n the previous section, consider first the nutr ient 
saturated g r o w t h rate as a funct ion of solar rad ia t i on intensity a n d t e m 
perature. T h e equations are compared i n F i g u r e 6a as a funct ion of total 
d a i l y solar rad ia t i on for three temperatures. T h e dot ted l ine is E q u a t i o n 
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I _ 2 . 0 | 

Q «S 
Uj Û 

Lu _ 1.0 

< α 

CL 
Lu 
Ο 

_ B 2 5 ° 

^ . - 2 5 ° 

..••""...•15° 
^ X ^ ^ - 1 5 ° 

5 ° 

- 5 ° 

10 

SOLAR RADIATION 
20 30 

(LANGLEYS/MIN) 

Figure 6. Comparison of phytophnkton growth 
rates as a function of incident solar radiation intensity 

and temperature 

20, a n d the so l id l ine is the product of Equat i ons 4 a n d 5. T h e rate expres
sions are comparable , a l though two differences are apparent. I n Ri ley ' s 
expression the effect of temperature is less pronounced i n the 15° to 2 5 ° C 
range, a n d the effect of h igher d a i l y average solar rad ia t i on intensities is 
opposite (i .e. , tends to increase the rate) to that of E q u a t i o n 5 based 
on Steele's expression. T h e g r o w t h rate equations averaged over depth 
are compared i n F i g u r e 6b. T h e depth average rate resul t ing f r o m Ri ley ' s 
expression is 

GP = ^gJP In [1 + 7 0 / η ( Γ ) ] (22) 

w h i c h is compared w i t h E q u a t i o n 16. T h e differences are n o w more 
pronounced . I n part i cu lar , the h igher g r o w t h rates at lower l i ght intens i 
ties g iven b y E q u a t i o n 16 are reflected i n the increased depth average 
g r o w t h rate. T h i s is not unexpected since the major i ty of the popu la t i on 
is exposed to l ower l i ght levels at the lower depths. A l s o , the dependence 
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5. D I T O R O E T A L . Phytoplankton Population 151 

on temperature is qui te different, b e i n g l inear i n the case of E q u a t i o n 16 
but prac t i ca l ly suppressed i n E q u a t i o n 22. 

A n interest ing feature of R i l e y s E q u a t i o n 20 is the m u l t i p l i c a t i o n 
of the M i c h a e l i s constant b y an expression w h i c h depends on temperature 
a n d l i ght intensity. T h e effect is to l ower the M i c h a e l i s constant at h i g h 
temperatures a n d at h i g h l i ght intensity levels, w h i c h seems to be a 
reasonable behavior for a phytop lankton populat i on . 

M o r e e lementary g r o w t h rate formulations have been proposed 
w h i c h do not span the range of condit ions at tempted i n E q u a t i o n s 16 a n d 
20. I n part i cu lar , a c o m m o n proposal is to make the g r o w t h rate l inear ly 
propor t i ona l to the various env ironmenta l variables . F o r example , D a v i d 
son a n d C l y m e r (1966) (9 ) assumed that the g r o w t h rate is propor t i ona l 
to phosphate concentrat ion a n d photo p e r i o d a n d a temperature factor 
g iven b y exp [ — ( Γ — 1 8 ) 2 / 1 8 ] . T h i s temperature factor is qui te d i f 
ferent f r o m a l l others proposed a n d great ly magnifies the effect of t e m 
perature on the g r o w t h rate. F o r example, at Τ = 18°C, the factor equals 
1.0, whereas at Τ = 9 ° C , the factor drops to 0.01, a 100-fold decrease, 
c ompared w i t h approx imate ly a 2-fold decrease pred i c ted b y Equat i ons 16 
a n d 20. T h i s exaggerated effect seems to be unreal ist ic . 

A complete invest igat ion of the env ironmenta l influences on the 
g r o w t h rate is s t i l l to be made. I n part i cu lar , i t has been emphas ized 
that there is an interact ion between ni trogen a n d phosphorus l imitat ions 
as w e l l as other effects w h i c h influence the phytop lankton g r o w t h rate. 
A l so , these effects are different for di f fer ing species. T h e species-
dependent effects are important i n the p r o b l e m of the seasonal succession 
of phytop lankton species. 

F o r any part i cu lar app l i ca t i on , it is advisable to investigate the 
g r o w t h rate of the already-exist ing populat i on , as the result ing expression 
m a y differ s ignif icantly f rom the general over -a l l behavior as descr ibed 
b y Equat i ons 16 a n d 20. A l s o , i n dea l ing w i t h natura l associations of 
species of phytop lankton , the various constants w h i c h result f rom such 
an invest igation can be considered to be averages over the populat ion , 
a n d so they represent i n some average w a y the popu la t i on behavior as 
a whole . 

Phytoplankton Death Rate 

Numerous mechanisms have been proposed w h i c h contr ibute to the 
death rate of phytop lankton : endogenous respirat ion rate, graz ing b y 
herbivorous zooplankton, a s ink ing rate, a n d parasi t izat ion (27 ) . T h e 
first three mechanisms have been i n c l u d e d i n previous models for phyto 
p lankton dynamics , a n d they have been shown to be of general impor 
tance. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

05



152 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Endogenous Respiration. T h e endogenous respirat ion rate of phyto 
p lankton is the rate at w h i c h the phytop lankton oxidize their organic 
carbon to carbon d iox ide per unit we ight of phytop lankton organic car
bon. Resp irat ion is the reverse of the photosynthesis process a n d as such 
contributes to the death rate of the phytop lankton populat ion . I f the 
respirat ion rate of the popu la t i on as a who le is greater than the photo
synthesis or growth rate, there is a net loss of phytop lankton carbon , a n d 
the populat ion biomass is reduced i n size. T h e respirat ion rate as a func
t ion of temperature has been investigated, a n d some measurements are 
presented i n F i g u r e 7 a n d T a b l e I I I . A straight l ine seems to give an 
adequate fit of the data ; that is, Resp irat ion Rate = K2T. F o r the respira
t ion rate i n days" 1 a n d Γ i n ° C , the value of K2 is i n the range 0.005 ± 
0.001. T h e lack of any more precise data precludes explor ing the resp ira 
t i on rate's dependence on other env ironmenta l variables. H o w e v e r , an 
important interact ion has been suggested b y L u n d (18). D u r i n g nutr ient -
depleted condit ions, "many algae pass into morpho log i ca l or phys io log i ca l 
resting stages under such unfavorable condit ions. Rest ing stages are ab
sent i n Asterioneïla formosa, a n d this is w h y a mass death occurs i n the 
nutr ient -depleted e p i l i m n i o n after the verna l m a x i m u m . " I n terms of the 
respirat ion rate, the resting stage corresponds to a l ower ing of the resp i 
rat ion rate as the nutr ient concentrations decrease. T h u s , a M i c h a e l i s -
M e n t o n expression for the respirat ion rate nutrient dependence m a y also 
be requ i red , a n d this dependence should be investigated experimental ly . 
T h i s mechanism is quite significant f rom a water q u a l i t y po int of v i e w 
since the deaths of algae after a b loom is of p r i m a r y concern i n protect ing 

0 5 10 15 20 25 30 

TEMPERATURE °C 

Figure 7. Endogenous respiration rate of phytoplankton vs. 
temperature; after Riley (5) 
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5. Di TORO E T A L . Phytoplankton Population 153 

Table III. Endogenous Respiration Rates of Phytoplankton (5) 

Endogenous Respiration 
Organism Temperature, °C Rate, Day~l (Basee) 

Nitzschia closterium 6 0.035 
35 0.170 

Nitzschia closterium 20 0.08 
Coscinodiscus excentricus 16 0.075 

' 16 0.11 
N a t u r a l association 2 0.03 

18 0.12 
2.0 0.024 ± 0.012 

17.9 0.110 ± 0.007 

the q u a l i t y of natura l bodies of water . T h e result ing mass of dead a lga l 
cells becomes a sink of d issolved oxygen w h i c h can dangerously lower 
the avai lable oxygen for fish a n d other aquat ic animals . 

Grazing by Zooplankton. T h e interact ion between the phytop lank
ton popu la t i on a n d the next t rophic leve l , the herbivorous zooplankton , 
is a complex process for w h i c h on ly a first approx imat ion can be g iven. 
A basic mechanism b y w h i c h zooplankters feed is b y filtering the sur
r o u n d i n g water a n d c lear ing it of whatever phytop lankton a n d detritus 
is present. T h u s , the presence of zoop lankton contr ibute to the death 
rate of phytop lankton since m a n y species of zoop lankton prey on phyto 
p lankton as a food source. T h e filtering or graz ing rate of some species 
of zoop lankton have been measured a n d are presented i n T a b l e I V . T h e 
graz ing rate is sometimes reported as a vo lume of water filtered per un i t 
t ime per i n d i v i d u a l . I n order to be app l i cab le to a natura l zoop lankton 
popu la t i on consisting of d i f fer ing species, these graz ing rates are con
verted to a filtering rate per un i t biomass of zoop lankton a n d denoted b y 
Cg. A convenient biomass un i t for zoop lankton concentrat ion is their d r y 
weight . A s can be seen f rom T a b l e I V , the result ing values of Cg vary 
considerably . T h i s var iat ion is not unexpected since the measurement of 
graz ing rates of zooplankters is a difficult procedure a n d subject to large 
variations i n the estimates. 

Var iat ions of the filtering rate w i t h temperature change have been 
reported (47 ) . Examples of this var ia t ion are presented i n F i g u r e 8 for 
four species of genus Daphnia, a smal l Crustacea ( 4 9 ) ; two species of 
Acartia (52); a n d two species of Centropages (47), bo th copepods. T h e 
copepods show a m a r k e d graz ing rate temperature-dependence w h i l e the 
graz ing rates of the D a p h n i a do not vary as marked ly . T h e filtering rate 
also varies as a funct ion of the size of the phytop lankton ce l l be ing i n 
gested ( 5 3 ) , the concentrat ion of phytop lankton (51), a n d the amount 
of part iculate matter present ( 54 ) . Selective graz ing of certa in p h y t o 
p lankton species has also been reported (49). T h e complex i ty of this 
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aspect of phytop lankton morta l i ty is such that the use of one graz ing 
coefficient to represent the process must be v i e w e d as a first approx ima
t ion . H o w e v e r , since this mathemat i ca l expression does represent a 
phys io log i ca l mechanism that has been invest igated a n d for w h i c h re
por ted values of Cg are avai lable , this approx imat ion is a real ist ic first 
step. A l s o , i t is difficult to see, aside f rom refinements as to temperature 
a n d phytop lankton concentrat ion dependence, w h a t further improve 
ments c o u l d be made i n the f o rmulat ion so l ong as the phytop lankton 
a n d zoop lankton popu la t i on are represented b y a biomass measurement 
w h i c h ignores the species present a n d their i n d i v i d u a l characteristics. 
F o r s impl i c i ty i n this invest igat ion, the graz ing rate is assumed to be a 
constant. T h e death rate of phytop lankton resul t ing f rom the graz ing of 
zoop lankton is g iven b y the expression CgZh where Z} is the concentrat ion 
of herbivorous zooplankton biomass i n the / t h vo lume element. 

F o r models of the phytop lankton populat ions i n coastal oceanic w a 
ters a n d i n lakes, the s ink ing rate of phytop lankton cells is an important 
contr ibut ion to the morta l i ty of the populat ion . T h e cells have a net 
d o w n w a r d veloc i ty , a n d they eventual ly s ink out of the euphot ic zone 
to the bot tom of the water body. T h i s mechanism has been investigated 
a n d i n c l u d e d i n phytop lankton populat i on models (5 , 12). H o w e v e r , for 
the app l i cat ion of these equations to a re lat ive ly shal low vert i ca l ly w e l l 
m i x e d river or estuary, the degree of ver t i ca l turbulence is sufficient to 
e l iminate the effect of s ink ing on the ver t i ca l d i s t r ibut ion of phyto 
p lankton . 

Table IV. Grazing Rates of Zooplankton 

Ref. Organism Reported Grazing Rate 

Grazing Rate, 
Liter/Mg Dry 

Wt.-Day 

Rotifer 
16 Brachionus calyciflorus 

Copepod 
5 Calanus sp. 

45 Calanus finmarchicus 
46 Rhincalamus nasutus 
47 Centropages hamatus 

Cladocera 
48 Daphnia sp. 
49 Daphnia sp. 
50 Daphnia magna 
51 Daphnia magna 

National Association 
5 Georges B a n k 

0.05-0.12* 

67-208* 
27° 
98-670* 

81* 
57-82* 

80-110* 

0.3-2.2 
0.67-1.6 

0.6-1.5 

0.67-2.0 
0.05 

1.06 
0.2-1.6 
0.74 
0,2-0.3 

0.8-1.10 
β M l / animal-day. 
6 Ml/mg wet wt-day. 
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5. Di T O R O E T A L . Phytoplankton Population 155 

Therefore , consider ing on ly the phytop lankton respirat ion a n d the 
prédation b y zoop lankton , the death rate of phytop lankton is g iven b y the 
equat ion 

DPj = K2T + C0Zi (23) 

a n d for a zooplankton biomass concentration Zjy the morta l i ty rate can 
be ca lcu lated f rom this equation. 

2.0, 

< 

0 

A Daphnia Magna 
χ D. Schedleri 
• D. pu lex 

_ • D. galeata / 

• Acartia clausi 
ο A. tonsa y y 
ο Centropages hamatus 
• C typicus 

ο* 
• 
• 

t · · . : ' * " · 
Ay* 

" " I f " i 
ψ 
ι ι ι 

0 5 10 15 20 25 

TEMPERATURE °C 

Figure 8. Grazing rates of zooplankton vs. tem
perature 

T h i s completes the specif ication of the growth a n d death rates of 
the phytop lankton popu la t i on i n terms of the phys i ca l var iables : l i ght 
a n d temperature, the nutrient concentrations, a n d the zooplankton pres
ent. W i t h these variables k n o w n as a funct ion of t ime, it is possible to 
calculate the phytop lankton populat ion result ing throughout the year. 
H o w e v e r , the zooplankton populat i on a n d the nutrient concentrations 
are not k n o w n a priori since they depend on the phytop lankton p o p u l a 
t ion w h i c h develops. That is, these systems are interdependent a n d can
not be analyzed separately. It is therefore necessary to characterize both 
the zooplankton populat ion a n d the nutrients i n mathemat i ca l terms i n 
order to predic t the phytop lankton populat ion w h i c h w o u l d develop i n 
a g iven set of circumstances. 
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The Zooplankton System 

A s ind i ca ted i n the previous section, the zoop lankton popu la t i on 
exerts a considerable influence on the phytop lankton death rate b y its 
feeding on the phytop lankton . In some instances, i t has been suggested 
that this graz ing is the p r i m a r y factor i n the reduct ion of the concentra
t ion of phytop lankton after the spr ing b loom. I n the earlier attempts to 
m o d e l the phytop lankton system, the measured concentrat ion of zoo
p lankton biomass was used to evaluate the phytop lankton death rate 
resul t ing f rom grazing . H o w e v e r , it is clear that the same arguments used 
to develop the equat ion for the conservation of phytop lankton biomass 
can be a p p l i e d d irect ly to the zooplankton system. I n part i cu lar , the 
source of zooplankton biomass SZj w i t h i n a vo lume element Vj can be 
g iven as the difference between a zooplankton growth rate GZj a n d a 
zooplankton death rate DZj. T h u s , the equat ion for the source of zoo
p lankton biomass, w h i c h is analogous to E q u a t i o n 3, is 

SZi = (GZj - DZj)Z3 (24) 

where GZj a n d DZj have units day" 1 a n d Zj is the concentrat ion of zoo
p lankton carbon i n the vo lume element V ; . T h e magni tude of the growth 
rate i n comparison w i t h the death rate determines whether the net rate 
of zooplankton biomass produc t i on i n V,· is posit ive, ind i ca t ing net g rowth 
rate, or negative, ind i ca t ing a net death rate. 

As i n the case of the phytop lankton populat ion , the growth a n d death 
rates, a n d i n fact the whole l i fe cycle of i n d i v i d u a l zooplankters , are com
p l i ca ted affairs w i t h many i n d i v i d u a l pecul iarit ies . T h e surveys b y H u t c h 
inson (16) a n d R a y m o n t (19) give deta i led accounts of their complex 
bio logy. It is , however , beyond the scope of this paper to summarize a l l 
the differences and species-dependent attributes of the many zoop lankton 
species. T h e po int of v i e w adopted is macroscopic , w i t h the popu la t i on 
character ized i n units of biomass. T h e result ing g r o w t h a n d death rates 
can be thought of as averages over the many species present. These 
simpli f ications are made i n the interest of p r o v i d i n g a m o d e l w h i c h is 
s imple enough to be manageable a n d yet representative of the over -a l l 
behavior of the populat ions. 

Growth Rate. T h e graz ing mechanism of the zooplankton provides 
the basis for the growth rate of the herbivorous zooplankton, GZj. F o r a 
filtering rate Cg, the quant i ty of phytop lankton biomass ingested is CgPj, 
where P} is the phytop lankton biomass concentration i n V , . T o convert 
this rate to a zooplankton g r o w t h rate, a parameter w h i c h relates the 
phytop lankton biomass ingested to zooplankton biomass produced , a 
ut i l i za t i on efficiency, aZP, is r equ i red . H o w e v e r , this u t i l i za t i on efficiency 
or y i e l d coefficient is not a constant. A t h i g h phytop lankton concentra-
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5. D I T O R O E T A L . Phytoplankton Population 157 

tions, the zoop lankton do not metabol ize a l l the phytop lankton that they 
graze, but rather they excrete a port ion of the phytop lankton i n u n d i 
gested or semidigested f orm (55 ) . T h u s , u t i l i za t i on efficiency is a func 
t ion of the phytop lankton concentration. A convenient choice for this 
funct iona l re lat ionship is aZpKmP/(KmP - f Ρ,·) so that the g r o w t h rate for 
the zooplankton popu la t i on is 

T h e resul t ing g r o w t h rate has the same f o rm as that postulated for the 
n u t r i e n t — p h y t o p l a n k t o n re lat ionship , namely , a M i c h a e l i s - M e n t o n ex
pression w i t h respect to phytop lankton biomass. I n fact, the argument 
w h i c h is used to justify its use i n E q u a t i o n 16 can be repeated i n this 
context. T h e difference is that i n this case the substrate or nutr ient is 
phytop lankton biomass, a n d the microbes are the zooplankton. T h e 
M i c h a e l i s constant KmP is the phytop lankton biomass concentrat ion at 
w h i c h the g r o w t h rate GZj is one-half the m a x i m u m possible g r o w t h rate 
aZPCgKmP. T h e fact that at h i g h phytop lankton concentrations the zoo
p lankton growth rate saturates was incorporated b y R i l e y (1947) (55) 
i n the first m o d e l proposed for a zoop lankton populat ion . 

T h e assimilat ion efficiency of the zoop lankton at l o w p h y t o p l a n k t o n 
concentrations, aZP, w h i c h is the ratio of phytop lankton organic carbon 
u t i l i z e d to zoop lankton organic carbon p r o d u c e d has been est imated b y 
Conover (56) for a m i x e d zoop lankton populat ion . T h e results of 26 
experiments gave an average of 6 3 % a n d a s tandard dev iat ion of 2 0 % . 
O t h e r reported values are w i t h i n this range. E x p e r i m e n t a l values for 
KmP, w h i c h i n effect set the m a x i m u m g r o w t h rate of zoop lankton , are not 
avai lable and w o u l d probab ly be h i g h l y species-dependent. Perhaps a 
more effective w a y of est imating KmP is first to estimate the m a x i m u m 
g r o w t h rate at saturat ing phytop lankton concentrations, aZPCgKmP> a n d 
then calculate KmP. G r o w t h rates for copepods through their l i fe cyc le 
average 0.18 day" 1 ( 46 ) . F o r the Georges B a n k popu la t i on , R i l e y used 
0.08 day" 1 (55) for the m a x i m u m zoop lankton g r o w t h rate. F o r a va lue 
of the graz ing coefficient Cg of 0.5 l i t e r / m g - d r y w t - d a y a n d an ass imi la 
t ion coefficient of 6 5 % , the M i c h a e l i s constant for zoop lankton ass imi la 
t ion , KmP, ranges between 0.25 a n d 0.55 mg -dry w t / l i t e r of phytop lankton 
biomass. H o w e v e r , these values should on ly be taken as an ind i ca t i on of 
the order of magni tude of KmP. I t is probab le that its va lue can v a r y 
substantial ly i n different situations. 

(25) 

T h e fact that the g r o w t h rate reaches a m a x i m u m or saturates is an 
important feature of the f ormulat ion of the zoop lankton growth rate since 
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i n some cases the phytop lankton concentration d u r i n g part of the year 
exceeds that w h i c h the zoop lankton can effectively metabol ize . I f the 
zooplankton g r o w t h rate is not l i m i t e d i n some w a y a n d , instead, is 
assumed s i m p l y to be propor t i ona l to the phytop lankton concentrat ion, 
as proposed i n s impler models , the resul t ing zoop lankton g r o w t h rate 
d u r i n g phytop lankton b looms can be very m u c h larger than is phys io 
log i ca l ly possible for zoop lankton , an unreal ist ic result. T h e saturat ing 
g r o w t h rate also has impl i cat ions i n the mathemat i ca l properties of the 
resul t ing equations. I n part i cu lar , the behavior differs signif icantly f r o m 
the c lassical V o l t e r r a P r e d i t o r - P r e y equations ( 5 7 ) . T h i s is discussed 
further i n a subsequent section. 

T h e g r o w t h of the zoop lankton popu la t i on as a who le , of w h i c h the 
herbivorous zoop lankton are a part , is c ompl i ca ted b y the fact that some 
zooplankters are carnivorous or omnivorous. T h u s , the nutr ient for the 
total popu la t i on shou ld inc lude not on ly phytop lankton b u t also organic 
detritus as a food source since this is also avai lable to the g r a z i n g zoo
p lankton . H o w e v e r , for cases where the phytop lankton are abundant a n d 
the g r o w t h rate saturates for the significant g r o w i n g periods, the s i m p l i 
fication in t roduced b y i g n o r i n g the detritus is p r o b a b l y acceptable. 

D e a t h R a t e . T h e death rate of herbivorous zoop lankton is thought 
to be caused p r i m a r i l y b y the same mechanisms that cause the death of 
the phytop lankton , namely , endogeneous respirat ion a n d prédation b y 
h igher t rophic levels. T h e endogeneous respirat ion rate of zoop lankton 
populat ions has been measured a n d the results o f some of these exper i 
ments are presented i n F i g u r e 9 a n d T a b l e V . 

Figure 9. Endogenous respiration rate of zooplankton vs. 
temperature 
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Table V . Endogenous Respiration Rate of Zooplankton 

Respiration Rate, 
Ml 02/Mg Dry 

Ref. Organism Plotting Symbol Temp., °C Wt-Day 

58 Cladocerans X 18 14.2 
4 2.7 

58 Copepods + 18 12.2 
4 3.8 

58 Copepods • 18 8.2 
16 6.5 
12 5.2 

8 4.1 
4 3.4 

1 Calanus • 20 4.2 
finmarchicus 15 2.3 

10 1.4 
4 1.3 

59 Diaptomus Τ 25 12.1 
leptopus 20 7.4 

15 5.3 
10 2.8 

5 2.5 

59 D. clavipes • 25 12.5 
20 8.5 
15 5.1 
10 2.4 

5 1.8 

59 D. siciloides • 25 21 • 
20 13.5 
15 7.8 
10 5.5 

5 4.8 

59 Diaptomus sp. Ο 25 4.3 
20 3.0 
15 2.1 
10 1.7 

5 1.1 

It is clear f rom these measurements that the respirat ion rate of 
zooplankters is temperature-dependent. It is also dependent on the 
weight of the zooplankter i n quest ion a n d its l i fe cycle stage (59 ) . A s a 
first approx imat ion , a straight l ine dependence is adequate, a n d the 
endogeneous respirat ion rate is g iven b y the equat ion : respirat ion rate = 
K 3 T where K 3 = 0.2 ± 0 . 1 (day °C)"1. T h e conversion f r om the reported 
units to a death rate is made b y assuming that 5 0 % of the zoop lankton 
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d r y we ight represents the carbon w e i g h t a n d that carbohydrate ( C H 2 0 ) 
is b e i n g ox id ized . T h e data are somewhat var iab le a n d serve o n l y to 
establish a range of values w i t h i n w h i c h the respirat ion rate of a n a t u r a l 
zoop lankton association might be expected. 

T h e death rate a t t r ibuted to prédation b y the h igher t rophic levels, 
specif ical ly the carnivorous zooplankton, has been considered b y previous 
models i n a more or less e m p i r i c a l way . T h e compl i ca t i on resu l t ing f r om 
another equat ion a n d the uncertainty as to the mechanisms i n v o l v e d are 
qui te severe at this t rophic level . I n part i cu lar , i t is probable that a n 
equat ion for organic detritus is necessary to describe adequately the 
avai lable food. H e n c e , it is expedient to break the causal c h a i n at this 
po int a n d assume that the herbivorous zooplankton death rate resul t ing 
f rom a l l other causes is g iven b y a constant, the magni tude of w h i c h is 
to be determined empir i ca l ly . T h e severity of this assumption can be 
tested b y examin ing the sensitivity of the solutions of the phytop lankton 
a n d zooplankton equations to the magni tude of this constant. H e n c e , the 
result ing zooplankton death rate is g iven b y 

DZi = K*T + K, (26) 

where K 4 is empi r i ca l l y determined . 
W i t h the g r o w t h a n d death rates g iven b y Equat i ons 25 a n d 26, 

respectively, the source term for herbivorous zooplankton biomass is 
g iven b y E q u a t i o n 24. T h e conservation of mass equat ion w h i c h describes 
the behavior of Z , is g iven b y E q u a t i o n 2, w i t h Z , as the dependent 
variables r ep lac ing Pj a n d S Z j r ep lac ing SPj as the source terms. 

T h i s completes the f ormulat ion of the equations w h i c h describe the 
zoop lankton system. T h e equations for the nutr ient system r e m a i n to be 
formulated . 

The Nutrient System 

T h e conservation of mass pr inc ip l e is a p p l i e d to the nutrients be ing 
considered i n the same w a y as i t has been prev ious ly a p p l i e d to the 
phytop lankton a n d zooplankton biomass w i t h i n a vo lume segment. T h e 
n u m b e r of mass conservation equations requ i red is e q u a l to the n u m b e r 
of nutrients that are exp l i c i t ly i n c l u d e d i n the g r o w t h rate f o rmulat ion 
for the phytop lankton . F o r the sake of s impl i c i ty , the f o rmulat ion for 
on ly one nutr ient is discussed be low. 

T h e source term SNj i n the conservation of mass equat ion for the con
centration of the nutr ient Nj i n the f h vo lume segment V,· is the sum of 
a l l sources a n d sinks of the nutr ient w i t h i n V,·. T h e p r i m a r y interact ion 
between the nutr ient system a n d the phytop lankton system is the reduc 
t ion or sink of nutrient connected w i t h phytop lankton growth . T h e rate 
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5. D I T O R O E T A L . Phytoplankton Population 161 

of increase of phytop lankton biomass is GPjPj. T o convert this ass imi la 
t i on rate to the rate of u t i l i za t i on of the nutr ient , the rat io of biomass 
produc t i on to net nutr ient ass imi lated is r e q u i r e d . O v e r a l o n g t ime 
in terva l , this rat io approximates the nutrient-to-biomass rat io of the 
phytop lankton populat ion . F o r example , i f the nutr ient b e i n g cons idered 
is total inorganic ni trogen a n d the phytop lankton biomass is character i zed 
i n terms of d r y weight , then this rat io is the n i trogen-to -dry-weight rat io 
of the populat i on . F o r bo th n i trogen a n d phosphorus, these ratios have 
been s tud ied for a n u m b e r of phytop lankton species a n d n a t u r a l associa
tions. A n example of this in format ion is presented i n T a b l e V I , condensed 
f r o m S t r i c k l a n d (17 ) . I f aNP is the nutr ient - to -phytop lankton biomass ra t i o 
of the popu la t i on , then the s ink of the nutr ient o w i n g to p h y t o p l a n k t o n 
growth is aNPGPjPj. 

A secondary interact ion between the b i o l og i ca l systems a n d the 
nutr ient systems is the excretion of nutrients b y the zoop lankton a n d the 
release of nutrients i n an organic f o r m b y the death of p h y t o p l a n k t o n 
a n d zooplankton. T h e excretion mechanism has been considered b y R i l e y 

Table VI . D r y Weight Percentage" of Carbon, Nitrogen, 
and Phosphorus in Phytoplankton 6 

Phytoplankter 

M y x o p h y c e a e 
Chlorophyceae 
Dinophyceae 
Chrysophyceae 
Bac i l lar iophyceae 

% Carbon % Nitrogen % Phosphorus 

Average Range 

36 (28-45) 
43 (35-48) 
43 (37-47) 
40 (35-45) 
33 (19-50) 

Average Range 

4.9 (4.5-5.8) 
7.8 (6.6-9.1) 
4.4 (3.3-5.0) 
8.4 (7.8-9.0) 
4.9 (2.7-5.9) 

Average Range 

1.1 (0.8-1.4) 
2.9 (2.4-3.3) 
1.0 (0.6-1.1) 
2.1 (1.2-3.0) 
1.1 (0.4-2.0) 

a The units are (mg of carbon, nitrogen, or phosphorus)/(mg dry weight of phy
toplankton) X 100%. 

6 Condensed from Strickland (17). 

(40) i n a general izat ion of the equations of Steele. T h e rate of phos
phorus excretion has also been measured exper imental ly (60). U s i n g the 
formulat ion for zooplankton g r o w t h rate proposed here in , the rate of 
nutr ient excretion is the rate grazed , aNPCgPjZj, minus the rate metabo
l i z e d , aNPGZjZj; that is, the excret ion rate is 

axeCZiP^l ~ kZK+Pp) ( 2 7 ) 

A t h i g h phytop lankton concentrations, almost a l l the grazed phytop lank 
ton is excreted since the bracketed term i n E q u a t i o n 27 approaches un i ty . 

T h e r e is a dif f iculty, however , i n us ing this term d i rec t ly as a source 
of nutr ient . T o i l lustrate this di f f iculty, assume that the nutr ient is inor -
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ganic nitrogen. A par t of the excreted ni trogen, however , is i n organic 
f o r m , a n d a bac ter ia l decomposi t ion into the inorganic forms must pre 
cede ut i l i za t i on b y the phytop lankton . T h e same is true for the nutr ient 
released b y the death of phytop lankton , aNPK2TPj, a n d that released b y 
the death of zoop lankton , aNZKsTZJ9 where aNZ is the nutr ient-to -zoo-
p l a n k t o n biomass rat io . Therefore , s tr i c t ly speaking , a conservation of 
mass equation for the organic f o rm of the nutr ient is r equ i red . T h e 
organic f o rm is then converted to the inorganic f o rm. F o r the case of 
n i trogen, the kinetics of this conversion have been invest igated a n d 
a p p l i e d to stream a n d estuarine situations (13 ) . I f the conversion rate is 
large b y compar ison w i t h the other rates i n the phytop lankton a n d zoo
p lankton equations, then the d irect inc lus ion of these sources is approx i -
matey correct. 

T h e sources of nutrients ar is ing f rom man-made inputs , such as waste
water discharges a n d agr i cu l tura l runoff, are i n c l u d e d exp l i c i t ly into the 
source term since these sources are usual ly the major contro l variables 
avai lab le to influence the b i o l og i ca l systems. A n extensive rev iew of the 
magn i tude a n d relat ive importance of these sources of nutr ients , p r i 
m a r i l y n i trogen a n d phosphorus, has recent ly been made (61). A useful 
d is t inct ion is made between diffuse sources such as agr i cu l tura l runoff 
loads a n d g r o u n d water inf i l trat ion, w h i c h are diff icult to measure a n d 
contro l , a n d po int sources such as wastewater discharges f r o m m u n i c i p a l 
a n d indus t r ia l sources, for w h i c h more in format ion is avai lable . T h e 
ni trogen a n d phosphorus loads f r om agr i cu l tura l runoff are qu i te var iab le 
a n d depend on m a n y variables such as so i l type, fert i l izer app l i ca t i on , 
r a i n f a l l , a n d i r r igat i on pract ice . T h e nutr ient sources f rom po int loads 
can be est imated more d irect ly . F o r example, the nutr ient l oad f r om 
b io l og i ca l l y treated m u n i c i p a l wastewater is i n the order of 10 g / c a p i t a -
d a y total n i trogen a n d 2 g / c a p i t a - d a y tota l phosphorus. T h e rat io of per 
cap i ta phosphorus to phys io log i ca l ly - requ i red phosphorus is approx i 
mate ly 2 to 3, the excess be ing p r i m a r i l y the result of detergent use. 
Indus t r ia l loads can also be important , especial ly effluents f r o m food 
processing industries . I f the r e q u i r e d l oad ing rates are avai lable , their 
loads shou ld be i n c l u d e d i n the nutr ient mass balance equations. I n 
part i cu lar , i f the invest igat ion of the phytop lankton popu la t i on is d i rec ted 
at the probab le effects of increas ing or decreasing the nutr ient l oad , these 
loads must be exp l i c i t l y identi f ied a n d their magni tude assessed. 

L e t WNj be the rate of add i t i on of the nutr ient to the fh vo lume 
element. T h i s source is then i n c l u d e d as a component i n the nutr ient 
source term i n the mass balance equat ion. 

A n important add i t i ona l source of inorganic nutrients w h i c h m a y 
influence the ava i lab i l i t y of nutrients is the interact ion of the over ly ing 
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5. Di T O R O E T A L . Phytoplankton Population 163 

water either w i t h the u n d e r l y i n g m i n e r a l strata i f exposed or w i t h w h a t 
ever sediment is present. These interactions can compl icate the source 
t e rm but they should be i n c l u d e d i f they a d d signif icantly to the avai lable 
nutr ient . 

T h e source t e rm w h i c h results f r om the inc lus ion of the phytop lank 
ton ut i l i za t i on sink, the zoop lankton excretion a n d the morta l i ty sources, 
a n d the man-made addit ions is 

Q WNj — axpGpjPj + awpC gZjPj ^1 — ^ z^ 

+ aNpK2TPj + aNZKzTZj (28) 

A n y add i t i on a l sources a n d sinks that contr ibute can be a d d e d to the 
source term as needed. W i t h the source t e rm formulated , the conserva
t i on of nutr ient mass equation is g iven b y E q u a t i o n 2 w i t h Nj as the 
dependent var iab le rep lac ing P} and SXj r ep lac ing SPj. 

The Equations of the Model 

I n the previous sections, the equations for phytop lankton a n d zoo
p lankton biomass a n d nutr ient concentration w i t h i n one vo lume element 
have been formulated . T h e resul t ing equations are an attempt to describe 
the kinetics of the g r o w t h a n d death of the phytop lankton a n d zoop lank
ton populat ions a n d their interact ion w i t h the nutrients avai lable . T h e 
f o rm of the equations for the vo lume V,· are as fo l lows : 

Pi = [GPAPJ, Nh t) - DpjiZj, t))Pj + SpjiPj, Zh Nj9 t) (29) 

Zj = [GzjiPj, t) - DZj{t)}Zj + SZj(Pj, Zj, t) (30) 

Nj = S . V i ( P y , Zj, t) (31) 

where GPj a n d DPj are g iven b y Equat i ons 16 a n d 23, GZj a n d DZj are 
g iven b y Equat i ons 25 a n d 26, a n d SXj b y E q u a t i o n 28. T h e dependence 
of the g r o w t h a n d death rates on the concentrat ion of the three dependent 
variables a n d t ime is made expl i c i t i n this notat ion. 

These equations describe on ly the kinetics of the populat ions i n a 
single vo lume element V ; . H o w e v e r , i n a n a t u r a l water b o d y there exists 
significant mass transport as w e l l . T h e mass transport mechanisms can be 
convenient ly represented b y the matr ix A w i t h elements Oij. I f for par 
t i cu lar segments i a n d / the matr ix element α# is nonzero, then the 
vo lume segments V { a n d Vj interact, a n d mass is transported between 
the two segments. L e t t i n g F , Z , a n d Ν be the vectors of elements 
Pj, Zj, a n d Nj a n d let t ing S P , SN, Sz be the vectors of elements SPj, Szj, 
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a n d SNj, the conservation of mass equations for the three systems i n c l u d 
i n g the mass transport a n d k inet i c interactions are 

VP = AP + VSP (32) 

VZ = AZ + VSZ (33) 

VN = AN + VSN (34) 

where V is the d iagona l matr ix of the volumes of the segments. These 
are the equations w h i c h f o rm the basis for the phytop lankton popu la t i on 
mode l . T h e deta i led formulat ion a n d evaluat ion of the mass transport 
matr ix has been discussed elsewhere (14,15, 62). 

T h e f o rm of Equat i ons 32 -34 makes expl ic i t the l inear a n d nonl inear 
portions of the equations. I n the equat ion for P , the phytop lankton 
biomass, the concentrat ion Pj, i n the vo lume element Vj, is l inear ly 
c oup led to the other P f c s through the matr ix m u l t i p l i c a t i o n b y A . H o w 
ever, there is no nonl inear interact ion between Pj a n d any other Pk, k 

). T h e reason is that the transport processes are descr ibed b y l inear 
equations. It is usual ly the case, however , that the A matr ix is a func t i on 
of t ime, since at least the advect ive terms usual ly vary i n t ime. T h e 
nonl inear terms i n the vector S P invo lve Pj itself a n d the corresponding Zj 
a n d Nj. H e n c e , the Ρ equat ion is c oup led to the Ζ a n d Ν equations 
through this term. Note , however , that Pj is not coup led to the Zk, k ^ j, 
i n any other segment, so that the c o u p l i n g takes p lace only w i t h i n each 
vo lume segment. 

Therefore , the nonlinearit ies prov ide the c o u p l i n g between the p h y 
top lankton , zoop lankton , a n d nutr ient systems. T h i s c o u p l i n g is accom
p l i shed w i t h i n each vo lume a n d does not extend b e y o n d the vo lume 
boundary . T h e coup l ing among the volumes is accompl ished b y the 
l inear transport interact ion represented b y the matr ix A . T h i s matr ix 
m a y be t ime -vary ing but its elements are not functions of the phytop lank 
ton, zooplankton , or nutr ient concentrations. H e n c e , i n m a n y ways these 
equations behave l inear ly . I n part i cu lar , their spat ia l behavior is u n 
affected b y the nonl inear source terms. H o w e v e r , the t empora l behavior 
a n d the relationships between each Pj, Zj, a n d Nj are d is t inct ly nonl inear . 

Comparison With Lot ka—Volt erra Equations 

T h e classical theory of p r e d a t o r - p r e y interact ion as f o rmulated b y 
V o l t e r r a involves two equations w h i c h express the g r o w t h rate of the 
prey a n d the predator ( 57 ) . W i t h i n the context of phytop lankton a n d 
zooplankton populat ion , the prey is the phytop lankton a n d the predator 
the zooplankton. I n the notat ion of the previous sections, for a one-
vo lume system, the L o t k a - V o l t e r r a equations are: 
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5. D I T O R O E T A L . Phytoplankton Population 165 

^ = (GP - DP')P - CgPZ (35) 

- DZZ + aZPCgPZ (36) 

where a l l the coefficients, G P , D ' P , Cg, Dz, a n d a Z p are assumed to be 
constants a n d GP > D ' P . T h i s is a h i g h l y s impl i f i ed s i tuat ion since, as 
ind i ca ted previous ly , the g r o w t h a n d death rates are functions of t ime 
and , i n the case of the phytop lankton g r o w t h rate, of the p h y t o p l a n k t o n 
a n d nutr ient concentrations as w e l l . H o w e v e r , for a s i tuat ion w i t h ade
quate nutrients a n d l o w i n i t i a l phytop lankton concentrat ion, the n o n 
l inear interact ion is s m a l l i n i t i a l l y , a n d the t ime var ia t ion of G P c a n be 
smal l d u r i n g the summer months. I n any case, the analysis of this s i m 
p l i f i ed s i tuation is qui te instruct ive . 

A l t h o u g h no ana ly t i ca l so lut ion is avai lab le for these s impl i f i ed 
equations, their properties are w e l l understood (63). I n par t i cu lar , the 
equations have two sets of s ingular points corresponding to the so lut ion 
of the r i g h t h a n d side of Equat i ons 35 a n d 36 equated to zero : the t r i v i a l 
solutions Ρ* = 0, Z * — 0, a n d 

P* = D z Z* = G p ~ D p (37) 
azpC q C g 

A perturbat ion analysis of Equat ions 35 a n d 36 about this s ingular po int 
shows that the solutions whose i n i t i a l condit ions are close to Ρ*, Z * , 
oscil late s inuso idal ly about this s ingular point . H e n c e , no constant so lu 
t ion is possible. T h e prey a n d predator populat ions cont inua l ly oscil late 
a n d are out of phase w i t h each other. W h e n the predator predominates , 
the prey is reduced , w h i c h i n turn causes the predator to d ie for lack of 
food, w h i c h a l lows the prey to prol i ferate for lack of predator , w h i c h then 
causes the predator to grow because of the prey avai lab le as a food sup
p ly , a n d so on. T h e interest ing feature is that these oscil lations cont inue 
indef initely . 

T h e classical L o t k a - V o l t e r r a equations assume an iso lated p o p u l a 
t ion w i t h no mass transport into or out of the vo lume b e i n g considered. 
T o s imulate the effect of mass transport into the vo lume, assume that a n 
add i t i ona l source term of phytop lankton biomass exists a n d has constant 
magni tude P 0 . F o r this s i tuat ion, the equations become 

^ = (GP - D'P)P - CgPZ + P0 (38) 

^ = DZZ + azpCgPZ (39) 
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166 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

T h e n o n t r i v a l s ingular po in t for these equations is 

p* = _Dz ζ* = ggg» + (°" - D ' à (40) 
ΛΖΡ^ g Dz C g 

A perturbat ion analysis about this s ingular po int y ie lds a second order 
l inear o rd inary di f ferential equat ion whose characterist ic equat ion has 
the roots λι a n d λ 2 w h e r e 

. azpPoC g 
A l . 2 — — 

2D2 j / f ^ f S f " ] 2 " a z p C o P o " { G p " ° ' p ) D 

(41) 

Since for P 0 > 0, these roots have negative rea l parts, this s ingular po int 
is a stable focus, a n d the steady state values g iven b y E q u a t i o n 40 are 
approached either b y a d a m p e d s inusoid or an exponent ia l ( 6 3 ) . N o t e 
that for P0 = 0, the c lassical case, the roots are p u r e l y imag inary , a n d 
the osc i l lat ion persists indef initely . 

T h i s analysis suggests that the effect of transport into the system 
stabil izes the behavior of the equations a n d i n par t i cu lar a l lows the 
solutions to achieve a constant solution. T h i s is i n m a r k e d contrast to the 
behavior of the c lassical L o t k a - V o l t e r r a equations. 

A n o t h e r modi f i cat ion, w h i c h has been in t roduced into the zoop lank
t o n equations, changes the behavior of the proposed equations i n contrast 
to the L o t k a - V o l t e r r a equations. I t has been argued that the zoop lankton 
g r o w t h rate resul t ing f r o m graz ing must approach its m a x i m u m value 
w h e n the phytop lankton populat ion becomes large since the zooplankters 
cannot metabol ize the cont inua l ly increasing food that is avai lable . T h u s , 
the g r o w t h rate aZpCgPZ is rep laced b y aZPCgZP KmP/(P + Kmp) where 
KmP is a M i c h a e l i s constant for the react ion. T h e equations then become 

^ = (OP - Df
P)P - CgPZ + Po (42) 

η V ι ClZpC gZPKmP , A Q . 

Έ - -DZZ+ P + K m p (43) 

T h e nonzero s ingular points are 

DzKmp 
p * = „ c k η ( 4 4 ) 

azpLgJ^mP — Μ Ζ 

Z - Cg!** Cg 
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5. Di TORO E T A L . Phytoplankton Population 167 

T h i s solution reduces to the previous s i tuat ion, E q u a t i o n 40, for large 
Kmp. T h i s is expected since for KmP large w i t h respect to P , the expression 
KmP/(P + Kmp) approaches one. H o w e v e r , an interest ing modi f i cat ion 
f r om classical p r e d a t o r - p r e y behavior occurs i f the f o l l o w i n g cond i t i on 
is met 

aZpCgKmP = Dz + e (46) 

where c is a s m a l l posit ive number . F o r this condi t ion , P * is large a n d 
posit ive. W h a t happens i n this case is that the zoop lankton popu la t i on , 
a l though i t continues to g r o w exponential ly , cannot grow q u i c k l y enough 
to terminate the phytop lankton g r o w t h b y graz ing , a n d the phytop lankton 
continue to g row exponent ia l ly u n t i l P * is reached. O f course, i n the 
ac tua l s i tuat ion, for w h i c h GP is not a constant, other phenomena such as 
nutr ient deplet ion a n d sel f -shading exert their effect, a n d the g r o w t h m a y 
be s topped sooner. H o w e v e r , i f the g r o w t h rate of zoop lankton at a 
phytop lankton concentrat ion e q u a l to the M i c h a e l i s constant KmP is on ly 
s l ight ly larger than their death rate D z , then the zoop lankton alone do 
not r a p i d l y terminate the b loom. 

T h i s condi t ion is an important d i v i d i n g l ine for the possible behavior 
of the ph y t op l ankton - zoop lankton equations set forth i n the previous 
sections. I n par t i cu lar , i t indicates w h a t must be true for a system 
w h e r e i n the zooplankton are a significant feature i n the resul t ing p h y t o 
p lankton solution. H o w e v e r , i f E q u a t i o n 46 is satisfied, then the zoo
p lankton are not the dominant contro l of the phytop lankton populat i on . 

Application—San Joaquin River 

As an example of the app l i ca t i on of the equations proposed here in , 
consider the phytop lankton a n d zooplankton popu la t i on observed at 
Mossda le B r i d g e on the San J o a q u i n R i v e r i n C a l i f o r n i a d u r i n g the two 
years 1966-1967. Mossda le is located approx imate ly 40 miles f r o m the 
confluence of the San J o a q u i n a n d the Sacramento Rivers . T h e data 
presented be l ow have been supp l i ed to the authors b y the D e p a r t m e n t 
of W a t e r Resources, State of C a l i f o r n i a ( 6 4 ) , as part of an ongoing 
project to assess the effects of proposed nutr ient loads a n d flow diversions 
o n the water q u a l i t y of the San Franc i s co B a y D e l t a . A more complete 
report of this invest igat ion is f or thcoming (62). 

I n order to s impl i f y the spat ia l segmentation a n d the calculat ions, a 
one-volume segment is chosen for the region of the San J o a q u i n for w h i c h 
Mossdale is representative. T h e vo lume of this segment is, of course, 
somewhat arb i t rary , a n d a more representative spat ia l segmentation 
w o u l d remove this uncertaint ly . H o w e v e r , i t is instruct ive to consider 
the behavior of the solut ion of this s impl i f ied mode l . 
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168 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

1966 TIME - DAYS 1967 

Figure 10. Temperature, flow, and mean daily solar radiation; 
San Joaquin River, Mossdale, 1966-1967 

T h e nutr ient data avai lable indicate that phosphate, b icarbonate , 
s i l icate, c a l c i u m , a n d magnes ium are avai lable at concentrations w e l l 
above the levels for w h i c h i t has been suggested that these nutrients 
l i m i t growth . O n l y the a m m o n i a a n d nitrate concentrations are l o w , a n d 
they b o t h decrease m a r k e d l y d u r i n g the 1966 spr ing b loom. H e n c e , these 
nutrients must be considered expl i c i t ly . T o s impl i f y the computations, 
the a m m o n i a a n d nitrate ni trogen are combined , a n d the nutr ient con
s idered is total inorganic nitrogen. 

There is some uncertainty concerning the magni tude a n d the t em
p o r a l var iat ion of the inorganic ni trogen l o a d b e i n g d ischarged to the 
system d u r i n g the t ime in terva l of interest. F o r lack of a better assump
t ion , the inorganic ni trogen l oad WN b e ing d ischarged into the vo lume 
is assumed to be a constant, the magni tude of w h i c h is determined b y 
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5. Di T O R O E T A L . Phytoplankton Population 169 

compar ison w i t h the observed inorganic ni trogen concentrat ion data at 
Mossdale . 

T h e var ia t i on of the env i ronmenta l var iables b e i n g c o n s i d e r e d — 
namely , temperature, solar rad ia t i on , a n d advect ive flow i n the San 
J o a q u i n d u r i n g the two-year p e r i o d of in te res t—and the straight l ine 
approximations that are used d i rec t ly i n the n u m e r i c a l computat ion are 
shown i n F i g u r e 10. T h e influent advect ive flow, w h i c h is assumed to 
have constant concentrations of phytop lankton a n d zoop lankton biomass 
a n d inorganic n i trogen, is routed through the vo lume. Since Mossda le is 
located above the saline por t ion of the San J o a q u i n , no signif icant d is 
persive mass transfer is assumed to exist b y compar ison w i t h the advect ive 
mass transfer. 

T h e equations w h i c h represent this one-segment m o d e l are 

Ρ = (Gp — DP)P + γ(Ρο- Ρ) (47) 

Ζ = (Gz — DZ)Z + I (Zo - Z) (48) 

Ν = - aNPGpP + ^ + I (No - N) (49) 

where Q — Q(t) is the advect ive flow enter ing a n d l eav ing the v o l u m e ; 
V is the vo lume of the segment; P 0 , Z 0 , a n d 2V0 are the phytop lankton , 
zoop lankton , a n d inorganic n i t rogen concentrat ion of the flow enter ing 
the vo lume. T h e r e m a i n i n g terms have been defined prev ious ly b y 
Equat i ons 16, 23, 25, a n d 26. I n the nutr ient equat ion , on ly the d irect 
source of inorganic n i trogen, WN, has been i n c l u d e d ; the organic feed
back terms representing excreted ni trogen, etc., E q u a t i o n 28, have been 
dropped . Since the magni tude of WN is uncer ta in a n d is assigned b y 
compar ison w i t h observed data a n d computed m o d e l output , these feed
back terms can be thought of as b e i n g incorporated i n the va lue obta ined 
f o r W * . 

T h e solution of Equat i ons 47, 48, a n d 49 requires n u m e r i c a l tech
niques. F o r such nonl inear equations, i t is usua l ly wise to employ a 
s imple n u m e r i c a l integrat ion scheme w h i c h is easily understood a n d p a y 
the pr i ce of increased computat iona l t ime for execution rather than us ing 
a complex , efficient, n u m e r i c a l integrat ion scheme where unstable be 
havior is a dist inct poss ib i l i ty . A var iety of s imple methods are avai lab le 
for integrat ing a set of o rd inary first order di f ferential equations. I n p a r 
t i cu lar , the method of H u e n , descr ibed i n Ref. 65, is effective a n d stable. 
It is sel f -start ing a n d consists of a pred ic tor a n d a corrector step. L e t 
y = f(t,y) be the vector di f ferential equat ion a n d let h be the step size. 
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170 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

T h e pred ic tor is that of E u l e r : w i t h y0 the i n i t i a l c ond i t i on vector at t0, 
the pred ic tor va lue of y at t0 + h = 11 is 

2/1* = yo + Vtto , yo) (50) 

T h e corrector va lue is s i m p l y 

yi = yo + llf(to,yo) +f(tuyi*)} (51) 

T h a t is , the corrector uses the pred ic tor va lue at tx to estimate the slope 
at t\ w h i c h is averaged w i t h the slope at t0 to p rov ide the slope of the 
straight l ine approx imat ion . A var ia t ion of this m e t h o d is discussed at 
some length b y H a m m i n g ( 6 6 ) . 

A n o t h e r s imple two-step method is that of R u n g e , descr ibed i n Ref . 
67. T h e E u l e r predic tor is used w i t h a half -step integrat ion. 

2/* = Vo + 'p(to,yo) (52) 

T h i s va lue of y is used to estimate the slope at the m i d p o i n t of the inter
v a l , w h i c h is then used as the slope of the straight l ine approx imat ion 

2/i = 2/o + hf(t0 + \ y*) (53) 

B o t h of these methods are second order methods, be ing accurate to terms 
of order At2 i n a compar ison of T a y l o r series expansions of the exact a n d 
approximate values, a n d b o t h methods require t w o der ivat ive evaluations 
per step. T h e method of R u n g e has been used i n the calculations pre 
sented be low. 

T h e equations themselves are p r o g r a m m e d for so lut ion us ing a con 
t inuous s imulat ion language a n d a d i g i t a l computer . T h e language, i n 
this case C S M P / 1 1 3 0 , is based on a b l o ck d i a g r a m , analog computer , 
representation of the di f ferential equations. T h e flexibility of these l a n 
guages w h i c h a l l o w changes i n the equat ion structure to be made easi ly 
is an asset i n m o d e l i n g complex systems. 

T h e biomass variables used i n the calculations are to ta l c e l l counts 
for the phytop lankton a n d roti fer counts for the zooplankton. T h e rot i fer 
popu la t i on represented the large major i ty of the zooplankton present on 
a we ight basis as w e l l . I n order to relate these variables to comparab le 
units , a series of conversion factors have been used. T h e p h y t o p l a n k t o n 
c o u n t - c h l o r o p h y l l concentrat ion rat io was measured. H o w e v e r , the 
c a r b o n - c h l o r o p h y l l or d r y w e i g h t - c h l o r o p h y l l conversions are u n k n o w n . 
H e n c e , the conversion to an organic carbon basis is made rather a r b i -
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5. D I T O R O E T A L . Phytoplankton Fopulation 171 

Table VII 

Notation 

Parameter Values for the Mossdale Model 

Description Parameter Value 

0.1 d a y 1 °C 

300 l y / d a y 

Saturated growth 
rate of p h y t o p l a n k t o n 

Is L i g h t saturat ion intens i ty 
for p h y t o p l a n k t o n 

We E x t i n c t i o n coefficient 
H D e p t h 
Km M i c h a e l i s constant for 

t o t a l inorganic ni trogen 
/ Photoper iod 
K2 Endogenous respirat ion 

rate of p h y t o p l a n k t o n 
C g Zoop lankton graz ing rate 
P0 Inf luent p h y t o p l a n k t o n 

ch lorophy l l concentrat ion 
azp Zoop lankton conversion 

efficiency 
KmP P h y t o p l a n k t o n M i c h a e l i s 

constant 
Dz Zoop lankton death rate 
Z0 Inf luent zooplankton carbon 

concentrat ion 
αχ Ρ P h y t o p l a n k t o n n i t r o g e n -

carbon rat io 
C / C h l P h y t o p l a n k t o n carbon to t o ta l 50 m g C / m g - C h i 

c h l o r o p h y l l rat io 
No Inf luent t o t a l inorganic 

nitrogen concentrat ion 
WN D i r e c t discharge rate of 

nitrogen 
V Segment vo lume 

P h y t o p l a n k t o n t o t a l cel l 
c o u n t / p h y t o p l a n k t o n 

Zoop lankton c o u n t / 
zoop lankton carbon rat io 

4.0 m - 1 

1.2 m 
0.025 m g N / l i t e r 

0.5 + s in [0.0172 (t - 165)] d a y 
0.005 d a y - 1 ° C " 1 

0.13 l i t e r / m g - C - d a y 
5.0 rxg C h l / l i t e r 

0.6 m g C / m g - C 

60 rjig C h l / l i t e r 

0.075 d a y " 1 

0.05 m g C / l i t e r 

0.17 m g N / m g - C 

0.1 m g N / l i t e r 

12500 l b s / d a y 

9.7 Χ 10 8 f t 3 

100 c e l l s / m l = 1.75 μg C h l / l i t e r 

10 4 N o . / l i t e r = 1.30 m g C / l i t e r 

t rar i ly . H o w e v e r , the carbon- to - ch lorophyl l rat io w h i c h results (see 
T a b l e V I I ) is w i t h i n the range reported i n the l i terature. T h e same 
p r o b l e m exists w i t h the roti fer counts to roti fer carbon conversion; the 
value used is g iven i n T a b l e V I I . 

T h e compar ison of the m o d e l output a n d the observed data for the 
two-year p e r i o d for w h i c h data are avai lable is shown i n F i g u r e 11. T h e 
parameter values used i n the equations are l isted i n T a b l e V I I . 

It is clear f rom both the data a n d the m o d e l results that a classical 
p r e d a t o r - p r e y s i tuat ion is observed i n 1966: the spr ing b l o o m of phyto 
p lankton resul t ing f rom favorable temperature a n d l ight intensity pro 
vides the food for zooplankton , w h i c h then reduce the populat i on d u r i n g 
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Figure 11. Phytoplankton, zooplankton, and total inorganic ni
trogen; comparison of theoretical calculations and observed data; 

San Joaquin River, Mossdale, 1966-1967 

the summer. T h e decrease of the zoop lankton a n d the subsequent s l ight 
secondary b l o o m of phytop lankton complete the cyc le for the year. I t is 
not clear, however , f rom a casual inspect ion of the data , whether the 
zoop lankton popu la t i on terminated the phytop lankton growth , ( as i n 
classical p r e d a t o r - p r e y situations, whether the nutr ient concentrat ion 
d r o p p e d to a l i m i t i n g va lue that reduced the growth rate, or a c o m b i n a 
t ion of the two. T h i s po in t is e laborated i n the next section. 

T h e s i tuat ion i n 1967 is qui te different. N o significant phytop lankton 
g r o w t h is observed u n t i l late i n the year. T h e contro l l ing var iab le i n this 
case is the large advect ive flow d u r i n g the spr ing a n d summer of 1967 
(see F i g u r e 10) w h i c h effectively washes out the popu la t i on i n the region. 
O n l y w h e n the flow has sufficiently decreased so that a popu la t i on c a n 
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5. Di TORO E T A L . Phytoplankton Population 173 

develop do the phytop lankton show a s l ight increase. H o w e v e r , the 
d r o p p i n g temperature a n d l i ght intensity l eve l terminate the g r o w t h for 
the year. 

Growth Rate-Death Rate Interactions 

T h e behavior of the equations w h i c h represent the phytop lankton , 
zoop lankton , a n d nutr ient systems i n one vo lume can be interpreted i n 
terms of the g r o w t h a n d death rates of the phytop lankton a n d zoop lank
ton. T h e equations are as before 

^ = (GP - DP)P + | ( P „ - P) (54) 

DZ)Z + | ( Z 0 - Z) (55) 

where P 0 a n d Z 0 are the concentrations of p h y t o p l a n k t o n a n d zoop lankton 
carbon i n the inf luent flow, Q. A more useful f o r m for these equations is 

^ = [GP - (DP + | ) ] P + | p „ (56) 

^ = [Gz - (Dz + ψ]Ζ + ψ , (57) 

A complete analysis of the properties of these equations is qu i te diff icult 
since the coefficients of Ρ a n d Ζ are t ime variables a n d also functions of 
Ρ a n d Z . H o w e v e r , the behavior of the solut ion becomes more accessible 
i f the var iat ion of these coefficients is s tudied as a funct ion of t ime. T h e 
expressions GP — (DP + Q/V) a n d Gz — (Dz + Q/V) can be con 
sidered the net g r o w t h rates for phytop lankton a n d zooplankton . T h e 
advect ive or f lushing rate, Q/V, is i n c l u d e d i n these expressions since i t 
acts as a death rate i n one segment system. 

T h e s ign a n d magnitude of the net g r o w t h rate controls the behavior 
of the solution. F o r a l inear equat ion , for w h i c h the net g r o w t h rate is 
not a funct ion of the dependent var iab le (i .e. , Ρ or Z ) , the type of so lu
t ion obta ined depends on the s ign a n d magni tude of the net g rowth rate. 
T h a t is, for the equat ion 

f = a P + | P „ (58) 

where a, Q, a n d V are constant, the solut ion is 
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174 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

P(t) = P(o) e«< + Po^ (e*< - 1) (59) 

F o r a negative, that is , for a negative net g r o w t h rate, the so lut ion tends 
to the steady state va lue P 0 Q/|a|V. H o w e v e r , for a posit ive , the solut ion 
grows exponent ia l ly w i t h o u t l i m i t . T h u s , for a negative but |a| s m a l l , o r 
for a pos i t ive , the so lut ion becomes large ; whereas for a negative b u t |«| 
large, the solut ion stays smal l . H e n c e , the behavior of the solut ion 
can be in ferred f r o m the plots of the net g r o w t h rates. F i g u r e 12a is a 
p l o t o f the f o l l o w i n g terms f r o m the 1966 Mossda le ca l cu la t i on : GP w i t h 
out the M i c h a e l i s - M e n t o n m u l t i p l i c a t i v e factor i n c l u d e d — i . e . , the g r o w t h 
rate at nutr ient saturat ion denoted b y GP ( I , T ) ; GP i tself denoted b y GP 

(Ν,Ι,Τ)—i.e., the g r o w t h rate cons ider ing the nutr ient effects. T h e net 
g r o w t h rate GP — (DP + Q/V) is also p lo t ted . S i m i l a r l y , i n F i g u r e 12b, 
the g r o w t h rate of zoop lankton G z , the morta l i ty rate D z , the flushing rate 
Q(t)/V9 a n d the net g r o w t h rate Gz — (Dz + Q/V) are p lo t ted . 

0.6 
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e>_ 

Q_ 
Ο 
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120 180 240 
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Figure 12. Theoretical growth rates for phytoplank
ton and zooplankton populations 
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5. D I T O R O E T A L . Phytoplankton Population 175 

T h e analysis of the 1966 m o d e l calculat ions can n o w be made b y 
inspect ing these figures. T h e net g r o w t h rate for the p h y t o p l a n k t o n 
G p — ( D p - f Q/V) becomes posit ive at t = 85 days o w i n g to an increase 
i n G p , the result of r i s ing temperature a n d l i ght intensity , a n d a decrease 
i n Q/V as the advect ive flow decreases. T h e posit ive net g r o w t h rate of 
the popu l a t i on causes the ir numbers to increase exponent ia l ly fast u n t i l 
the nutr ient begins to be i n short supply . T h i s is ev idenced b y the de
parture of the G p curve f r o m the GP at nutr ient saturation curve . A t the 
same t ime, the DP curve is s h o w i n g a m a r k e d increase because of the 
increased zoop lankton popu la t i on a n d their graz ing . T h e result is that 
the net g r o w t h rate becomes zero a n d then negative as the zoop lankton 
reduce the p h y t o p l a n k t o n popu la t i on b y graz ing . T h e g r o w t h of the 
zoop lankton can be ana lyzed i n a s imi lar fashion us ing F i g u r e 12b. T h e 
net g r o w t h rate becomes posit ive w h e n the p h y t o p l a n k t o n popu la t i on is 
large enough to sustain the zooplankters . T h e n the zoop lankton g r o w 
u n t i l they have reduced the p h y t o p l a n k t o n popu la t i on to a l eve l where 
they are no longer numerous enough to sustain the zooplankton . T h e net 
zoop lankton g r o w t h rate then becomes negative a n d the p o p u l a t i o n 
diminishes i n size. T h i s smal l zoop lankton popu la t i on no longer exerts a 
significant effect on the death rate of the phytop lankton , D p , a n d its va lue 
decreases, caus ing the net phytop lankton g r o w t h rate to become posi t ive 
again , a n d the smal ler a u t u m n b l o o m results. T h e decreasing tempera 
ture a n d l i ght intensity a n d the increasing advect ive flow then effectively 
terminate the b l oom as the year ends. 

Summary and Conclusions 

A m o d e l of the dynamics of phytop lankton populat ions based on the 
p r i n c i p l e of conservation of mass has been presented. T h e g r o w t h a n d 
death k inet i c formulat ions of the phytop lankton a n d zoop lankton have 
been e m p i r i c a l l y de termined b y an analysis of exist ing exper imenta l data . 
M a t h e m a t i c a l expressions w h i c h are approximations to the b i o l og i ca l 
mechanisms contro l l ing the popu la t i on are a d d e d to the mass transport 
terms of the conservation equat ion for phytop lankton , zoop lankton , a n d 
nutrient mass in order to obta in the equations for the p h y t o p l a n k t o n 
mode l . T h e resul t ing equations are compared w i t h two years ' data f r o m 
the t i d a l por t i on of the San J o a q u i n R i v e r , C a l i f o r n i a . S i m i l a r c o m p a r i 
sons have been made for the lower por t ion of D e l t a a n d are reported 
elsewhere (62 ) . 

It is recognized that certain parameters i n the m o d e l have been 
est imated f r om the data w h i c h are then used to demonstrate the verac i ty 
of the mode l . T h e parameters used i n the veri f icat ion were either ob 
ta ined f r om prototype measurements or est imated f r om the range of 
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values reported i n the l i terature. T h e refinement of the later set of p a r a m 
eters was made b y c o m p a r i n g the observed 1966 data a n d ca lcu lated 
results. T h e m o d e l was further veri f ied b y a p p l y i n g the parameters ob
ta ined i n the 1966 analysis to the data of the f o l l o w i n g year. T h e parame
ter values finally used were a l l w i t h i n the ranges of reported l i terature 
values. T h e agreement achieved between the avai lable data a n d the 
m o d e l calculations is sufficiently encouraging to prompt further effort 
i n this d i rect ion . 

T h e p r i m a r y a i m of this invest igat ion, present ing a useful m o d e l 
as a component i n solut ion of the eutrophicat ion problems, i n our op in i on , 
has been achieved. T h e resul t ing equations are admit ted ly complex a n d 
require n u m e r i c a l methods for solution. It is ant i c ipated as w i t h a l l m o d e l 
i n g activities that the structure presented here in w i l l be expanded a n d 
modi f ied i n the future to incorporate a d d i t i o n a l features of the eutroph i 
cat ion phenomena. I n part i cu lar , the m o d e l as i t is presently s tructured 
does not address the species changes that m i g h t result as the environment 
is changed. T h i s is a p r o b l e m of some consequence, a n d refinements a n d 
expansion of the number of species considered is an area for future w o r k 
(12). H o w e v e r , the i n i t i a l app l i ca t i on of these equations to an ac tua l 
p r o b l e m area w i t h specific eutrophicat ion problems has been sufficiently 
successful to support its engineer ing use as a p r e l i m i n a r y step i n the 
assessment of a potent ia l or actual eutrophicat ion prob lem. 
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Transport of Organic and Inorganic 
Materials in Small-Scale Ecosystems 

EARNEST F. G L O Y N A , YOUSEF A. YOUSEF, 1 and THOMAS J. P A D D E N 

Center for Research in Water Resources, The University of Texas at Austin, 
Austin, Tex. 78712 

T h i s paper describes some studies o n the transport of b io 
degradable a n d nondegradable materials th rough a system 
of f lowing and nonf lowing research flumes. A var ie ty of ra
d ionuc l ides and dyes were used as tracers. T h e uptake a n d 
release of pol lutants a n d biomass of var ious varieties of 
t y p i c a l bo t tom sediments, rooted plants, were moni to red i n 
t ime a n d space a long a m o d e l r iver (200-ft-long flume) 
w h i c h s imula ted the eco logica l environment . L a b o r a t o r y 
a n d aquar ia studies s imula ted c losed ecosystems. Responses 
of the to ta l ecosystem a n d its components to instantaneous 
a n d cont inuous releases of pol lutants were invest igated. 
Gene ra l i z ed mathemat ica l relat ionships have been deve loped 
to describe the transport of var ious materials a long a m o d e l 
flume. 

À small -scale ecosystem (research flume) has been used successfully to 
investigate the transport phenomena of radionucl ides a d d e d as d is 

solved inorganics a n d to study a n d evaluate the parameters affecting a 
stream w h e n i t is subjected to organic stresses. 

T h e research flume ( F i g u r e 1) is 200 ft long , 2 ft deep, a n d 2.5 ft 
w i d e w i t h a center removable par t i t i on p r o v i d i n g two 1 .25-ft-wide c h a n 
nels. T h e intake c a n be p r o v i d e d either w i t h potable water or w i t h water 
f r om a contro l reservoir r i c h i n phytop lankton . T h e phytop lankton p o p u 
lat ion can be contro l led b y d i l u t i o n w i t h potable water as system s i m u 
la t ion m a y require . F l o w can be contro l led f r om 0 to approx imate ly 200 
liters per minute per channe l a n d depths contro l led f rom 0 to 2 ft. B o t t o m 
sediments were obta ined f rom nearby L a k e A u s t i n , a n d plants , w h e n used 

1 Present address: Department of Civil Engineering, Florida Technological Uni
versity, Orlando, Fla. 
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Figure 1. Model river 

i n the exper imentat ion, were species c o m m o n to l o ca l streams a n d ponds. 
T h e predominant plants were MyriophyUum, Chara, Potamogeton, Cfodo-
phora, a n d Spirogyra. F i g u r e 2 indicates the h y d r a u l i c characteristics of 
the flume. T h e shaded por t ion of F i g u r e 2 portrays the general area i n 
w h i c h exper imentat ion has been conducted . 

Instrumentat ion o n the flume consisted of p H meters, d isso lved oxy
gen probes ( g a l v a n i c ) , pyrhel iometers , a n anemometer, a n d a paper -
p u n c h tape data acquis i t i on system. 

T h e studies on the flume were conducted to determine the effects of 
specific env i ronmenta l factors on transport a n d to specif ical ly determine 
the phys i cochemica l characteristics of the ecological system i n order to 
better understand the factors that react to po l lu t i ona l stress. T h e pro 
cedure used was to estimate the uptake a n d release rates of radionuc l ides , 
to establ ish the effects of organic a n d inorganic p o l l u t i o n loads on rad io 
n u c l i d e movement , a n d to relate a l l of these factors into a basic p red i c t i on 
m o d e l . Rad ionuc l ides i n c l u d i n g β 5 Ζ η , 5 8 C o , 1 3 7 C s , 8 5 S r , 1 0 6 R u , a n d 5 1 C r 
were in t roduced into the flume under different env ironmenta l condit ions. 
A close f o l l ow-up of the radioact ive flume was mainta ined as the rad io 
nucl ides dispersed l ong i tud ina l l y a n d transversely. Cont inuous moni tor 
i n g of rad ioac t iv i ty i n the water phase, sediment, a n d biomass was 
m a i n t a i n e d b y sampl ing a n d use of rad ionuc l ide detect ion equipment . 
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Transport of Radionuclides 

T h e transport characteristics of rad ionuc l ides i n flowing ecosystems 
were establ ished t h r o u g h a series of step-wise operations: 

(a) l og i ca l ly enumerat ing the various processes w h i c h occur i n a 
m o d e l r i ve r 

( b ) i so lat ing important processes b y us ing aquar ia a n d m o d e l r iver 
studies 

( c ) synthesiz ing l og i ca l mathemat i ca l models us ing the above in for 
m a t i o n i n conjunct ion w i t h parametr i c studies 

(d) p r o g r a m m i n g of the pred i c t i on m o d e l i n computer language to 
evaluate the re lat ive importance of factors affecting rad ionuc l ide transport . 

T h e basic transport equat ion deve loped b y S h i h a n d G l o y n a ( J ) was 
used. 

10 1.0 0.1 0.02 
DEPTH (ft) 

I I I I I L_l 
0.5 0.385 0.179 0.1 0.0286 

HYDRAULIC RADIUS 

Figure 2. Hydraulic characteristics of model river 
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where 

c = concentrat ion of a part i cu lar rad ionuc l ide i n the flowing 
stream at any po int (x) at t ime (t) 

X = distance i n d i rec t ion of flow 
u = average veloc i ty of flow 
f* = mass or surface area of the i t h sorbent per un i t vo lume of 

the zone of flow 
= mass or area transfer coefficient for phase i 

G,(c) = a transfer funct ion re lat ing the concentrat ion of ac t iv i ty i n 
the water to the e q u i l i b r i u m level of ac t iv i ty i n phase i 

= the specific ac t iv i ty i n the i t h pos i t ion of the n-sorption 
phases 

T h e first two terms i n the equat ion define the m i x i n g characteristics a n d 
d i l u t i o n , w h i l e the t h i r d term establishes the uptake a n d release b y the 
various aquat i c masses. 

L o n g i t u d i n a l dispersion coefficients, Dx values, i n the absence of b io 
mass were ca lcu lated for velocities r a n g i n g f rom 0.33 to 3.30 f t / m i n . T h e 
Dx values ca lcu lated f rom the t ime-concentrat i on curves of the R h o d a -
m i n e Β dye studies, under various flow condit ions i n the flume, fo l low 
an e m p i r i c a l re lat ionship i n the f orm 

Dx = 3 .26w 0 - 6 0 7 (2) 
w h e r e 

u = the average veloc i ty i n f t / m i n 
Dx = the l o n g i t u d i n a l d ispersion coefficient i n f t 2 / m i n 

Discrepancies between nonsorptive dye a n d rad ionuc l ide movement 
were observed. I n some experiments where 9 0 - 1 0 0 % of R h o d a m i n e Β 
passed through the flume after one day f r o m release, on ly 5 - 2 5 % of 6 5 Z n , 
5 8 C o , 1 3 7 C s , a n d 8 5 S r a d d e d at the in let was detected i n the exit flume 
water . T h e retention of radionucl ides was p r i m a r i l y o w i n g to surface 
concentrat ion b y sediments a n d biomass (1,2,3,4,5,6,7,8). 

Surface Concentration by Bed Sediments 

Disso lved radioact ive ions i n aquat i c systems are extracted f rom the 
water b y b e d sediments. These radionucl ides are concentrated at the 
sediment surface a n d then diffused into the lower layers of bo t tom sedi 
ment. T h e rate of transfer is dependent on contact t ime, env ironmenta l 
condit ions, a n d phys i cochemica l characteristics of the sediments. T h e 
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τ — ι — ι ι ι 1111 1 — ι — ι ι ι 1111 1 — ι — Γ 

I I ι ι ι I ι 1111 ι ι—ι I n u l 1 1—LJ 
0.1 1.0 10 50 

CONTACT TIME (days) 

Figure 3. Concentration of radionuclides by bottom sedi
ments in nonflowing ecosystems 

surface d i s t r ibut i on coefficients, K8 values [the specific a c t iv i ty per un i t 
area of b e d sediment d i v i d e d b y the specific ac t iv i ty per un i t vo lume of 
water (i.e., d p m / c m 2 d p m / c m 3 ) ] , are useful parameters to compare 
the re lat ive concentrat ion of radionuc l ides b y sediment surface area. T h e 
K8 values were measured i n a q u a r i a studies for various rad ionuc l ides as 
shown i n F i g u r e 3. It was obvious that K8 values increased w i t h contact 
t ime ; certa in rad ionuc l ides such as 1 3 7 C s a n d 8 5 S r appear to f o l l ow a n 
exponentia l re lat ionship ( l inear on l o g - l o g coordinates ) . Previous inves
tigations ( 7 ) ind i ca ted that the concentrat ion of 8 5 S r b y sediments s imi lar 
to those used i n experiments descr ibed here in f o l l owed the equat ion 

K8 = 5 .07 7 0· 6 4 (3) 

where 

Τ = contact t ime (days ) 
K8 = ( d p m / c m 2 ) -f- ( d p m / m l ) 

T h e affinity of bot tom sediments obta ined f r om L a k e A u s t i n to rad io 
nucl ides released instantaneously i n the flume f o l l owed the order 1 3 7 C s > 
6 5 Z n > 5 8 C o > 8 5 S r . T h e m a x i m u m uptake of 1 3 7 C s d i d not exceed 2 4 % 
of released act iv i ty . 
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A s radionuc l ides concentrate on the sediment surface, they t e n d to 
diffuse to deeper depths. T h e surface concentrat ion a n d m i g r a t i o n r e l a 
t ionships of rad ionuc l ides f o l l ow an e m p i r i c a l re lat ionship 

C8d = C o l O - " (4) 

w h e r e 

C8d = specific ac t iv i ty of rad ionuc l ide per gram at d e p t h d i n core 
C80 = specific ac t iv i ty of rad ionuc l ide at surface 
ρ = penetrat ion coefficient 

T h e penetrat ion coefficient varies inversely w i t h contact t ime . A s 
the contact t ime increases, the value of ρ decreases. Penetrat ion depth 
ind i ca ted i n T a b l e I is that d e p t h i n w h i c h 9 9 . 9 % of the ac t iv i ty i n the 
sediment core was concentrated d u r i n g the ind i ca ted contact t ime . T h i s 
d e p t h has v a r i e d between 2 c m for 6 5 Z n a n d 13.5 c m for 1 3 7 C s . 

Table I. Penetration Depth for Various Radionuclides 
in Bottom Sediments 

Contact Time j Penetration Coefficient p, Penetration, 
Radionuclide Days Cm-1 Depth 

6 5 Z n 17 1.38 2.0 
6 8 C o 17 0.70 4.0 

1 3 7 C s 30 0.22 13.5 
8 6 S r 32 0.43 7.3 

1 0 6 R u 30 0.60 5.2 

Concentration of Radionuclides by Plants 

Some previous studies, such as those conducted on the C l i n c h R i v e r , 
have ind i ca ted that biomass m a y be neglected i n a mass balance analysis 
of rad ionuc l ides ( I , 4). H o w e v e r , w h e n the biomass was extensive i n 
the flume, a signif icant por t i on of the rad ionuc l ide was reta ined, at least 
t emporar i ly ( F i g u r e 4 ) . Plants sorbed radionucl ides i n the order i n d i 
cated. 

5 8 C o > 6 5 Z n > 8 5 S r > 1 3 7 C s 

F i g u r e 4 also shows that plants released 1 3 7 C s a n d 8 5 S r at a faster rate 
than 5 8 C o a n d 6 5 Z n . 

R a d i o n u c l i d e transport i n an aqueous environment p r o b a b l y is re 
l a t ed to c o m m u n i t y metabo l i sm ( 9 ) . T h e concentrat ion of radionucl ides 
increases i n the p lant biomass, w i t h an ac company ing loss f r om water or 
sediment, w h e n the photosynthesis-to-respiration ( P / R ) rat io exceeds 
one ( F i g u r e 5 ). W h e n this rat io f e l l be l ow one, a net ga in of radionuc l ides 
i n the sediment a n d water accompanied b y a loss i n plants was observed. 
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H o w e v e r , the role of c o m m u n i t y structure i n the transport of rad ionuc l ides 
is not as thoroughly understood. 

Mathematical Modeling 

S h i h a n d G l o y n a ( 7 ) presented an ana ly t i ca l so lut ion for E q u a t i o n 1 
descr ib ing instantaneous releases of rad ionuc l ides , assuming dispers ion 
i n the l o n g i t u d i n a l d i rec t ion a n d sorpt ion b y sediments a n d biomass. A 
l inear re lat ionship between specific act iv i ty i n sediments a n d plants as 
c ompared w i t h the specific a c t iv i ty i n water seemed to exist, p r o v i d i n g 
E q u a t i o n 5. 

ft = K[G(c) - C) (5) 

T h e so lut ion of E q u a t i o n 5 for sediments is 

whereas the solut ion of E q u a t i o n 5 for plants is 

K t ~ t l n K,(P.) ( 7 ) 

where 

Κχ a n d K2 = mass transfer coefficients for sediments a n d plants 
( t i m e ) 1 

3 0 f 1 1 1 1 1 1 1 Γ 

T I M E 

Figure 4. Radionuclide uptake by aquatic ρ fonts 
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Figure 5. Co58 and Zn65 activity in pfonts, sediment, and water as 
related to the P / R ratio (C02 metabolism) 

Ks a n d Kp = e q u i l i b r i u m concentrat ion coefficients for sediments 
a n d plants 

Cs 
Cw = specific ac t iv i ty i n water phase 
Va lues of K8 for various isotopes are presented i n F i g u r e 3. Va lues 

of Kp d e r i v e d f r o m the flume experiments agree w i t h the p u b l i s h e d con
centrat ion coefficients of radionucl ides b y edible plants (10). 

a n d Cp = specific ac t iv i ty i n sediments a n d plants at t ime t 
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E q u a t i o n s 6 a n d 7 were used to determine the mass transfer coeffi
c ient K i a n d K2 for sediments a n d plants . D e t a i l e d studies o n 8 5 S r showed 
that K i values ranged f r om 0.0045 a n d 0.011 h r 1 for flow condit ions hav 
i n g a Reyno lds n u m b e r of 2440 a n d 3700, respect ively (7). F l u m e studies 
also ind i ca ted that Kp for 8 5 S r ranged f r om 664 to 683 d p m / g r a m per 
d p m / m l a n d values of K2 var i ed f rom 0.0126 to 0.0322 h r " 1 w i t h a n aver
age of 0.022 h r " 1 ( I ) . 

B y de termin ing Dx, Ku a n d K 2 , i t was possible to program a solut ion 
for E q u a t i o n 1 a n d ver i fy i t through repeated flume experiments. 

Influence of Organic Pollutional Stresses on Transport 

A n organic l oad m a y influence the transport of other potent ia l p o l 
lutants. F o r example, the r e d u c i n g environment created b y organic 
p o l l u t i o n may cause the reduct ion of hexivalent 5 1 C r to tr ivalent 5 1 C r (3), 
thus affecting transport of these radioact ive ions, since sediments a n d 
biomass have different capacit ies for sorb ing C r V I a n d C r I I I . I n this 
connect ion, i t is possible to evaluate the influence of surface aeration, 
w i thout w i n d effects, a n d photosynthet ic oxygenation. 

P r i o r to s imulat ing stream condit ions a n d determin ing responses to 
imposed organic loads, i t is desirable to investigate the i n d i v i d u a l factors 
that influence oxygen balance, namely atmospheric reaeration, photosyn
thetic produc t i on , respirat ion, a n d benthic uptake of oxygen. T h e aerobic 
or anaerobic condit ions of a stream may drast ica l ly influence transport 
of ions, but the effect of reaerat ion m a y be diff icult to monitor i n a stream. 

I n these investigations, the first step was to determine atmospheric 
reaeration over various ranges of depths a n d velocities. T h i s was accom
p l i shed i n a c lean channe l d e v o i d of sediment us ing potable water . Inlet 
dissolved oxygen was contro l led b y a solut ion of N a 2 S 0 3 w i t h cobalt 
catalyst d ispensed f r om carboys i n w h i c h a ni trogen environment was 
mainta ined . T h e nitrogen prevented ass imi lat ion of oxygen b y the so lu
t i on , thereby p r o v i d i n g reasonably consistent i n i t i a l d isso lved oxygen 
condit ions. D i s so lv e d oxygen profiles a long the length of the flume were 
then obta ined . A br isk w i n d increased atmospheric reaeration rate i n a 
shal low system as m u c h as 20 t imes the expected rate. T o e l iminate w i n d 
effect, a series of baffles were insta l led above the flowing surface, a n d 
data obta ined d u r i n g w i n d s exceeding 5 knots were d iscarded . H o w e v e r , 
even w i t h these precautions, w i n d affected the aeration, a n d i t was nec
essary to complete ly cover the flume. I n a natura l system, the magni tude 
a n d d i rec t ion of the w i n d w o u l d be a major factor i n stream reaeration, 
but first the m i n i m u m surface transfer condi t ion must be met. 

F i g u r e 6 shows the re lat ionship between the reaeration coefficient 
( k2 ) a n d V/H15 where V is stream veloc i ty i n feet per second a n d H is 
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d e p t h i n feet. E a c h p lo t ted po int is a m e a n va lue of k2 for a group of test 
runs for a g iven ve loc i ty a n d depth . A n average of 17 test runs were m a d e 
to establ ish the va lue of each p lo t ted fc2- E q u a t i o n s 8 a n d 9 describe the 
best fit de termined b y the least square method . 

L o g k2 = 0.703 L o g ^ + L o g 2.98 (8) 

fc2 = 2.98 
" V " 0.703 

(9) 

W h i l e these equations are descr ipt ive of the flume, they are reasonably 
close to the pred i c t i on m o d e l der ived b y C h u r c h i l l , E l m o r e , a n d B u c k i n g 
h a m f r o m their analysis of atmospheric reaeration of streams i n the 
Tennessee V a l l e y ( I I ) . T h e C h u r c h i l l et al f o r m u l a for p r e d i c t i o n of 
k2 at 2 0 ° C is 

fc2 = 5.026 (10) 

A s a n example of compar ison , T a b l e I I shows k2 predict ions b y the 
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Figure 6. Atmospheric reaeration as related to velocity and depth (in flume) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

00
6

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 



6. G L O Y A E T A L . Transport of Materials in Ecosystems 191 

C h u r c h i l l f o r m u l a a n d the flume f o rmula for h y d r a u l i c condit ions oc
c u r r i n g i n the Jackson R i v e r (12). 

Table II. Predicted Atmospheric Reaeration Coefficients (& 2) as a 
Function of Stream Flow in the Jackson River a 

Mean Mean (k2) Day1 (20°C) 
Subreach Length, Velocity, Depth, 

Miles Ft/Sec Ft Churchill Flume 

0-1 0.757 0.636 1.76 1.25 1.20 
1-2 1.290 0.419 1.94 0.71 0.81 
2 - 3 1.579 0.359 2.09 0.54 0.67 
3 -4 1.408 0.458 3.11 0.36 0.52 
4 - 5 1.157 0.570 1.67 1.24 1.17 
5 -6 1.069 0.346 2.36 0.44 0.57 
6 -7 0.746 0.335 1.99 0.55 0.67 
7-8 1.477 0.436 2.26 0.57 0.71 
8 - 9 0.826 0.286 2.83 0.28 0.41 
9 -10 1.034 0.563 2.30 0.72 0.83 

10-11 0.955 0.529 1.95 0.89 0.92 
11-12 1.472 0.441 2.42 0.52 0.67 
12-13 1.053 0.539 2.13 0.78 0.87 
13-14 1.038 0.425 2.06 0.66 0.76 
14-15 1.163 0.457 1.66 1.00 1.01 

a Taken from Tsivoglou et al., Réf. 12. 

Several experiments have been conducted also us ing the water f r o m 
the contro l reservoir conta in ing phytop lankton to determine the c o n t r i b u 
t i on to reoxygenation b y photosynthesis ( P ) a n d the oxygen consumpt ion 
or respirat ion ( R ) d u r i n g periods of darkness. Since the effects of atmos
pher i c aerat ion were k n o w n , the net p roduc t i on ( P — R ) c o u l d be deter
m i n e d b y direct observation. W h i l e ( Ρ — R ) i n the flume on a 24-hour 
basis was a posi t ive value , the net effect is to superimpose an oxygen 
d e m a n d o n any exist ing d e m a n d d u r i n g hours of darkness. N o t a b l y , the 
benef ic ial effect of photosynthesis i n a stream must a lways be quest ioned 
since d i m i n i s h e d l i ght d u r i n g day l ight hours m i g h t result i n respirat ion 
exceeding p r o d u c t i o n ( P — R negat ive ) . 

Exper iments i n aquar ia conta in ing 4 inches of lake sediment were 
conducted to determine rate of oxygen consumpt ion b y the benth i c l oad . 
These experiments ind i ca ted that the five-day b i o c h e m i c a l oxygen de
m a n d ( B O D 5 ) of the sediment w o u l d be satisfied i n 350 to 450 days. 
T h i s s low rate of biodégradation indicates anaerobic decomposi t ion a n d 
the presence of a r educ ing environment. 

W i t h the preceed ing knowledge a n d us ing one flume as a contro l , 
the influence of an organic po l lu t i ona l stress on transport of radionucl ides 
can be measured. 
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Conclusions 

Small -scale ecosystems are useful tools for s imula t ing stream proc 
esses a n d eva luat ing the complex factors w h i c h interact w i t h various 
p o l l u t i o n a l stresses. 

A transport equat ion has been deve loped a n d veri f ied w h i c h describes 
the mode of rad ionuc l ide movement. F o r dissolved wastewaters conta in 
i n g radionuc l ides , the p r i n c i p a l mechanism of transport involves h y d r o d y 
namic act ion. H o w e v e r , the rate of movement is inf luenced b y other 
factors such as suspended sediment loads a n d surface concentrations on 
bo th the b e d sediments a n d biomass. 

B y s imulat ing the phys i cochemica l characteristics of a w a t e r w a y sys
tem, the flume can be used effectively i n de termin ing the relationships of 
flow condit ions to nuc l ide transport, concentrat ion of nucl ides b y plants 
a n d bot tom sediment, a n d d i s t r ibut ion of i n d i v i d u a l nuc l ide species be
tween aqueous solut ion a n d plants a n d between aqueous solut ion a n d 
sediments. Measurement of responses of the system to stress can a i d i n 
the development of, or veri f icat ion of, pred i c t i on models for oxygen 
balance. 

T h e surface concentrat ion d i s t r ibut ion coefficients for sediments K8 

a n d for plants Kp i n contact w i t h radioact ive contaminated water were 
f o rmulated a n d pred i c ted for various radionucl ides through aquar ia s tud 
ies a n d flume experiments. These values reflect the affinity of sediments 
a n d plants for various radionucl ides . 
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Use of Inert Tracer Data to Estimate the 

Course of Reaction in Geometrically 

Complex Natural Flows 

L L O Y D A. SPIELMAN and FRANCOIS BRIERE 
Division of Engineering and Appl ied Physics, Harvard University, 
Cambridge, Mass. 02138 

The dispersion model, while suitable for interpreting tracer 
data from geometrically simple flows, is not suited to com
plex geometries. Here the residence time interpretation, 
originally developed by Danckwerts and Zwietering for 
application to steady state industrial reactors, is described 
and extended to treat transient reactant loadings which 
occur in modeling for pollution control. Sample computer 
calculations are based on tracer responses of two flows: one 
theoretical, the other a natural stream. Results are pre
sented for both slug and step inputs of reactants disappear
ing according to both first and second order rate expressions. 
With second order reaction, the downstream response 
is bracketed by upper and lower bounds corresponding to 
minimum and complete segregation. For first order reaction, 
the bounds merge to give a single response curve. 

T n m o d e l i n g r ivers, streams, a n d other na tura l flows for po l lu t i on cont ro l , 
A i t is often necessary to estimate downs t ream concentrat ion profiles, i n 
distance a n d t ime, o f substances w h i c h s imul taneously undergo reac t ion 
a n d convect ion after their in t roduc t ion upstream. These substances m i g h t 
be d issolved or suspended pollutants , microorganisms, oxygen, or other 
relevant constituents of the aqueous environment . 

T o p red ic t concentrat ion profiles, i t is des i red to combine independ
ent labora tory react ion rate data w i t h e m p i r i c a l data on the h y d r o d y 
namics of the flow. T h e p r o b l e m of in terpre t ing laboratory react ion da ta 
to ob ta in rate expressions w h i c h are v a l i d w i t h i n the complex na tura l 
system is i n i tself a difficult task b e y o n d the scope of this work ; i t is here 

194 
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7. spiELMAN A N D BRiERE Use of Inert Tracer Data 195 

assumed that v a l i d concentrat ion-dependent expressions for rates of reac
t i on are avai lab le . 

W i t h the g iven rate expression, deta i led theoret ica l or e m p i r i c a l 
k n o w l e d g e of the spat ia l ve loc i ty d i s t r ibut i on w o u l d promote use of the 
equations of convect ive transport ( I ) to evaluate concentrat ion profiles 
a n d g ive a comprehensive treatment, but d irect in -stream measurements 
r e q u i r e d to obta in such ve loc i ty data are proh ib i t i ve ly costly a n d not 
general ly avai lable . Inert tracer studies for the f low are far more p r a c t i c a l 
a n d economica l but do not convey complete h y d r o d y n a m i c in format ion . 
T r a c e r studies are n o r m a l l y carr i ed out b y i n t r o d u c i n g a convenient ly 
moni tored solute ( such as a radioact ive i sotope) , usual ly as a s lug , a n d 
measur ing its concentrat ion response w i t h t ime at stations downstream 
( 2 ) . F o r reaches of the flow w h i c h are not geometr ica l ly complex , the 
l o n g i t u d i n a l d ispersion m o d e l can often be a p p l i e d , us ing measured 
tracer response curves to extract n u m e r i c a l d ispers ion coefficients. These 
can then be inserted back into the dispersion equat ion w i t h a react ion 
rate term to estimate the concentrations of react ing species w h i c h are 
in t roduced upstream i n an assigned fashion (3 , 4). F o r regions of the 
flow w h i c h are geometr ica l ly complex , however , tracer response curves 
can differ i n shape great ly f r om those expected f r o m the dispers ion m o d e l 
a n d an alternate method of interpret ing them must be sought. I l lus t ra 
tions of such possible complexit ies are shown i n F i g u r e 1. 

Interpret ing tracer response curves as residence t ime d istr ibut ions , 
a long w i t h considerations of complete a n d m i n i m u m segregation i n the 
flow, provides a r igorous basis for treat ing geometr ica l ly complex flows. 
T h i s approach was p ioneered b y D a n c k w e r t s (5 ) a n d Z w i e t e r i n g (6 ) for 
app l i ca t i on to non idea l i n d u s t r i a l reactors. Indus t r ia l reactors over w h i c h 
the engineer has considerable geometr ica l contro l behave more pre 
d i c t a b l y than most na tura l flows a n d often can be treated theoret ica l ly ; 
thus, app l i ca t i on of the semiempir i ca l residence t ime approach to n a t u r a l 
systems c o u l d be even more significant than its o r i g i n a l l y in tended use. 

W h i l e residence t ime theory shou ld be app l i cab le to a w i d e var iety of 
geometr ica l ly complex flows, i t possesses inherent theoret ical l imitat ions 
w h i c h shou ld be discussed. A n important one is that i n p u t a n d moni tor 
i n g stations shou ld correspond to constrictions of the flow ( F i g u r e 1) 
where concentrations across the stream w i d t h m a y be considered as u n i 
f o rm (a l though m u c h can also be sa id about the d i s t r ibut ion of concen
trations between stat ions) . T h i s is seen to be no great hand i cap , however , 
w h e n compared w i t h the one-d imensional d ispersion m o d e l w h i c h as
sumes a u n i f o r m concentrat ion across the stream w i d t h for a l l po ints 
a long the flow. A n o t h e r l i m i t a t i o n occurs i f the react ion dependence on 
concentrat ion is great ly different f r om first order ; then, w i t h knowledge 
of the residence t ime d i s t r ibut ion , one can only bracket the concentrat ion 
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MONITOR 

Figure 1. Possible natural flows having complex geometry and tracer re
sponse. Input and monitoring stations are at constrictions. Upstream of 

station A , the dispersion model might apply. 

w i t h least u p p e r a n d greatest l ower bounds. O n l y for the important special 
case of first order ( l inear ) react ion is the downstream concentrat ion 
unambiguous ly determined for a specif ied inert tracer response. H o w 
t ight ly concentrat ion is bracketed for a g iven system depends o n the 
par t i cu lar f o rm of the residence t ime ( tracer response) curve , the degree 
of non l inear i ty of the react ion, a n d the extent of react ion o c curr ing 
between stations. 

T h a t the tracer response curve does not i n general fix system behav ior 
unambiguous ly for nonl inear reactions is r ead i ly demonstrated b y con 
s ider ing the par t i cu lar system consist ing of an i d e a l p l u g flow vessel i n 
alternate sequence w i t h an idea l ly - s t i r red vessel. A s i l lustrated i n F i g u r e 
2, interchanging the order of the two vessels leaves the shi f ted exponent ia l 
response to a s lug i n p u t of tracer unchanged ; yet for reactions w i t h order 
greater than un i ty , s t ra ight forward calculations conf irm that the conf igu
rat ion h a v i n g the p l u g flow vessel first y ie lds more extensive react ion. 
T h e s i tuation is reversed for react ion orders less than uni ty . B o t h arrange
ments give the same response i f the react ion is first order. 

Because of the a m b i g u i t y of behavior w h i c h remains w i t h k n o w l e d g e 
of a systems tracer response, i t can be conc luded that close agreement of 
inert tracer response curves to the f o rm expected f r o m the dispers ion 
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7. spiELMAN A N D BRiERE Use of Inert Tracer Data 197 

m o d e l does not conc lus ive ly conf irm the v a l i d i t y of that m o d e l be tween 
two moni tor ing stations; thus, app l i ca t i on of the dispersion m o d e l to n o n 
l inear reactions s h o u l d be made w i t h caut ion even i f inert tracer response 
appears idea l . It is subsequently shown h o w any g iven inert tracer re 
sponse of a system s t i l l permits a range of possible responses for nonl inear 
react ion a n d h o w the m i n i m a l bounds on that range can be computed . 

Elements of Residence Time Theory 

Since the foundations of residence t ime theory are r igorous ly g iven 
elsewhere (5 , 6, 7 ) , only those features w h i c h are essential to the present 
treatment w i l l be g iven here. T h e residence t ime d i s t r ibut i on (residence 
t ime frequency funct ion ; exit age d i s t r i b u t i o n ) , / ( * ) , is def ined such that 
f(t)dt is the f ract ion of f lu id at any instant l eav ing the system, h a v i n g 
spent t ime between t a n d t + dt w i t h i n the system. T h e c u m u l a t i v e 
residence t ime d i s t r ibut ion is 

o o 

C O 

f(t) 

Figure 2. Ideal plug flow and perfectly mixed 
vessels in alternate sequence. Both arrangements 
exhibit the same response for inert tracers and first 
order reactions but not for nonlinear reactions. 
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198 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

7 
f(t')dt' (1) 

F(t) corresponds to the f ract ion of fluid at any instant l eav ing the system, 
h a v i n g spent t ime shorter than t w i t h i n the system. A re lat ion of further 
importance is 

T h a t is, the first moment of the residence t ime f requency funct ion ( m e a n 
residence t i m e ) equals the quot ient of the system v o l u m e V a n d the 
constant vo lume flow rate Q through the system. 

T h e funct ion f(t) is s t ra ight forwardly re lated to the exper imenta l 
tracer response curve ; for a s lug input , the downstream concentrat ion vs. 
t ime curve is propor t i ona l to the funct ion f(t). Response curves for d i f 
ferent modes of i n p u t theoret ica l ly convey equivalent in format ion , a l 
t h o u g h certain inputs are exper imental ly convenient to carry out. T h u s , 
r edo ing tracer experiments for different inputs gives no a d d e d i n f o r m a 
t ion about the flow. 

Extremes of Mixing for an Arbitrary Specified 
Residence Time Distribution 

Z w i e t e r i n g was able to prove that the two conceptual reactor con
figurations s h o w n i n F i g u r e 3, each h a v i n g the same specif ied arb i t rary 
residence t ime d i s t r ibut ion , exhibi t opposite extremes of m i x i n g a n d thus 
g ive bounds on c h e m i c a l conversion. E a c h conf iguration is an i d e a l p l u g 
flow vessel h a v i n g continuous d i s t r ibut ion of respective side exits or 
entrances w h i c h are governed to give the arb i t rary specif ied residence 
t ime d is t r ibut ion . Z w i e t e r i n g showed that the l ower conf iguration i n 
F i g u r e 3 corresponds to the m i n i m u m degree of segregation for a g iven 
residence t ime d i s t r ibut ion , w h i l e the upper d i a g r a m corresponds to 
complete segregation or degree of segregation un i ty . T h e degree of segre
gat ion was in t roduced b y D a n c k w e r t s a n d is a measure of the extent to 
w h i c h molecules enter ing the system at a par t i cu lar t ime r e m a i n together, 
not m i x i n g w i t h molecules w h i c h enter at other times. W h i l e this concept 
arises i n the fundamentals of the theory, its precise def init ion or n u m e r i c a l 
eva luat ion is not needed for app l i ca t i on of the theory a n d w i l l not be 
gone into here. Z w i e t e r i n g alternately interprets complete a n d m i n i m u m 
segregation for the specif ied residence t ime func t i on as " latest" a n d 
"earl iest" m i x i n g , respectively. T h e t ime coordinate a shown i n F i g u r e 3 

(2) 
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7. SPIELMAN AND B R i E R E Use of Inert Tracer Data 199 

corresponds to the age ( t ime in te rva l after enter ing) of a fluid element 
i n the system, a n d the coordinate λ is the l i fe expectation ( t ime in terva l 
before l eav ing ) of a n element. 

COMPLETE SEGREGATION 

c 0 ( t ) 

l m n n m m m c e (t) 

MINIMUM SEGREGATION 
C n ( t ) 

1111111111Π1ΤΤΤ 
c e (t) 

Figure 3. Conceptual flows corresponding to ex
tremes of complete and minimum segregation. 
The distributed entrances and exits are governed 
to give the same arbitrary specified residence time 

distribution for each system. 

Analysis for Complete Segregation 

I n the case of complete segregation, the vo lume dv of an element of 
fluid w i t h age between a a n d a + da is 

* = F(oL)]doL (3a) 
V τ 

T h e re lat ion between the vo lume coordinate ν ( F i g u r e 3 ) a n d α is then 
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α [1 - F{ot)W (3b) 

i n w h i c h F is g iven b y E q u a t i o n 1. 
T h e equations descr ib ing react ion i n the system were d e r i v e d p r e v i 

ously on ly for the steady state w i t h a constant i n c o m i n g concentrat ion. 
F o r indus t r ia l reactors that case is of utmost importance , b u t for n a t u r a l 
systems transient situations are equa l ly important , a n d the treatment is 
extended here to inc lude an accumulat ion term. F o l l o w i n g Z w i e t e r i n g , 
let c(a,t) denote the concentration of react ing substance i n the system 
as i t depends on bo th pos i t ion ( through E q u a t i o n 3 b ) a n d t ime t, a n d 
let R(c) be the concentration-dependent rate of disappearance of reactant 
per un i t vo lume. C o n s i d e r i n g n o w a vo lume element of the system a n d 
us ing E q u a t i o n 3b, the quant i ty of reactant l eav ing through side exits is 
Qc(a,t)f(a)da. A deta i led mater ia l balance on the vo lume element gives 
the p a r t i a l di f ferential equat ion for the concentration profi le as 

T h e t ime-dependent concentrat ion i n the c o m b i n e d exit stream is 

i n w h i c h c ( « , f ) is the solution of E q u a t i o n 4. E q u a t i o n 4 is to be so lved 
under the condit ions : before t ime t = 0, no reactant is present i n the 
system, a n d after t = 0, the i n c o m i n g concentrat ion c0 is an arb i trary 
specif ied funct ion of t ime. T h a t is, 

dc , dc D / ν 
F a + M = - R ( C ) 

(4) 

(5) 

c(a,i) = 0 for t < 0 (6a) 

c0 = 0 for t < 0 (6b) 

= c„{t) for t > 0 (6c) 

E q u a t i o n 4 is quasi l inear a n d can be so lved r ead i l y b y the m e t h o d of 
characteristics ( 8 ) . Its so lut ion under condit ions 6a, 6b, a n d 6c is g iven 
b y the i m p l i c i t re lat ion 
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7. spiELMAN A N D B R i E R E Use of Inert Tracer Data 201 

F o r a disappearance react ion of order η ^ 1, R(c) = fcc* a n d E q u a t i o n 
7 gives 

c(<M) = c 0(* - α ) / [1 + (η - 1) - k · c . — K * - « ) · «1 (8) 

F o r first order react ion, R(c) = kc, a n d E q u a t i o n 7 gives 

c(a , 0 = c0(t - <x)e-k* for η = 1 (9) 

E q u a t i o n s 5, 9, 6b , a n d 6c then give the exit concentrat ion as 

Ί 
ce(t) = / c0(t - <x)e-k*f(z)doL for η = 1 (10) 

F o r a n i n i t i a l constant step increase of concentrat ion c0 a n d inf inite t ime , 
E q u a t i o n 10 becomes the w e l l - k n o w n steady state result 

Ce Co f 

Jo 
e-kaf((x)d<x = constant (11) 

Analysis for Minimum Segregation 

I n the case of m i n i m u m segregation, the equat ion w h i c h relates the 
vo lume element dv to the l i fe expectation λ, analogous to E q u a t i o n 3a , is 

F M ] c r k (12) 
ν τ 

T h e rate of reactant n o w enter ing at t ime t t h r o u g h side entrances i n the 
vo lume element is Qc0(t)f(k)d\. A n unsteady mater ia l balance o n the 
element gives the p a r t i a l d i f ferential equat ion descr ib ing the concentra
t i on profi le c(\,t). 

κ - Β - S(c> + r^iî l ' " " "·«>! ( 1 3 ) 

T h e t ime-dependent exit concentrat ion i n this case corresponds to zero 
l i fe expectation ( λ = 0 ) , thus 

Ce(t) = C(0 ,0 (14) 
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E q u a t i o n 13 is n o w so lved under s imi lar conditions as prev ious ly , viz., 
before t — 0 no reactant is present i n the system, a n d after t = 0 the 
i n c o m i n g concentrat ion is an arb i t rary specif ied funct ion of t ime . T h a t is , 

c(X,<) = 0 for t < 0 (15a) 

Co = 0 for t < 0 (15b) 

c0 = c„(t) for t > 0 (15c) 

A s was the case w i t h E q u a t i o n 4, E q u a t i o n 13 is quasi l inear a n d can be 
so lved b y the method of characteristics ( 8 ) . T h e p r o b l e m is thereby 
s impl i f i ed to that of so lv ing the o rd inary first order di f ferential equat ion 

- w = * ( C i ) + 1 - n
 [ c> " c ° ( t ' ) ] ( 1 6 ) 

ο 

- 1 1 I 1 1 
kT = 0 

0.2 

kr=0 ^ 

0.5 

- II 
i ^ ^ x / — " — 

1.0 ~ 

2.0 

1 ^ u . 
0 1 2 3 4 

t/τ 

Figure 4. Transient responses to slug (left) and step (right) inputs 
of reactant for first order reaction and selected k r values. The flow 
has the same residence time distribution as two perfectly mixed 

vessels in sequence. For slug input, c 0 = m / V . 

I n E q u a t i o n 16, c1(f;t1) is a one-place funct ion of the independent 
var iable f for assigned values of the constant parameter 11 a n d is re lated 
t o c ( A , f ) b y 

ci(*';*i) = c(h - t',t') (17) 

T h e integrat ion of E q u a t i o n 16 is started at 

C l = 0, t' = 0 (18) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

00
7

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 
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since f r om Equat i ons 15a a n d 17, C i ( 0 ; f i ) = c(* i , 0 ) = 0. T h u s , c(\,t) 
can be obta ined f rom E q u a t i o n 17 b y integrat ing E q u a t i o n 16 for any 
assigned λ = h — if a n d t = if b y appropr iate selection of ti a n d if. I n 
part i cu lar , the exit concentration g iven b y E q u a t i o n 14 corresponding to 
λ = 0 is obta ined b y choosing ti = t a n d integrat ing E q u a t i o n 16 to 
tf = t, thus 

I n the spec ia l case of first order react ion, E q u a t i o n 16 becomes l inear 
a n d after some m a n i p u l a t i o n gives for the exit concentrat ion a result 
i dent i ca l to that of E q u a t i o n 10; thus, for first order react ion, calculat ions 
for complete a n d m i n i m u m segregation y i e l d a single result i n the t ran 
sient case. I n p u t t i n g the reactant as a s lug of amount m , c0(t) = 
(m/V)8(t), a n d E q u a t i o n 10 gives for the output of either system 

W i t h a s lug of inert tracer, k — 0, a n d E q u a t i o n 20 confirms the response 
to be s i m p l y propor t i ona l to the residence t ime d is t r ibut ion . 

Theore t i ca l considerations of residence t ime theory i m p l y the f o l 
l o w i n g important trends: 

T h e closer the react ion order is to uni ty , the more closely the ca l cu 
lated bounds w i l l approach one another. 

T h e more peaked the residence t ime d i s t r ibut ion , the closer the 
extremes of possible behavior . T h i s is because the l i m i t of p l u g flow, for 
w h i c h f(t) = 8(t — τ ) , y ie lds unambiguous response for nonl inear 
reactions. 

T h e smaller the extent of react ion, the closer the extremes of possible 
behavior . T h i s is because the reactant behavior then approaches that of 
an inert tracer, w h i c h exhibits an unambigous response. 

Sample Calculations 

N u m e r i c a l calculations to demonstrate app l i ca t i on of the preced ing 
equations to specific tracer responses were per formed us ing an I B M 360 
computer. T h e results, i n dimensionless f o rm, are g iven i n F igures 4 
through 8. I n general , calculat ions were qui te r a p i d , t yp i ca l l y r e q u i r i n g 
seconds to compute a response curve. B o t h first a n d second order d isap
pearance reactions were invest igated. Responses to s lug a n d step inputs 
of reactant were computed for two flow systems: one theoret ical a n d the 
other a segment of a rea l na tura l flow. 

ce(t) = dit: t) (19) 

ce(t) = ψ e-ktf(t) for η = 1 (20) 
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Resul ts f o r a T h e o r e t i c a l F l o w . T h e results shown i n F igures 4 a n d 
5 correspond to a theoret ical flow h a v i n g a residence t ime d i s t r ibut ion 
ident i ca l to that of two equal -s ized idea l ly -s t i r red vessels i n sequence. 
F o r this flow, the residence t ime d i s t r ibut ion is g iven b y 

f(t) = (4*/τ')<τ«' (21) 

Calcu lat ions were first per formed for this s i tuation to prov ide compar ison 
w i t h Zwieter ing 's steady state calculations for the same system, as w e l l as 
for convenient ana ly t i ca l checks on the computer program. F i g u r e 4 
shows the unambiguous system response for first order react ion w i t h s lug 
a n d step inputs . T h e response curve for an inert s lug (kr — 0 ) corre
sponds to E q u a t i o n 21. 

Figure 5. Possible extremes of transient re
sponse to step change of reactant input con
centration for second order reaction and 
selected values of k c 0 r . The flow has the 
same residence time distribution as two per
fectly mixed vessels in sequence. Solid 
curves: complete segregation. Broken 

curves: minimum segregation. 

F i g u r e 5 shows pred i c ted response of the same system for the ex
tremes of complete a n d m i n i m u m segregation, second order react ion, 
a n d step inputs . Results are shown for various selected values of kc0r. 
T h e concentrations after l ong times are i n substantial agreement w i t h 
Zwieter ing 's steady state results ( the titles of the two tables i n Ref . 6 
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t (hrs) 

1 1 1 1 1 1 
r 4 «61.0min 

-
kr4 = 0 r e = 111.5min 

-

kr6 « 0 

\ r\1 \ 

// r\2 \ \ 

/ 183 

¥ ι Y s * ' 3.66 

Figure 6. Transient responses at two consecutive downstream stations 
4 and 6 to the same slug inputs of reactant undergoing first order reac
tion. The flow is a stretch of natural stream for which the responses 

to inert tracer (k = 0) are empirical (2) . c 0 = m / V . 

should be in terchanged) . F o r second order react ion, complete segrega
t ion predicts most extensive react ion ( lowest concentrat ions) . 

Results for a Natural Stream. T h e results shown i n F igures 6, 7, 
a n d 8 were ca l cu lated f r om measured tracer data g iven b y F i s cher ( 2 ) . 
T h e source of these data was c i ted as the U . S . G e o l o g i c a l Survey of 
1959-1961. T h e flow is C o p p e r Creek , V a . T h e exper imental tracer 
curves are g iven i n F i g u r e 6 for kr = 0 a n d correspond to points 7870 
a n d 13,550 ft downstream of the po int of release. These are respect ively 
referred to as stations 4 a n d 6. F i g u r e 6 shows the unambiguous ly pre 
d i c ted response for first order react ion w i t h s lug inputs at the po int of 
release. T h e rate constants k were arb i t rar i l y chosen to give convenient 
values of dimensionless kr at station 4 a n d reta ined at station 6 i n order 
to observe the progress of react ion i n passing f r o m station 4 to station 6. 
Correspond ing results for step input are shown i n F i g u r e 7. 

F i g u r e 8 shows pred i c ted response at station 4 i n the extremes of 
complete a n d m i n i m u m segregation for second order react ion a n d step 
increase i n reactant concentration at the po int of release. Results are 
shown for various chosen kc0r values. 
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Summary and Conclusions 

Interpretat ion of tracer data b y means of residence t ime theory, i n 
the extremes of complete a n d m i n i m u m segregation, has been r e v i e w e d 
a n d extended to treat transient response under react ing condit ions. W h i l e 
residence t ime theory was i n i t i a l l y deve loped for indus t r ia l appl i cat ion 
to non idea l steady state reactors, its transient extension seems especial ly 
w e l l suited for descr ib ing segments of n a t u r a l flows w h i c h are too c o m 
plex to interpret us ing s impler models , such as dispersion. 

T h e closer the react ion is to first order, the closer the pred i c ted 
extremes of response. T h e more peaked the residence t ime d i s t r ibut ion , 
the closer the extremes, a n d the smaller the extent of react ion, the closer 
the extremes. 

Sample calculations have been presented for first a n d second order 
reactions, s lug a n d step reactant inputs upstream, a n d two flow con
figurations: one theoretical , the other a segment of a natura l stream. F o r 
the second order react ion, l ower a n d u p p e r bounds on downstream re 
actant concentration, b racket ing system response a n d respect ively corre
sponding to complete a n d m i n i m u m segregation were ca lcu lated ( for 
η < 1, the s i tuat ion is reversed) . F o r first order react ion, the bounds 
merge to y i e l d unambiguous predict ions of downstream profiles. 

T h e theory was presented here for a single entrance, single exit, a n d 
a single reactant. M o d e l i n g for po l lu t i on contro l can require more c om-

t (hrs.) 
2 3 

T4 = 61.0 min. 

T 6 = 111.5 min. 

kTg = 1.83 

kT6 = 3.66 

3 

Figure 7. Transient responses at downstream stations 4 and 6 
to the same step change of reactant input concentration and first 
order reaction. The flow is the stretch of natural stream having 

measured tracer responses shown in Figure 6. 
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.1 

0 

— ι 1 1 

k C 0 r = 5 

- 1 / 
1 / 

1 / 
1 

-

— 
ι ι 
1 / 

K) ι ι 
1 / 

20 

1/ 
ι tr ι 

1 

Figure 8. Extremes of transient response 
at downstream station 4 to step change of 
reactant input concentration, second order 
reaction, and selected values of k c 0 r . The 
flow is the stretch of stream up to station 4, 
having measured tracer response shown in 
Figure 6. Solid curves: complete segrega
tion. Broken curves: minimum segregation. 

pl i ca ted possibi l i t ies , such as m u l t i p l e entrances a n d exits, sources, s inks, 
etc. Whereas some complicat ions can be dealt w i t h b y s t ra ight forward 
analysis into treatable subsystems, others m a y require significant theo
ret i ca l extensions w h i c h should be sought. 

Exper iments should be per f o rmed i n natura l flows to test the v a l i d i t y 
of the theory a n d to ind icate improvements . It m i g h t be the case that 
certain k inds of flows closely approximate one of the extremes of segre
gat ion; this w o u l d promote n a r r o w i n g of the bounds for nonl inear 
reactions. 

List of Symbols 

E n g l i s h symbols : 
c = concentrat ion of reactant 
f(t) = residence t ime frequency d i s t r ibut i on 
F(t) = cumulat ive residence t ime d is tr ibut ion 
k = react ion rate constant 
m = amount i n s lug input 
η == react ion order 
Q = vo lume flow rate through system 
R ( c ) = rate of disappearance of reactant per uni t vo lume 
ν = vo lume coordinate 
V = total vo lume of system 
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G r e e k symbols : 

λ 
a 

τ 

age of fluid element 
l i fe expectation of fluid element 
mean residence t ime 

Subscripts : 

e 

0 
4 
6 

upstream inlet 
station 4 
station 6 
downstream exit 
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Variations in the Stability of Precipitated 
Ferric Oxyhydroxides 

D O N A L D LANGMUIR and D O N A L D O. W H I T T E M O R E 

Department of Geosciences, and Mineral Conservation Section, 
The Pennsylvania State University, University Park, Pa. 16802 

The apparent thermodynamic stability of ferric oxyhydrox-
ide precipitates may be described by the activity product 
pQ = -log[Fe3+] [OH-]3 in solution. Such precipitates in 
natural waters usually begin as mixed amorphous material 
and goethite, sometimes including lepidocrocite. In labora
tory solutions initially 10-2 molar in Fe2+ or Fe3+,  p Q was 
37.3 to 43.3. In 24 well waters containing 10-3.33 to 10-5.40 

molar Fe2+ and suspended oxyhydroxides, pQ was 37.1 to 
43.5. Variations in particle size are probably the major con
trol on absolute and relative stabilities of the oxyhydroxides. 
H+ leaching of precipitates raises pQ by removing the most 
soluble material. Measurable crystallization of precipitates 
occurs within a few hours in 10-2 molar Fe2+ solutions, but 
may take thousands of years in waters 10-6 molar in Fe2+. 

T t has general ly been assumed that the thermodynamic stabi l i ty of pre -
c ip i ta ted ferr ic oxyhydroxides increases cont inuously w i t h ag ing i n 

or out of aqueous solut ion ( J , 2 ) . L i t t l e thought has been g iven to the 
role of na tura l water chemistry i n changes i n the stabi l i ty of the oxy
hydroxides w i t h t ime. T h i s report first examines the effects of changes 
i n solution composi t ion on the stabi l i ty of ferr ic oxyhydroxides p r e c i p i 
tated i n ferr ic a n d ferrous sulfate solutions i n the laboratory. These so lu 
tions are s imi lar i n composit ion to some i ron - r i ch ac id mine discharges. 
Results of the laboratory studies a n d of w o r k b y others are then used to 
exp la in observed variations i n the stabi l i ty of suspended ferr ic oxyhydrox
ides i n some ground waters of coastal p l a i n N e w Jersey a n d M a r y l a n d . 

209 
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Naturally-Occurring Ferric Oxyhydroxides 

F e r r i c oxyhydrox ide minerals or phases w h i c h occur natura l l y are 
l isted i n T a b l e I , a n d except for akaganéite, their occurrences have been 
descr ibed b y Palache et al. (3). T h e oxyhydroxides f ound as precipitates 
i n natura l waters are usual ly goethite a n d x-ray amorphous mater ia l . 
A m o r p h o u s mater ia l , w h i c h comprises a re lat ive ly large propor t ion of 
most fresh precipitates , is f o rmed under condit ions of substantial super-
saturation w i t h respect to the crystal l ine oxyhydroxides . A n amorphous 
phase develops b y r a p i d hydrolys is of d issolved ferr ic species, p a r t i c u 
lar ly at p H ' s b e l o w 4 - 5 where the tota l concentrat ion of such species can 
exceed 0.01 p p m . A m o r p h o u s mater ia l is also p r o d u c e d d u r i n g the r a p i d 
ox idat ion a n d hydrolys is of ferrous i r on - r i ch solutions. 

Table I. Naturally Occurring Ferric Oxyhydroxides 

Ferric Oxyhydroxide Ideal Formula 

A m o r p h o u s indefinite 
Goeth i te a - F e O O H 
Akaganéite $ - F e O O H 
Lepidocroc i te γ - F e O O H 
H e m a t i t e a-Fe2C>3 
M a g h e m i t e y - F e 2 0 3 

Goethi te precipitates b y the re lat ive ly s low oxidat ion a n d hydrolys is 
of aqueous or so l id ferrous i ron species. U n d e r sterile laboratory c o n d i 
tions, goethite forms most r a p i d l y at p H ' s greater than 3.5 because the 
ox idat ion rate of dissolved ferrous i ron is extremely s low under more a c i d 
conditions ( 4 ) . Goethi te is also f o rmed b y the long- term ag ing of amor
phous mater ia l prec ip i tated d u r i n g hydrolys is of ferr ic salt solutions. 
U n d e r natura l condit ions, the oxyhydroxides w h i c h prec ipi tate on a n d 
coat bot tom a n d bank sediments i n streams po l lu ted b y a c i d m i n e d is 
charges are usual ly mixtures of goethite a n d amorphous mater ia l . 

Lep idocroc i t e has most often been prec ip i tated i n the laboratory at 
p H ' s between 4 a n d 7 b y the ox idat ion of aqueous or so l id ferrous i r on 
species. T h e m i n e r a l is usual ly accompanied b y goethite. Akaganéite is 
the rarest of the oxyhydroxides under na tura l condit ions. Perhaps the 
on ly p u b l i s h e d descriptions of na tura l occurrences are b y V a n Tasse l (5 ) 
a n d C h a n d y ( 6 ) . T h e m i n e r a l has been prec ip i ta ted i n the laboratory 
at room temperatures b y the s low hydrolys is of 0 .02 -0 .08M F e C l 3 so lu
tions ( 7 ) . 

M a g h e m i t e is rare as a direct prec ipi tate , a n d usual ly forms b y the 
ox idat ion of magnetite ( F e 3 0 4 ) or the dehydrat ion of lepidocroc i te . 
H e m a t i t e a n d goethite are p robab ly the most stable ferr ic oxyhydroxides 
under earth-surface conditions. H e m a t i t e is rare as a direct prec ip i tate 
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but s l owly crystall izes f rom amorphous mater ia l b y dehydrat i on or l ong -
term ag ing out of solution. 

I n most cases, the first oxyhydrox ide prec ip i tate is amorphous , h a v i n g 
been f o rmed under condit ions of substantial supersaturation. E a r l y i n 
prec ip i ta t ion , poor ly crystal l ine goethite a n d poor ly crystal l ine l e p i d o -
crocite m a y also f orm. O t h e r oxyhydroxides than these three are rare ly 
prec ip i ta ted f r om natura l waters. 

O x y h y d r o x i d e precipitates are general ly mixtures of different phases. 
T h e apparent thermodynamic s tabi l i ty or so lub i l i ty of such mixtures 
depends i n large part on the so lub i l i ty of the least stable phase present. 
T h i s phase is of course often amorphous. O x y h y d r o x i d e precipitates 
usual ly contain substantial amounts of co l l od ia l - s i zed mater ia l . Sizes 
f rom molecular F e ( O H ) 8 ° to micron-s ize crystals or crysta l aggregates 
are possible ( 8 ) . B o t h crystal l ine a n d amorphous precipitates r e m a i n 
co l l o ida l indef initely i n some solutions. Par t i c l e size is p robab ly the 
major contro l on the thermodynamic s tab i l i ty of the oxyhydroxides . 
O t h e r important controls on stabi l i ty are minera logy , c rysta l l in i ty , the 
degree of hydra t i on of the precipitate , a n d the presence of impur i t i es . 

So lut ion reactions for a l l the oxyhydroxides can be w r i t t e n i n the 
same f o rm, as shown b y expressions 1, 2, a n d 3. 

F e ( O H ) 3 = Fe 3 + + 3 0 H ~ (1) 
amorphous 

α - F e O O H + H 2 0 = Fe 3 + + 3 0 H " (2) 

1/2 ( a - F e 2 0 3 ) + 3 /2 H 2 0 = F e 3 + + 3 0 H " (3) 

H e r e a n d henceforth, the composi t ion of amorphous m a t e r i a l is g iven 
for s imp l i c i t y as F e ( O H ) 3 . T h e negative l o g a r i t h m of the thermodynamic 
act iv i ty product expressions for these reactions m a y be w r i t t e n i n each 
case as 

pK = - log [Fe 3 +][OH-] 3 (4) 

w h e n the act iv i ty of water is close to uni ty . Va lues of p K range f r om 
about 37.1 for fresh, r a p i d l y prec ip i ta ted amorphous mater ia l (8) to 
probab ly 44 or more for crystal l ine goethite a n d hematite , based on other 
w o r k (9 ) a n d so lub i l i ty measurements descr ibed i n this paper . 

Particle Size Effect 

It m a y be shown that the decrease i n p K ( — δρΚ) of an oxyhydrox ide 
relat ive to the p K of its thermodynamica l l y most stable f o rm a n d o w i n g 
to the part i c le size effect equals 
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- S p t f = 10.5 S(gfw)/çx (5) 

I n this expression, S is the surface energy of the oxyhydrox ide i n ergs per 
square centimeter, gfw is its g ram f o r m u l a weight , ρ its density i n grams 
per square centimeter, a n d assuming that partic les of the oxyhydrox ide 
are cubes, χ is the cube edge length i n Angstroms. Densit ies of hematite 
a n d goethite are 5.26 a n d 4.28 g m / c m 3 , respect ively ( 3 ) . Based on heat 
of so lut ion measurements at 70°C , F e r r i e r (10) f o u n d the surface en
thalpies of hematite ( as 1 /2 « - F e 2 0 3 ) a n d goethite ( as α -FeOOH ) to be 
770 a n d 1250 e r g s / c m 2 , respectively. A s s u m i n g as an approx imat ion that 
surface enthalpies a n d G i b b s free energies are equa l , a n d constant f rom 
25° to 70 ° C , equations for the var ia t i on i n δρΚ w i t h part ic le size of 
hematite a n d goethite are, respectively 

-hpK = 1 2 3 / z (6) 
a n d 

-$pK = 272/χ (7) 

a n d have been p lo t ted i n F i g u r e 1. H e m a t i t e a n d goethite particles of 
100 Â a n d less i n average d imens ion are c o m m o n i n laboratory solutions 
a n d natura l waters. Based on F i g u r e 1, such partic les are at least 1.2 a n d 
2.7 p K units less stable than we l l - c rys ta l l i zed samples of hematite a n d 
goethite, respectively. F e r r i e r s studies further show that two coexist ing 
oxyhydroxides can reverse their re lat ive stabil it ies because of part i c le size 
effects. T h u s , for example, i f we consider equal -s ized hematite a n d 
goethite part ic les , at 70 ° C the enthalpy of the react ion 

1/2 a - F e 2 0 3 + 1/2 H 2 0 = a - F e O O H (8) 
equals 

Δ Η ° 3 4 3 (cal /mole) = ( - 1720 ± 250) + 1.90 X 10*/χ (9) 

( 1 0 ) , where χ is the edge length of cubes of hematite or goethite. T h i s 
expression is r ough ly equiva lent to 

A G ° 2 9 8 ( cal /mole) = ( - 250 ± 300) + 1.90 X 10*/x (10) 

for React ion 8 (9 , 11). Express ion 10 is p lo t ted i n F i g u r e 2 a n d shows 
that for equal -s ized hematite a n d goethite crystals, goethite is more stable 
than hematite w h e n χ exceeds 760 Â, but less stable than hematite at 
smaller part i c le sizes. Var iat ions i n A G ° 2 9 8 can be considerably greater 
than this w h e n u n e q u a l part i c le sizes of hematite a n d goethite are i n 
v o l v e d (11). 
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Eh-pH Relations 

T h e behavior of prec ip i tated ferr ic oxyhydroxides i n solution can 
best be descr ibed i n terms of E h a n d p H . F i g u r e 3 is an E h - p H d i a g r a m 
showing fields of solids a n d predominant ionic species i n the system 
F e - H 2 0 - 0 2 . D e t a i l e d procedures for the construct ion of E h - p H d i a 
grams are g iven b y H e m a n d C r o p p e r ( 13) a n d Garre l s a n d C h r i s t (14). 
I n F i g u r e 3, i o n - i o n boundaries are d r a w n at equa l i o n activit ies . I o n -
so l id boundaries are d r a w n for 1 0 " 4 M dissolved i ron species (5.6 p p m 
i r o n ) , a t y p i c a l concentration i n the i r o n - r i c h g round waters of N e w 
Jersey a n d M a r y l a n d descr ibed be low. T h e ferr ic a n d ferrous spec i es -
ferr ic oxyhydrox ide boundaries have been d r a w n for pfC values of 37.1 
a n d 44. T h i s différence i n p K means that for a g iven p H a n d E h , a water 
can contain rough ly seven orders of magni tude more dissolved i r o n i n 
e q u i l i b r i u m w i t h fresh, amorphous mater ia l than i n e q u i l i b r i u m w i t h 
we l l - c rys ta l l i zed goethite or hematite . 

10 100 1,000 10,000 
Particle Size (Angstroms) 

Figure 1. Decrease in pK (—SpK) 
with decreasing particle size of 
goethite (a-FeOOH) and hematite 

(l/2a-Fe2Os) 

T h e E h a n d p H of i r on - r i ch na tura l waters, most of w h i c h contain 
suspended ferr ic oxyhydroxides , places these waters on the ferr ic or 
ferrous spec ies - ferr ic oxyhydrox ide boundary . A c i d - m i n e discharges 
usual ly have p H ' s between 2 a n d 5 a n d E h s f rom w i t h i n the F e 3 + field 
d o w n to zero volts. I ron -r i ch g round waters are usual ly on the same 
boundary , w i t h p H ' s between 5 a n d 8 a n d E h s f rom + 0 . 3 to —0.1 volt . 
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214 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Calculation of Apparent Stabilities 

It is useful to compute what m a y be ca l l ed the apparent s tabi l i ty 
of a mixture of oxyhydroxides . T h i s apparent s tabi l i ty m a y be defined i n 
terms of pQ where i n the solut ion 

pQ = - log [ F e 3 + ] [ O H - ] 3 (11) 

F o r solutions h a v i n g a constant aqueous chemica l composit ion a n d con
stant composi t ion of associated ferr ic oxyhydroxides , the measured pÇ> 
w i l l e q u a l the s tab i l i ty of a l l the ferr ic oxyhydroxides present. F o r so lu 
tions i n w h i c h one ferr ic oxyhydrox ide is a l ter ing or d isso lv ing to f o r m 
another, the measured pQ w i l l represent a stabi l i ty greater than that of 
the d isappear ing phase a n d less than that of the phase w h i c h is f o rming . 

I n ferr ic sul fate-r ich solutions, pQ m a y be ca lcu lated f r o m a k n o w l 
edge of p H a n d [ F e 3 + ] , the act iv i ty of uncomplexed ferr i c i on . T h e c o m 
plexes w h i c h must be considered to evaluate i on i c strength (I) are 
H S 0 4 " , F e S 0 4

+ , a n d F e O H 2 + . D issoc iat ion constants for these complexes 
have been measured at 2 5 ° C b y N a i r a n d Nanco l las ( 1 5 ) , W i l l i x ( 1 6 ) , 
a n d M i l b u r n (12), respect ively , a n d are 

-500 

Porticle Size of Cubes (Angstroms) 

Figure 2. Gibhs free energy of formation of goethite 
(a-FeOOH) from hematite (1 /2a-Fe2Os) and water as a func
tion of particle size, assuming equal particle sizes of goethite 

and hematite 
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8. L A N G M U i R AND W H I T T E M O R E Stability of Ferric Oxyhydroxides 215 

τ Γ 

I 1 1 1 1 1 1 1 
Ο 2 4 6 8 10 12 14 

PH 

Figure 3. Eh-pH relations between 
solids and predominant ionic species 
in the system Fe-H20-02. The posi
tion of the Fe2+-ferric oxyhydroxide 
boundary is shown for pK's of 37.1 
and 44. The position of the Fe3*-
FeOH2+ boundary is based on Milburn 
(12). Other thermochemical data used 
to construct the figure are from Lang-

muir (8). 

Κ Η Β Ο Γ = [ H + ] [ S 0 4
2 - ] / [ H S 0 4 - ] = 1 0 " 1 · 9 6 (12) 

#Feso 4+ = [Fe 3 +][S0 4
2 - ] / [FeS0 4 +] = 1 0 " 4 1 5 (13) 

#Feo H2+ = [Fe3+][OH~]/[FeOH2+] = 1 0 ~ U 8 3 (14) 

W h e n significant ferrous i ron is present, this species must also be con 
sidered. Transpos ing a n d tak ing the ant i log of E q u a t i o n 25 gives the 
relat ionship between [ F e 2 + ] , [ F e 3 + ] , a n d the measured E h at 2 5 ° C , 
w h i c h is 

[ F e 2 + ] / [ F e 3 + ] = 1 0 < E ° - E H ) / 0 - 0 5 9 6 1 (15) 

where E° is the standard electrode potent ia l of the ferr i c - f errous i r on 
couple ( see be l ow ). 

K n o w n concentrations of total d issolved i r on , ferrous i r on , a n d s u l 
fate species y i e l d the f o l l ow ing mass balance equations. 
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2 1 6 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

raFe(total) = raFe3+ + m F e O H 2 + + m F e S 0 4 + + w F e 2 + (16) 

m F e ( I I ) = mFe 2 + (17) 

m 8 0 4
2 - (total) = m F e S 0 4 + + roHSOr + m S 0 4

2 " (18) 

I f N a O H is the base used to prec ip i tate the oxyhydroxides , then 

m N a + (total) = raNa+ (19) 

T h e over -a l l charge balance equat ion for a c i d solutions is 

m N a + + raH+ + 3mFe 3 + + 2 m F e O H 2 + + raFeS04+ + 2wFe 2 + = 

2 m S 0 4
2 " + m H S 0 4 " (20) 

T h e def init ion of i on ic strength is 

I = 1/2 Στη&* (21) 

where a n d Zt are the mo la l i t y a n d valence of i on ic species i, respec
t ively . T h e f u l l expression for I is then 

/ = 1/2 [mNa+ + m H + + 9mFe 3 + + 4 m F e O H 2 + + raFeS04+ + 

4mFe 2 + + 4 m S 0 4
2 " + w H S O r ] (22) 

Because significant concentrations of complex ions are present, J and 
[ F e 3 + ] must be ca lcu lated b y a method of successive approximations . 
T h e first step is to establish w h i c h dissolved species are the major ones. 
A t this po int , differences between i on activit ies a n d molal i t ies m a y be 
ignored . T h e p H is used to estimate the relat ive importance of raS04

2~ 
a n d m H S C V through K H s o 4 - , a n d raFe3+ vs. raFeOH2+ through ΚρβοΗ**· 
A s a first approx imat ion i n most waters w i t h p H > 2.5, m S 0 4

2 " — m S 0 4
2 " 

( t o t a l ) , w h i c h permits an estimate of raFeSCV vs. m F e 3 + through K F e s o 4
+ . 

W i t h a rough estimate of I at values b e l o w 0.1, approximate i n d i v i d u a l 
i on ac t iv i ty coefficients m a y be ca lcu lated us ing the extended D e b y e -
H u c k e l equat ion (17 ) . T o a good approx imat ion , the f o l l o w i n g equalities 
m a y be assumed: y F e O H 2 + — y F e 2 + , a n d y F e S 0 4

+ — y H S 0 4 " = y H C 0 3 " . 
Subst i tut ing values for these coefficients into Expressions 12 through 15, 
we m a y refine the m o l a l relat ionships of free a n d complex i o n species. 
C o m b i n i n g these relationships w i t h mass balance Equat i ons 16 a n d 18 
permits ca l cu lat ion of approx imate molal i t ies of a l l the ion ic species 
present a n d of a more accurate i on i c strength through Express ion 22. 
T h e cycle is repeated about two or three times u n t i l no further change 
i n i on ic strength can be detected. T h e final va lue of [ F e 3 + ] is then used 
to compute pÇ>. 
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8. L A N G M u i R AND WHITTEMORE Stability of Ferric Oxyhydroxides 217 

T h e preced ing calculations are possible us ing a total d issolved i r o n 
a n d E h analysis w i t h or w i thout an analysis for raFe ( I I ) , a l though the 
most accurate results are obta ined w i t h bo th total a n d ferrous i r on values. 
Because m F e 3 + is a smal l percentage of raFe ( I I I ) , errors i n K F e s o 4

+ a n d 
K F e o n 2 + are magni f ied i n the final va lue of [ F e 3 + ] . A l s o , the uncerta inty 
i n y F e 3 + at moderate i on ic strengths is l ike ly to be significant. I n v i e w of 
such uncertainties , ca lculated p Q values based on the above approach 
are considered accurate to ± 0 . 4 uni t w h e n on ly a total i r on analysis 
is avai lable , a n d to ± 0 . 2 uni t w h e n m F e ( I I ) has also been measured. 

T h e most re l iable values of pQ are based on the raFe ( I I ) analysis 
i n solutions of k n o w n ionic strength. T h i s approach is app l i cab le i n m i x e d 
ferr i c - ferrous salt solutions as above, or i n ferrous salt solutions. A n 
equat ion re lat ing p Q to solut ion composi t ion m a y be der ived as fo l lows. 
F o r the reduct ion react ion 

F e 3 + + e - = Fe 2 + (23) 

E h = E° + 1.9842 Χ ΙΟ" 4 Τ X log ( [Fe 3 + ] / [Fe 2 + ] ) (24) 

where E° is the s tandard electrode potent ia l of the react ion a n d Τ the 
temperature i n degrees K e l v i n . E x p a n d i n g the l og term a n d transposing 
gives 

- l o g [Fe3+] = (E° - E h ) / 1 . 9 8 4 2 X 10~*T - log [Fe 2 + ] (25) 

A d d i n g —3 log [ O H ] to bo th sides, the left h a n d side then equals p Q 
a n d the final expression m a y be wr i t t en 

pQ = (E° - E h ) / 1 . 9 8 4 2 X 10r*T - log [Fe2+] - 3(log Kw + p H ) (26) 

where Kw is the act iv i ty product of water. T h i s expression was used to 
calculate pÇ) i n bo th ferr i c - f errous sulfate a n d ferrous sulfate laboratory 
solutions a n d i n coastal -plain g r o u n d waters of N e w Jersey a n d M a r y l a n d . 
Ionic strength was computed for the laboratory solutions f r o m the deta i l ed 
i on content of the water through E q u a t i o n 21. T h e N e w Jersey g r o u n d 
waters s tudied were chiefly of the c a l c i u m bicarbonate type w i t h i on i c 
strengths less than 4 Χ 10" 3 so that I c o u l d be c omputed accurately w i t h 
the e m p i r i c a l equat ion 

I = 1.5 Χ 10" 5 μ (27) 

where μ is the specific conductance i n micromhos at 25 ° C (18). Ion ic 
strengths of the M a r y l a n d ground waters s tudied , w h i c h are a l l less than 
5 Χ 10" 3 , were p r o v i d e d b y W . B a c k (19). 

Because p Q is qui te sensitive to £ ° a n d values of £ ° at other tem
peratures than 25 ° C have not been pub l i shed , careful laboratory measure-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

00
8

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 



218 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

ments of this quant i ty were made f r om 5° to 35° C at a p H of 1.5 i n m i x e d 
ferrous - ferr i c perchlorate solutions. A deta i led descr ipt ion of these mea 
surements w i l l be g iven elsewhere (20). Resultant smoothed a n d r o u n d e d 
values of E° at 5 ° , 10° , 15° , 20° , 25° , 30° , a n d 3 5 ° C are 0.746, 0.752, 
0.758, 0.764, 0.770, 0.775, a n d 0.780 volts, respectively, a n d are p r o b a b l y 
accurate to ± 0 . 0 0 1 volt . T h e equat ion 

E° = - 1.226 Χ ΙΟ" 2 + 4.147 Χ 10-*!Γ - δ.111 X 1 0 - 6 T 2 (28) 

fits bo th measured a n d smoothed values of E° w e l l w i t h i n the uncerta inty 
of the measurements. 

F e O H + is the only complex i on i n the ferrous-r i ch laboratory so lu
tions or the g r o u n d waters examined. T h e e q u i l i b r i u m constant, Keq, for 
the reaction 

Fe 2 + + H 2 0 = F e O H + + H + (29) 
equals 

Keg = [FeOH+][H+]/[Fe 2+] = 10 " 8 · 3 0 (30) 

at 25°C. A t temperatures near 25°C 

Keq = Kw · 1 0 * 7 0 (31) 

T h i s expression is p r o b a b l y accurate to about ± 0 . 0 5 log un i t at 1 5 ° C 
(18). T h e F e O H + complex is c learly neg l ig ib le relat ive to F e 2 + at p H ' s 
b e l o w about 6.3, but amounts to a m a x i m u m of about 1 0 % of the total 
dissolved F e 2 + content i n g r o u n d water sample 172 at a p H of 7.75 ( T a b l e 
I I I ). Va lues of Kw as a funct ion of temperature used i n Expressions 26 
a n d 31 are f rom A c k e r m a n (21). 

I n the laboratory studies, the largest uncertainties i n terms of E q u a 
t ion 26 are i n the measured values of E h a n d p H , w h i c h l ead to an 
uncerta inty of about ± 0 . 2 uni t i n pQ. Measurement uncertainties i n E h , 
p H , a n d m F e ( I I ) are significant for the g round waters examined. T h e 
resultant uncerta inty i n pQ for g r o u n d waters highest i n m F e ( I I ) is 
about ± 0 . 3 un i t ; for g round waters lowest i n m F e ( I I ) , about ± 0 . 4 
unit . 

Laboratory Studies 

Methods of Chemical Analysis. D u r i n g ox idat ion a n d hydrolys is 
studies of ferrous sulfate solutions, ferrous i r on concentrations w h i c h 
ranged f rom 570 to 157 p p m were ana lyzed b y t i t rat ion w i t h potassium 
d ichromate so lut ion us ing sod ium d i p h e n y l a m i n e sulfonate as an indicator 
(22). T h e same method was used to analyze for ferrous i ron i n m i x e d 
ferr i c - ferrous sulfate solutions. T o t a l d issolved i r o n concentrations, w h i c h 
ranged f rom 560 to 100 p p m d u r i n g hydrolys is of m i x e d ferr i c - f errous 
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8. L A N G M u i R AND WHITTEMORE Stability of Ferric Oxyhydroxides 219 

sulfate solutions, were s i m i l i a r l y t i t rated after ac id i f i cat ion w i t h H C 1 a n d 
b o i l i n g w i t h reduct ion b y S n C I 2 (22). Samples for d isso lved total i r o n 
analysis were w i t h d r a w n f rom the c leared supernatant so lut ion i n the 
react ion vessels after the so lut ion h a d stood u n d i s t u r b e d for 48 hours. 
U p o n w i t h d r a w a l , samples were passed through 0.45-micron filter paper 
pr ior to analysis. A l t h o u g h some suspended ferr i c oxyhydroxides c o u l d 
have been present a n d have passed through the filter paper , the amount 
of such mater ia l must have been neg l ig ib le for purposes of this study i n 
that pQ values ca l cu lated us ing the m F e ( to ta l ) analyses were i dent i ca l 
to such values ca l cu lated f rom m F e ( I I ) concentrations measured i n the 
same samples. A n a l y z e d ferrous i r on values are p r o b a b l y accurate to 
± 0 . 5 % ; total d isso lved i r on values to ± 1 % . 

A combinat ion glass, s i l ver - s i l ver ch lor ide reference electrode was 
used for p H measurement, a p l a t i n u m t h i m b l e electrode a n d s i l v e r - s i l v e r 
ch lor ide reference electrode for E h measurement. E h a n d p H measure
ments were made w i t h a C o l e m a n M e d a l l i o n M o d e l 37 battery- or l ine -
operated p H - m i l l i v o l t meter a n d / o r a C o r n i n g 12 Research p H - m i l l i v o l t 
meter. T h e p H measurements were ca l ibrated w i t h n o m i n a l p H 4 a n d 7 
buffers. D o u b l e buffer checks were w i t h i n ± 0 . 0 2 p H uni t . E h measure
ments were ca l ibrated w i t h Z o b e l l so lut ion [0 .0003M K 3 F e ( C N ) 6 , 
0 .0003M K 4 F e ( C N ) c · 3 H 2 0 , a n d 0 . 1 M K C 1 ] . F r o m 0° to 2 5 ° C , the E h 
of Z o b e l l so lut ion obeys the equat ion 

E h ( v o l t s ) = 0.429 + 0.0024(25 - t) (32) 

where t is i n degrees Ce ls ius (23). L a b o r a t o r y E h a n d p H measurements 
are p robab ly accurate to ± 0 . 0 0 2 vo l t a n d 0.02 p H uni t , respectively. 

Precipitates were smear-mounted a n d d r i e d on a glass s l ide for x-ray 
dif fraction analysis us ing a G e n e r a l E l e c t r i c x -ray diffractometer a n d 
F e K a rad iat ion . A n estimate of the size of crystal l ine partic les i n the 
precipitates was made b y measurement of the w i d t h of the major dif frac
t ion peak for the m i n e r a l of interest at h a l f - m a x i m u m intensity (24). 

Precipitates for examinat ion b y electron microscopy were first d i s 
aggregated w i t h an ultrasonic v ibrator so that single crystals c o u l d be 
studied. A d r o p of the dispersion was then p l a c e d on a co l lod ion-covered 
g r i d i n a Zeiss e lectron microscope, M o d e l 9S. E l e c t r o n micrographs of 
the precipitates show preferred or ientat ion of goethite a n d lepidocroc i te 
crystals ( F i g u r e s 5 a n d 7 ) . Geothi te c o m m o n l y occurs as acc i cu lar a n d 
narrow pr ismat i c crystals e longated i n the [001] or c-axis d irect ion . 
Lep idocroc i t e is t y p i c a l l y present i n b l a d e d pr i smat i c or micaceous forms 
flattened on {010} ( 3 ) . T h u s , sizes based on the x-ray di f fract ion method 
represent the mean thickness of goethite crystals i n the [110] d irect ion , 
a n d of lepidocroc i te crystals i n the &-axis or [020] d i rect ion . T h e accu 
racy of x-ray determined values for these mean dimensions is p r o b a b l y 
± 2 0 - 4 0 % for the sizes encountered i n this study. 

Experimental Methods. Studies were made of the prec ip i tat ion a n d 
aging of ferr ic oxyhydroxides f o rmed i n sulfate solutions i n i t i a l l y about 
1 0 " 2 M i n ferrous i ron . Three representative runs are descr ibed be low. 
O x i d a t i o n of ferrous i r on was accompl ished b y b u b b l i n g the solutions 
w i t h air . H y d r o l y s i s was w i t h 0 . 1 M N a O H or 0 . 5 M N a H C O a . Runs were 
made i n a constant-temperature b a t h at 25° ± 0.2 ° C w i t h about 3.5 
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220 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 4. Observed changes in Eh, pH, 
and calculated pQ values during Runs 
5 and 8. Bracketed letters A, G, and L 
indicate that the precipitate is mostly 
amorphous, goethite, or lepidocrocite, 
respectively. Bracketed letters g and I 
indicate the presence of minor amounts 
of goethite or lepidocrocite, respectively. 
Runs 5 and 8 were begun at points la
beled "acidify" and "start base," respec

tively. 

l iters of so lut ion i n 4-l iter borosi l icate glass beakers. T h e beakers were 
f itted w i t h a ir t ight L u c i t e covers w h i c h h a d holes to accommodate stop
per-f itted E h a n d p H electrodes, a specific conductance probe, gas intake 
a n d discharge tubes, a thermometer , a n d a buret t i p for base add i t i on . So
lut ions were st i rred w i t h a teflon-coated st i rr ing bar powered f rom beneath 
the beaker b y a water -dr iven magnet ic rotor. Per i od i ca l l y d u r i n g the 
runs , w h i c h lasted f rom 4 to 10 hours, a n d later d u r i n g ag ing , measure
ments were made of E h , p H , a n d specific conductance, samples of so lu
t ion were w i t h d r a w n for total d issolved i ron or ferrous i ron analysis, a n d 
prec ip i tate was col lected for x-ray a n d electron microscope analysis. 

Hydrolysis of F e ^ S O ^ a Solutions. R u n 8 i n v o l v e d the hydro lys is 
w i t h 0 . 1 M N a O H of a so lut ion i n i t i a l l y 1 0 " 2 M i n tota l i r on . T h e solut ion 
was prepared w i t h reagent-grade ferr ic sulfate w h i c h contained about 
1 % of ferrous i ron . T h e base was a d d e d per i od i ca l l y d u r i n g four hours 
of the r u n so that the final solut ion conta ined about 100 p p m of d isso lved 
tota l i r o n species. D u r i n g the r u n , over 9 0 % of m F e ( I I I ) was present 
as the F e S C V complex. E h a n d p H changes d u r i n g the r u n a n d subse-
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8. LANGMuiR AND W H i T T E M O R E Stability of Ferric Oxyhydroxides 221 

quent ag ing are shown i n F i g u r e 4. O t h e r results evaluated d u r i n g ag ing 
are l i s ted i n T a b l e I I . T h e so lut ion was a l l o w e d to evaporate to about 
one t h i r d its o r i g ina l vo lume d u r i n g 109 days f o l l o w i n g the r u n . T h e 
goethite w h i c h h a d appeared as of 112 days ' ag ing ev ident ly f o rmed b y 
crysta l l i zat ion of the amorphous mater ia l . E l e c t r o n microscop ic examina 
t ion of the prec ip i tate after 198 days showed rod - l ike crystals of goethite 
surrounded b y amorphous-appear ing mater ia l . T h e goethite crystals 
were about 50 to 100 Â th i ck a n d 300 to 600 Â long . 

Oxidation and Hydrolysis of F e S 0 4 Solutions. I n i t i a l so lut ion of 
reagent grade F e S 0 4 i n R u n 5 ( F i g u r e 4) gave a hydro lys is p H of 4.12. 
T h e s m a l l amounts of suspended ferr ic oxyhydroxides present h a d a p Q 
value of 38.8. A d d i t i o n of a f ew drops of concentrated H 2 S 0 4 b rought the 
p H to 3.08 a n d leached away the most soluble oxyhydrox ide mater ia l 
present, l eav ing b e h i n d re lat ive ly more crystal l ine partic les w i t h a pQ 
of 40.2. L e a c h i n g of the ferr ic oxyhydroxides increased the [ F e 3 + ] / 
[ F e 2 + ] rat io a n d so ra ised the E h . W i t h the beg inn ing of aeration a n d 
base add i t i on , E h d r o p p e d because of pre ferent ia l hydrolys is a n d pre 
c ip i tat ion of F e 3 + , whereas the rate of F e 2 + ox idat ion at these p H ' s is 
extremely s low ( 4 ) . So lut ion composi t ion thus m o v e d a long the ferrous 
i o n - f e r r i c oxyhydrox ide boundary . Substant ia l prec ip i ta t ion began at a 
p H of 4.34, w h e n pQ = 38.4, ind i ca t ing that the first prec ipitate was 
chiefly amorphous. T h e value of pQ subsequently increased to 39.1 a n d 
p r o b a b l y h igher for two reasons. F i r s t , i n i t i a l prec ip i ta t i on occurs i n the 
v i c i n i t y of drops of a d d e d base a n d thus develops under h i g h l y super
saturated condit ions. W i t h m i x i n g , m u c h of this re lat ive ly unstable pre 
c ipitate redissolves i n the b u l k of solut ion, l eav ing b e h i n d a more stable 
(less so luble ) f ract ion. A l so as the degree of supersaturation decreases, 
prec ip i tat ion occurs more s l owly w i t h the consequent development of 
better c rysta l l i zed mater ia l . A t pQ = 39.1, the solut ion contained 335 
p p m of dissolved ferrous i ron . 

W i t h the end of base add i t i on , ox idat ion of F e 2 + to ferr ic oxyhydrox
ides by the air became the important react ion, causing an increase i n E h 
a n d decrease i n p H . T w o days after cessation of b u b b l i n g w i t h a ir , pQ = 
41.0, a n d x-rays showed the crystal l ine fract ion of the prec ip i tate to be 
predominant ly lepidocroc i te ( c rysta l thickness 64 ± 15 Â ) w i t h a f ew 
percent goethite ( c rysta l thickness 54 db 15Â) . A f t e r 93 days (last po int 
shown i n F i g u r e 4 ) , pQ = 43.3, a n d the goethite to lepidocroc i te rat io 
h a d doub led . T h e thickness of goethite crystals r emained unchanged , 
w h i l e that of lepidocroc i te h a d increased to 75 d= 15 Â. X - r a y dif fraction 

Table II. Some Results During Aging of Run 8 

Days X-ray Analysis 
After Fe(II), Fe(III), and Crystal 0 

Run pH ppm ppm vQ Thickness, A 

3 2.65 — 100 38.5 A m o r p h o u s 
21 - - - - A m o r p h o u s 

112 2.15 - - - Goethi te , 67 ± 20 
147 2.14 16.1 309 40.0 Goeth i te , 58 =fc 20 
192 2.11 16.1 - 40.0 Goeth i te , 61 ± 20 
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222 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 5. Electron micrograph taken after 298 days' aging 
of Run 5, showing lath-like lepidocrocite crystak and 

smaller needle-like goethite crystals 

after 293 days showed the crystal thickness of goethite fa i r ly constant at 
63 ± . 15 Â, w h i l e that of lepidocroc i te h a d increased to 93 ± 20 Â. A t 
this t ime, the goethite to lepidocroc i te rat io h a d again doub led . A f t e r 258 
a n d 298 days, the electron microscope showed lepidocroc i te aggregates 
a n d lath- l ike single crystals, and re lat ive ly smaller goethite needles or 
rods ( F i g u r e 5 ) . T h e goethite crystals were elongated i n the c-axis d irec 
t ion , a n d the lepidocroc i te laths lay w i t h their fo-axis vert i ca l . T h i s or ien
tation was conf irmed b y the relat ive intensities of reflections i n the x-ray 
di f fraction patterns. A s shown i n F i g u r e 5, the w i d t h of the lepidocroc i te 
laths averaged about 400 À, their length about 2300 Â. T h e goethite rods 
were 40 to 60 Â i n w i d t h , a n d averaged about 500 Â i n length. 

R u n 4 ( F i g u r e 6 ) was also begun w i t h a 1 0 " 2 M F e S 0 4 so lution. A c i d 
l eaching of smal l amounts of suspended oxyhydroxides in i t i a l l y present 
raised pQ f r om 40.1 to 41.8. Increments of 0 . 5 M N a H C O * were then 
introduced wi thout aeration. Base was a d d e d more r a p i d l y than i n R u n 5 
so that the solution became more h i g h l y supersaturated w i t h respect to 
crystal l ine oxyhydroxides , a n d prec ip i tat ion of amorphous mater ia l began 
w i t h pQ = 37.3. As i n R u n 5, pQ increased because of resolution of the 
most soluble mater ia l a n d a decreasing rate of prec ip i tat ion . X - r a y analy
sis at pQ = 38.4 showed the crystal l ine fract ion of the precipitate to be 
chiefly lepidocroc i te ( c i y s t a l thickness 115 =t 35 Â ) w i t h minor goethite 
( crysta l thickness 100 ± 30 Â ) . Subsequent x-ray analyses d u r i n g the 
r u n at pQ = 39.1 a n d 39.2 showed a r a p i d l y increasing proport ion of 
goethite relative to lepidocroc i te w i t h roughly equa l amounts of the two 
phases present at pÇ> = 39.2. T h e mean crystal thickness of goethite re 
ma ined roughly constant d u r i n g this t ime ; however , that of lepidocroc i te 
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8. LANGMuiR AND WHITTEMORE Stability of Ferric Oxyhydroxides 223 

increased to about 200 db 60 Â, p r o b a b l y because smaller part ic le sizes 
of this m i n e r a l were redissolved or converted to goethite. 

A e r a t i o n was then begun, w i t h the result that F e 2 + concentrations 
d r o p p e d to neg l ig ib le values ( < 0.005 p p m ) . A f t e r one day a n d also 
after 216 days ' ag ing ( last po int i n F i g u r e 6 ) , the crystal l ine f ract ion of 
the prec ip i tate contained rough ly twice as m u c h goethite as lepidocroc i te , 
w h i l e crysta l thicknesses r emained about 100 a n d 200 Â, respectively. I n 
296 days, the goethite-to- lepidocrocite rat io h a d increased to greater t h a n 
3, a l though crystal thickness of the two minerals r e m a i n e d unchanged . 
E l e c t r o n micrographs taken at 262 a n d 302 days ( F i g u r e 7 ) show c o m 
pact aggregates w i t h single a n d in tergrown crystals of goethite a n d 
lepidocroc i te pro ject ing rad ia l l y f r om their surfaces. Isolated needle-
shaped goethite crystals h a d an average w i d t h a n d length of r ough ly 100 
a n d 2000 Â, respectively. L e p i d o c r o c i t e occurred only i n the aggregates 
where its crystal l ine dimensions c o u l d not be adequate ly measured. 
X - r a y di f fract ion intensities ind i ca ted f a i r l y r a n d o m or ientat ion of crystals 
i n the aggregates. 

Discuss ion . Observat ions of other workers prov ide further insights 
into the behavior of prec ip i tated ferr ic oxyhydroxides . L a m b a n d Jacques 
(25) f ound that i n pure ferr ic salt solutions the part ic le size a n d stabi l i ty 
of oxyhydroxides increases w i t h the concentration of d issolved ferr i c i r o n 
present d u r i n g prec ip i tat ion . F e i t k n e c h t a n d M i c h a e l i s (26) a n d W a t s o n 
et al. (7) noted that crystal l ine oxyhydroxides such as goethite a n d 

ι 1 • 1 Π 
. 5 - -

Run 4 : O.OI M FeS0 4 , 

- . 2 J « 1 1 1 ' 1 l - J 

4 6 8 
PH 

Figure 6. Observed changes in Eh, pH, and calcu
lated pQ values during Run 4; bracketed letters have 

the same significance as in Figure 4 
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224 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

akaganéite g r o w r a p i d l y w i t h ag ing i n ferr ic salt solutions, b u t m a y f o r m 
or crystal l ize extremely s lowly i f at a l l i n solutions w h i c h conta in only 
trace amounts of d isso lved ferr i c i r on . Fe i tknecht a n d M i c h a e l i s (26) 
observed the complete crysta l l i zat ion of amorphous mater ia l to goethite 
w h e n the amorphous phase was prec ip i tated i n the presence of F e 2 + ions. 
T h i s s tudy s imi lar ly shows that the rate of f o rmat ion of crystal l ine par 
ticles of goethite or lepidocroc i te is propor t i ona l to the dissolved ferrous 
or ferr ic i r on concentrat ion a n d is faster i n ferrous than i n ferr ic i r on 
solutions of the same molar i ty . 

Figure 7. Electron micrograph taken after 302 days' aging 
at Run 4, showing compact crystalline intergrowth of 

goethite and lepidocrocite 

Other generalizations based on results of the study are possible. 
These are: 

1. T h e i n i t i a l prec ip i tate of ferr ic oxyhydrox ide is usual ly l o w i n p Q , 
reflecting the presence of re lat ive ly large amounts of amorphous mater ia l . 
T h e faster the rate of prec ip i tat ion b y ox idat ion a n d / o r hydro lys is , the 
greater the supersaturation w i t h respect to crystal l ine oxyhydroxides , a n d 
the l ower the i n i t i a l pÇ>. 

2. Because of the effect of part ic le size on relative stabil it ies, miner 
als such as lepidocroc i te a n d goethite ( R u n 4) or goethite a n d hematite 
may reverse i n stabi l i ty . 

3. P a r t i a l so lut ion or l each ing of precipitates removes the least stable 
( most soluble ) mater ia l first, so that pÇ> values i n so lut ion increase. 
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As was evident f rom Runs 4, 5, a n d 8, after l ong periods of ag ing , the 
average thickness of goethite rods or needles m a y remain i n the 50 to 
100 Â range, w i t h average lengths of f r om 500 to 2000 Â. Lep idoc roc i t e 
crystals s i m i l a r l y can remain as laths averaging about 80 -200 A th i ck , 
400 Â w i d e , a n d 2300 A i n length. If the entire surfaces of such crystals 
were i n contact w i t h the solution, one c o u l d pred ic t a large part i c le size 
effect on thermodynamic stabi l i ty . F o r goethite, E q u a t i o n 5 m a y be 
modi f ied to give 

- S p i f = 45.3 A/V (33) 

where A is the surface area of a crystal i n Angstroms squared, a n d V is its 
vo lume i n Angstroms cubed . A t the close of R u n 8, the mean diameter 
of the rod l ike goethite crystals was 60 =b 15 Â, their mean l ength 500 =t 
100 Â , a n d p Ç = 40.0. Based on E q u a t i o n 33, δρΚ is 3.2 for the goethite, 
and the p K of macroscopic goethite must then exceed 43.2 because the 
goethite is f o rm ing b y crysta l l i zat ion of less-stable amorphous mater ia l . 

P r e l i m i n a r y estimates for goethite crystals i n R u n 5 ( F i g u r e 5) s i m i 
la r ly y i e l d δρΚ = 3.2. If the lepidocroc i te crystals i n this r u n are con
s idered rectangular prisms w i t h a surface energy the same as that of 
goethite, then δρΚ for the lepidocroc i te equals 1.3. T h e above estimates 
of δρΚ are ca lcu lated f r om the geometry of isolated crystals a n d m a y be 
i n error for several reasons, i n c l u d i n g nonuni formi ty of crysta l shapes a n d 
sizes for a part i cu lar minera l , uncerta inty i n the surface energy of l ep ido 
crocite, a n d differences i n the state a n d composi t ion of crysta l aggregates. 
W h e n aggregates or intergrowths of a m i n e r a l are present, as i n F i g u r e 7 
(see also W a t s o n et al., Réf. 2 7 ) , δρΚ values based o n the geometry of 
isolated crystals w i l l be too large. 

Suspended Ferric Oxyhydroxides in Some Ground Waters 

Methods of Chemical Analysis. Analyses of the i ron content i n g round 
waters f rom the C a m d e n , N e w Jersey area ( T a b l e I I I ) were made i n a 
trai ler modi f ied as a mob i l e chemica l laboratory. Ferrous i ron values were 
measured w i t h i n one hour of co l lect ion us ing a modi f ied version of the 
bathophenanthrol ine spectrophotometric method of L e e a n d S t u m m (28) 
w h i c h involves extraction of the ferrous i r on -bathophenanthro l ine c om
plex f rom aqueous solut ion into n-hexyl a lcohol . T h e extraction is desir
able i n that co l lo ida l -s ized ferr ic oxyhydroxides present i n the sample are 
exc luded f rom the extractant. A second advantage is that l o w sample 
i ron concentrations m a y be determined b y extract ing the i ron f rom a large 
sample vo lume into a re lat ive ly sma l l vo lume of n -hexy l a lcohol . L e e a n d 
S t u m m recommend ac id i f y ing a n d b o i l i n g the sample pr ior to ferrous 
i ron analysis. B o i l i n g a n d acidi f icat ion were avo ided i n this s tudy because 
Shapiro (29) has shown that such treatment reduces ferr ic to ferrous 
i ron , i n amounts dependent on the p H and t ime of bo i l ing . 
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Table III. Description of Wells and Chemical Data for 
and Magothy Formations 

Well 
No. 

Altitude Screen Setting, 
above Sea Interval in Temp., 
Level Ft Ft Date °C 

103 
104 
123 
125 
127 
131 
162 

19 118-148 12-17-69 13.0 
19 204-224 12-17-69 12.9 
59 298-338 12-15-69 13.8 
10 211-272 12-14-69 13.1 
45 248-288 12-13-69 13.0 
44 309-367 12-16-69 14.2 
65 452-473, 12-15-69 15.0 

541-594 
171 
172 
187 
188 
189 

100 425-445 12-14-69 16.2 
100 369-389 12-14-69 15.9 
40 325-375 12-15-69 13.2 
45 258-293 12-13-69 13.8 
65 220-272 12-15-69 14.0 

a Specific conductance (μ) is in micromhos at 25°C. 

T o t a l i r on concentrations g iven i n T a b l e I I I were determined w i t h 
the unmodi f ied bathophenanthro l ine method of L e e a n d S t u m m (28). 

A l l spectrophotometric measurements were made w i t h a B a u s c h a n d 
L o m b Spectronic 20, us ing 1-inch sample test tubes ( l i gh t p a t h 2.235 c m ) . 
T h e accuracy a n d reproduc ib i l i t y of ferrous a n d total i ron analyses w i t h 
the bathophenanthro l ine method was about ± 0 . 0 0 5 p p m at concentra
tions near 0.02 p p m , a n d about ± 0 . 1 p p m at concentrations near 10 p p m . 

T h e same electrodes were used for E h a n d p H measurement, bo th 
i n the laboratory a n d the field. Measurements of p H were made w i t h the 
C o l e m a n M e d a l l i o n M o d e l 37 meter after ca l ibrat ion i n n o m i n a l p H 4 
a n d 7 buffers brought to w i t h i n 0 .5°C of g round water temperature. 
D o u b l e buffer checks were always w i t h i n ± 0 . 0 5 p H unit . E h values 
were read w i t h the C o l e m a n meter or an O r i o n M o d e l 407 battery-
powered p H - m i l l i v o l t meter. T h e E h response of the electrodes a n d 
meters was checked d a i l y w i t h Z o b e l l solution. G r o u n d water for E h 
analysis was forced b y w e l l - p u m p pressure through one side a r m of a 
glass U tube a n d out the opposite side a rm. T h e p l a t i n u m t h i m b l e a n d 
reference electrodes were inserted through rubber stoppers into the 
larger U tube openings to g ive a water - t ight seal. E h was recorded w i t h 
t ime d u r i n g constant flow through the U tube u n t i l values changed b y 
less than 0.005 volt i n 20 minutes. A t this point , flow was stopped to 
e l iminate the flowing potent ia l (usua l ly —0.010 to —0.030 vo l t ) a n d the 
final E h read ing taken. E h measurements t y p i c a l l y r e q u i r e d f rom one to 
two hours for complet ion because of re lat ive ly l o w redox capac i ty of the 
g round water a n d the need to flush a l l extraneous oxygen f rom p l u m b i n g 
between the g round water aqui fer a n d electrodes. A deta i led explanat ion 
of the methods, theory, a n d l imitat ions of E h measurement are g iven 
elsewhere (23). F i e l d E h values l isted i n T a b l e I I I are considered accu 
rate to ± 0 . 0 2 0 volt . 
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8. LANGMuiR AND WHITTEMORE Stability of Ferric Oxyhydroxides 227 

Well-Water Samples from the Potomac Group and Raritan 
near Camden, New Jersey" 

Eh, Feitotal), Fe(II), 
pH Volts ppm ppm μ pQ 

4.92 +0 .220 0.74 0.65 64 43.0 
5.64 +0 .246 0.17 0.15 66 41.0 
6.52 - 0 . 0 9 2 9.4 8.6 173 42.5 
6.15 - 0 . 0 4 9 11.2 10.2 128 42.8 
6.22 - 0 . 0 4 6 11.5 10.5 146 42.6 
6.71 - 0 . 0 8 8 2.6 2.5 226 42.3 
7.36 - 0 . 0 9 0 0.67 0.51 186 41.0 

7.65 - 0 . 0 3 4 0.22 0.07 253 39.9 
7.75 - 0 . 0 4 0 0.21 0.11 253 39.5 
5.00 +0 .295 0.024 0.022 40 42.9 
6.21 - 0 . 0 5 3 10.3 9.3 170 42.7 
7.25 - 0 . 0 8 5 0.61 0.21 212 41.8 

Specif ic conductance was measured w i t h a B e c k m a n conduct iv i ty 
br idge , M o d e l R C - 1 6 8 2 , a n d a d i p p i n g glass conduct iv i ty c e l l w i t h a c e l l 
constant near 1 cm" 1 . T h i s equ ipment was ca l ibrated per i od i ca l l y i n a 
s tandard K C 1 solution. Conduc tance values were corrected to 25 ° C a n d 
are p robab ly accurate to w i t h i n ± 2 % . 

Results of the c h e m i c a l analyses of g round waters f r om the twe lve 
wel ls near C a m d e n , N e w Jersey, are g iven i n T a b l e I I I . 

Ground Waters Near Camden, New Jersey. Results of the laboratory 
studies a n d of re lated w o r k b y others m a y be used to exp la in the be
havior of suspended ferr ic oxyhydroxides i n g r o u n d water . T h e ground 
waters to be considered are p u m p e d f r om the Potomac G r o u p a n d R a r i t a n 
a n d M a g o t h y Format ions of Cretaceous age as they occur near C a m d e n , 
N e w Jersey, a n d i n southern M a r y l a n d . A deta i l ed descr ipt ion of the i r o n 
content of these g round waters i n N e w Jersey has been p u b l i s h e d b y 
L a n g m u i r (18,30), w h i l e the i r on content of the M a r y l a n d g round waters 
has been examined b y B a c k a n d Barnes (31). 

T h e Potomac G r o u p a n d R a r i t a n a n d M a g o t h y Format ions , w h i c h 
may be considered a single aqui fer system, are made u p of sands, silts, 
a n d gravels w i t h a c o m b i n e d thickness of 200-250 feet i n the outcrop area 
near C a m d e n , N e w Jersey ( F i g u r e 8 ) . T h e formations d i p 40 to 100 
f t / m i l e to the southeast where they are over la in b y silts a n d clays of the 
M e r c h a n t v i l l e a n d W o o d b u r y Format ions . G r o u n d waters present i n 
artesian parts of the aqui fer system have entered as recharge i n the out
crop area a n d b y ver t i ca l movement through over ly ing sediments w i t h i n 
a f ew miles southeast of the outcrop area. 
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228 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 8. Location of the New Jersey study area 
and generalized pH values of ground water in the 
Potomac Group and Raritan and Magothy Forma
tions as shown by contours, 1966-67; crosshatch-
ing denotes the outcrop area of the formations 

W h e r e fresh, the g round water is of the c a l c i u m bicarbonate type. 
Its d isso lved solids content ranges f r om less than 100 p p m where u n 
p o l l u t e d i n the outcrop area to 500 p p m d o w n d i p ten or more mi les , where 
fresh g round waters m i x w i t h res idua l saline g round waters. 

I n a n d near the outcrop area, p H ' s are usua l ly between 5 a n d 6 
( F i g u r e 8) because of H + i on produc t i on resul t ing f r om the ox idat ion of 
traces of the F e S 2 minerals pyr i te a n d marcasite a n d f r om solut ion of 
soil -zone C 0 2 . G r o u n d waters i n this area are p r o b a b l y at most a f ew 
months i n age. T h e chie f H + i on p r o d u c i n g reactions require oxygen. 
W i t h o u t fresh sources of oxygen i n artesian parts of the aqui fer system, 
p H values rise to about 8 as H + ions are depleted w i t h t ime b y hydro lys is 
reactions w i t h si l icate minerals a n d traces of carbonate she l l materials 
present i n the formations. Arguments presented elsewhere (30) support 
an age of several thousand years or more for g round waters i n the area 
h a v i n g a p H of about 8. T h u s , the p H contours shown i n F i g u r e 8 are a 
measure of the relat ive age of the g round water. 

A m a p of total i r on concentrations based on analyses of 180 w e l l 
waters (30) is shown i n F i g u r e 9. A l s o ind i ca ted i n the figure are l o ca 
tions of 12 wel ls w h i c h were sampled a n d their waters chemica l l y ana
l y z e d i n D e c e m b e r 1969 ( T a b l e I I I ) . A compar ison of F igures 8 a n d 9 
shows that total i ron contours p a r a l l e l p H contours. T h e latter figure 
shows that total i r on concentrations increase r a p i d l y to a m a x i m u m a n d 
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8. LANGMuiR AND W H i T T E M O R E Stability of Ferric Oxyhydroxides 229 

then gradua l ly decrease d o w n d i p . T o t a l i r o n is present chief ly as ferrous 
i ron species w h i c h ranged f r om 0.022 to 10.2 p p m i n the 12 w e l l waters. 
T h e differences between total a n d ferrous i r on values i n T a b l e I I I are 
the concentration of suspended ferr i c oxyhydroxides w h i c h represented 
f rom 5 to 7 0 % of the total i r on content i n the 12 w e l l waters. F i l t r a t i o n 
studies (18) have shown that the suspended mater ia l ranges f r o m less 
than 0.01 m i c r o n (100 Â ) to greater than 5 microns a n d averages 1-2 
microns. Unfor tunate ly , i t was not possible to col lect enough of this 
mater ia l on a membrane filter for x-ray analysis. H o w e v e r , laboratory 
studies b y others descr ibed elsewhere (18) support a mixture of amor 
phous mater ia l a n d goethite for the suspension. 

T a k i n g p H as a measure of relat ive age, F i g u r e 10 is a p lot of p H 
vs. other ca lcu lated a n d measured parameters i n the g round water . W e l l s 
103, 104, a n d 187, w h i c h are at or adjacent to the outcrop area, p lo t to 
the left of the d iagram. T h e other wel ls tap artesian ground waters d o w n -

Figure 9. Generalized total iron concentration in ground waters of the 
formations in parts per million, 1965 (18) ; total iron values used to construct 
the map were measured in the laboratory by the spectrophotometric bipyri-

dine method (32) 
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230 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

d i p . T h e d i a g r a m shows that specific conductances increase w i t h age of 
the g round water f rom 50 micromhos i n the outcrop area to 250 m i -
cromhos d o w n d i p . I n the outcrop of the formations, g round water re 
charge, w h i c h is chiefly f r om prec ip i ta t ion , is l o w i n dissolved solids but 
h i g h i n dissolved oxygen so that E h is h i g h a n d ferrous i r on concentra
tions are less than 1 p p m ( 1 0 " 4 7 M ) . T h e F e 2 + m a x i m u m just southeast 
of the outcrop area reflects the absence of sources of oxygen a n d m i x i n g 
of the ground water w i t h i r o n - r i c h recharge w h i c h enters the aqui fer 
system f rom over ly ing sediments. F u r t h e r southeast, F e 2 + concentrations 
decrease b y hydrolys is a n d prec ip i tat ion as p H rises. There are no other 
ferrous i ron sources d o w n d i p . 

Var iat ions i n pÇ) m a y be expla ined i n l ight of the behavior of ferr ic 
oxyhydroxides i n laboratory studies. T h e two g round waters i n a n d 
adjacent to the outcrop area w i t h p H s near 5 (wel l s 103 a n d 187) are 
supp l i ed w i t h H + ions b y reactions a lready noted. T h e ac id i ty tends to 
l each away the less stable oxyhydroxides , ra i s ing pÇ> values close to 43. 
I n the water f r om w e l l 104 ( p H = 5.64), prec ip i tat ion is o c curr ing at 
re lat ive ly l o w F e 2 + concentrations so that p Q is rather l o w (41.0) . C o m 
parat ive ly h i g h pQ values (42.5-42.9) are f ound w i t h m a x i m u m ferrous 
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Figure 10. pH vs. other measured and calculated 
chemical parameters for the 12 New Jersey well waters 
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8. L A N G M U i R AND W H i T T E M O R E Stability of Ferric Oxyhydroxides 231 

i r o n concentrations of about 10 p p m . T h u s , as i n the laboratory , the 
re lat ive ly stable oxyhydroxides develop i n the presence of h i g h F e 2 + c on 
centrations, under w h i c h condit ions fresh precipitates can recrystal l ize to 
more stable forms. Prec ip i ta t ion continues as the g r o u n d water moves 
further d o w n d i p . H o w e v e r , p Q values g radua l ly decrease because the 
oxyhydroxides recrystal l ize more s lowly i n the presence of decreasing 
amounts of ferrous i ron . 

5.5 5.0 4.5 
-logCFe2+D 

Figure 11. p Q vs. — Zog[Fe 2 +] for 12 New 
Jersey well waters (circles) and 12 Maryland 
well waters (triangles); open symbols denote 

waters with pH values of 5.00 or less 

Comparison with Ground Waters in Southern Maryland. T h e p r i n 
ciples descr ibed above also a p p l y to the behavior of suspended ferr i c 
oxyhydroxides i n g r o u n d waters f r om the R a r i t a n a n d M a g o t h y f o r m a 
tions i n southern M a r y l a n d . F i g u r e 11 is a p lot of p Q vs. — l o g [ F e 2 + ] 
for the 12 N e w Jersey w e l l waters a n d for 12 w e l l waters f r om M a r y l a n d 
w h i c h were studied b y B a c k a n d Barnes (31). I n the M a r y l a n d waters, 
F e 2 + concentrations were general ly h igher (1.3 to 26 p p m ) , E h s s l ight ly 
h igher ( - 0 . 0 2 0 to +0 .384 vo l t ) a n d p H ' s l ower (3.66 to 6.87) than i n 
the N e w Jersey waters. These differences reflect re lat ive ly greater a b u n 
dances of H + a n d F e 2 + - p r o d u c i n g minerals ( F e S 2 , pyr i te , a n d marcasite ) 
i n l igni te w i t h i n the M a r y l a n d sediments a n d the fact that a l l the M a r y 
l a n d wel ls tap ground waters w h i c h are re lat ive ly oxygen-r ich , b e i n g 
under water table or at most semiconfined condit ions. Waters f r om 
M a r y l a n d w e l l 18 have a p H of 3.66 because of ox idat ion of F e S 2 minerals 
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232 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

so that oxyhydrox ide precipitates have been leached, a n d p Q is a h i g h 
43.5. F o r the other M a r y l a n d w e l l waters, the p lo t shows a good corre
lat ion between pÇ) a n d — l o g [ F e 2 + ] , i n d i c a t i n g that the stabi l i ty of sus
p e n d e d oxyhydroxides increases w i t h the F e 2 + concentration. 

Summary 

F e r r i c oxyhydroxides prec ip i ta ted i n natura l waters are usual ly m i x 
tures of x-ray amorphous mater ia l a n d goethite ( α - F e O O H ) . T h e appar 
ent thermodynamic s tabi l i ty of oxyhydrox ide precipitates may be de
scr ibed i n terms of the i o n ac t iv i ty product pQ = — l o g [ F e 3 + ] [ O H ' ] 3 i n 
solution. Va lues of pQ are ca lculable f r om measurements of total d is 
so lved i r o n a n d ( o r ) ferrous i r on , p H , E h , a n d a knowledge of i on i c 
strength. F e r r i c oxyhydroxides prec ip i tated i n the laboratory f r o m solu
tions i n i t i a l l y 1 0 " 2 M i n i r o n as ferr ic sulfate or ferrous sulfate h a d pQ 
values rang ing f r om 37.3 to 43.3. T h e lowest values were f o u n d w i t h 
freshly prec ip i ta ted amorphous mater ia l , the highest values w i t h aged 
mixtures of goethite a n d lepidocroc i te f o rmed i n F e S 0 4 solutions. Based 
on x-ray di f fract ion a n d electron microscopy , goethite occurred as r o d or 
needle- l ike crystals e longated p a r a l l e l to the c-axis d i rec t ion . T h e crystals 
t y p i c a l l y ranged f r om 50 to 100 Â i n diameter a n d 500 to 2000 Â i n 
length. Lep idocroc i t e appeared as laths rang ing f r om 60 to 200 Â th ick 
a long the fo-axis, averaging 400 Â w i d e i n the c-axis d i rec t ion a n d 2300 Â 
l o n g i n the α-axis d i rec t ion . 

C h e m i c a l analyses were made of 24 w e l l waters f rom coastal p l a i n 
N e w Jersey a n d M a r y l a n d i n w h i c h the i r on is present i n so lut ion chiefly 
as aqueous ferrous species (10 3 3 3 to 10" 5 4 0 M F e ) a n d suspended ferr ic 
oxyhydroxides ( 1 0 4 1 3 to 1 0 ~ 7 4 M F e , or 5 to 7 0 % of the total i r on con
tent ) . T h e suspended oxyhydroxides are p r o b a b l y mixtures of amorphous 
mater ia l a n d goethite. Based on f i l tration studies, they have a part ic le 
size f r om < 1 0 0 to > 50,000 À a n d averaging 10,000 to to 20,000 Â. Values 
of pÇ> ranged f r om 37.1 i n a shal low, ox id i zed g r o u n d water w i t h active 
prec ip i ta t i on to 43.5 i n a shal low ground water w i t h active l each ing of 
oxyhydroxides b y H + ions ( p H = 3.66) f r om oxidat ion of F e S 2 minerals . 
T h e highest pQ values for deeper, artesian g round waters ranged f r o m 
about 41 to 43 a n d were f o und i n re lat ive ly young waters at the highest 
measured ferrous i ron concentrations. G r o u n d waters at even greater 
depths i n coastal p l a i n N e w Jersey, w h i c h are probab ly several thousand 
years o l d , h a d pÇ) values as l o w as 39.5, h a v i n g aged a long w i t h l o w 
ferrous i ron concentrations (10" 5 9 0 M F e ) . 

Some general conclusions of the s tudy are : 
1. T h e greater the supersaturation w i t h respect to crysta l l ine oxy

hydroxides , the faster the prec ip i ta t ion a n d the lower the i n i t i a l pQ. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

00
8

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 



8. L A N G M U i R AND W H I T T E M O R E Stability of Ferric Oxyhydroxides 233 

2. H i g h pÇ) values can result f rom H + i on leaching of oxyhydrox ide 
precipitates w h i c h preferent ia l ly dissolves the least stable mater ia l . 

3. T h e rate of crystal f ormat ion a n d p Q increase of a prec ip i tate 
( usua l ly goethite ) is propor t i ona l to the disso lved i ron concentrat ion a n d 
is faster i n ferrous than i n ferr ic i r on solutions. Measurab le crysta l l i zat ion 
of amorphous mater ia l occurs w i t h i n minutes i n 10~ 2 M ferrous i r on so lu
tions, but m a y take thousands of years i n waters w h i c h contain about 
1 0 " 6 M ferrous i ron . 

4. F e r r i c oxyhydroxides w i t h crystal thicknesses less than 100 Â can 
remain indefinitely i n some waters. 

5. T h e re lat ive stabil it ies of two crystal l ine oxyhydroxides such as 
goethite a n d hematite or goethite a n d lepidocroc i te can reverse w i t h t ime 
o w i n g to part ic le size effects. 
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The Rate of Hydrolysis of 
Hafnium in 1M NaCl 

H A L K A BILINSKI and S. Y. T Y R E E , JR. 

College of Wi l l i am and Mary , Will iamsburg, V a . 23185 

The behavior of hafnium chloride in aqueous 1M NaCl has 
been studied over the temperature interval 25°-73°C. Total 
hafnium concentration was varied from 0.60 to 30 mM, and 
hydroxyl number was varied from 0 to 3. Rayleigh turbidi
ties and pH values were measured as functions of time. The 
existence of polynuclear species was confirmed, but the 
measured properties change slowly with time, the most 
rapidly at the highest temperature. The rate of hydrolysis 
is related analytically to total hafnium concentration, hy
droxyl number, and temperature. 

/ T , h e hydrolys is of h a f n i u m a n d z i r c o n i u m appear to be among the 
A most diff icult to understand ; i.e., their h y d r o l y t i c behavior has p r o v e d 

to be exceedingly compl i cated . F u r t h e r m o r e , the elements z i r c o n i u m 
a n d h a f n i u m offer an i d e a l pa i r w i t h w h i c h to search for sma l l differences 
i n h y d r o l y t i c behavior between two elements. Consequent ly , the results 
reported here are the complement of a s imi lar s tudy on z i r c o n i u m ( 1 ). 

T h e hydrolys is of h a f n i u m has been s tudied less extensively than 
that of z i r c o n i u m . L a r s e n a n d G a m i l l ( 2 ) carr i ed out p H titrations of 
d i lute aqueous solutions of h a f n i u m chlor ide , nitrate , a n d perchlorate at 
25 ° C , v a r y i n g total h a f n i u m concentrat ion f r o m 0.0047 to 0 .038M. T h e y 
conc luded , us ing the points at the so lub i l i ty boundary , that an i o n of 
average f o rmula [ H f ( O H ) 3 . 4

0 6 + ] w is the ha fn ium-conta in ing solut ion spe
cies i n e q u i l i b r i u m w i t h the so l id phase. L a r s e n a n d W a n g (3 ) s tud ied 
the i on exchange behavior of h a f n i u m at the same temperature b u t i n 
0.50, 1.00, a n d 2 . 0 0 M perch lor i c a c i d so lut ion, v a r y i n g the h a f n i u m con 
centrat ion i n the aqueous phase f rom 0.01 to 2.5 X 1 0 " 5 M . T h e y f o u n d 
that three days were needed to reach e q u i l i b r i u m . U s i n g e q u i l i b r i u m 
ultracentr i fugat ion , Johnson a n d K r a u s (4) f ound that the h a f n i u m -
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bear ing solute species i n 0 . 5 - 2 . 0 M a c i d at r oom temperature are tr imers 
a n d tetramers, p r i n c i p a l l y , where total h a f n i u m was 0 . 0 5 M . T h e y d i d 
not attain e q u i l i b r i u m , however , a n d expressed the v i e w that h y d r o l y t i c 
reactions become more compl i ca ted at l o w acidit ies . Deshpande a n d 
coworkers (5 ) measured dif fusion coefficients of h a f n i u m solutions as a 
funct ion of a c i d molar i ty , us ing solutions w h i c h h a d been e q u i l i b r a t e d 
for two hours at 27 ° C . T h e results ind i ca ted cont inuous po lymer i za t i on 
of h a f n i u m ions. Peshkova a n d A n g (6 ) used the T T A - s o l v e n t extract ion 
technique to s tudy hydro lys is a n d po lymer i za t i on of h a f n i u m i n 1 a n d 
2 M H C 1 0 4 . T h e y actual ly ca l cu lated hydrolys is constants of h a f n i u m 
monomer ic , t r imer i c , a n d tetrameric hydrolys is products at 2 5 ° C . M a t i -
jevic a n d coworkers (7 ) measured the charge on h y d r o l y z e d h a f n i u m 
ions i n very d i lute ( 1 0 " 5 - 1 0 " 6 M ) solutions, us ing c o l l o id c h e m i c a l tech 
niques. T h e y f o u n d no " a g i n g " effects on keep ing h a f n i u m tetrachlor ide 
solutions for six months, but d i d not state w h a t measurements were used 
to detect " a g i n g " effects. Stryker a n d M a t i j e v i c ( 8 ) measured the adsorp
t ion of h y d r o l y z e d h a f n i u m species on glass surfaces. F r o m the f ract ion 
of adsorbed h a f n i u m as functions of total h a f n i u m a n d different e q u i l i b r a 
t ion times, they conc luded that approx imate ly 70 hours are r e q u i r e d to 
reach e q u i l i b r i u m saturation. T h e i r experiments were i n the range of 
1 0 " 4 - 1 0 " 5 M total h a f n i u m . Savenko a n d Scheka (9 ) have s tudied p o l y m 
er izat ion of h a f n i u m i n so lut ion b y dialysis . T h e y have f ound that the 
degree of po lymer i za t i on of h a f n i u m depends on total h a f n i u m a n d p H 
but not on the nature of the an ion ; po lymer i za t i on increases as the degree 
of hydrolys is increases. T h e same conclusion was reached b y C o p l e y 
a n d T y r e e ( 1 0 ) , w h o used the l ight -scatter ing m e t h o d to determine 
whether or not a steady state h a d been reached. H o w e v e r , the latter 
experiments were p r e l i m i n a r y only. W e n o w w i s h to report the results 
of a somewhat more lengthy series of experiments. T h i s series was 
designed to see i f h a f n i u m solutions, w i t h i n the range of variables a v a i l 
able , do or do not come to e q u i l i b r i u m , or at least some steady state, i n 
measurable t ime. W e h o p e d to establish w h a t the effect of several 
variables is u p o n the rate at w h i c h h a f n i u m solutions approach a steady 
state. O n e var iab le was e l iminated early i n the study, that of i on ic 
strength, b y conduc t ing the entire study i n 1 M N a C l . P r e l i m i n a r y exper i 
ments ind i ca ted that i on i c strength has a very large effect on the rate of 
change of h a f n i u m solutions i n the 1 0 " 3 M total h a f n i u m range. A subse
quent s tudy w i l l dea l w i t h that var iab le . T h e three variables , to ta l haf
n i u m concentration, h y d r o x y l n u m b e r of h a f n i u m , a n d temperature, were 
considered i n this study. It is our op in i on that the results are of s igni f i 
cance to this sympos ium topic since l i t t le attention has been g iven b y 
water chemists to the poss ib i l i ty that s imple inorganic solutes m a y take 
l ong ( i n the geological sense) times to approach e q u i l i b r i u m . N o at-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

09



9. B I L I N S K I A N D T Y R E E Rate of Hydrolysis of Hafnium 237 

tempts have been made i n this w o r k to e luc idate the presumably very 
fast p r e - e q u i l i b r i u m steps i n aqueous m e t a l i on systems of the sort re 
por ted b y E y r i n g a n d his coworkers (11). 

Experimental 

A stock so lut ion of h a f n i u m oxide d i ch l o r ide octahydrate was pre 
p a r e d i n the manner descr ibed prev ious ly (10). T h e stock solut ion was 
ana lyzed for h a f n i u m grav imetr i ca l ly , as the oxide, a n d for ch lor ide b y 
the modi f ied V o l h a r d method . O t h e r stock solutions—i.e., N a C l , 
N a H C 0 3 , a n d H C 1 — w e r e p r e p a r e d f r o m reagent grade chemicals a n d 
s tandard ized b y the usua l methods. 

E x p e r i m e n t a l solutions were prepared f r o m stock solutions i n 250-ml 
vo lumetr i c flasks, each to s imulate a po int i n a potent iometr ic t i t rat ion . 
T h e solutions were prepared as several series, each series representing a 
total h a f n i u m concentration. E a c h member of a series was made u p to a 
par t i cu lar ratio of ana ly t i ca l concentrat ion of a c i d a d d e d to total haf
n i u m , designated as Z * . I n d i v i d u a l solutions were p r e p a r e d b y a d d i n g 
the ca lcu lated volumes of h a f n i u m stock, a c i d or base stock, a n d N a C l 
stock i n that order to vo lumetr i c flasks. M i x i n g a n d d i l u t i o n to the m a r k 
comple ted the preparat ion of solutions. A l l solutions were prepared 
us ing borosi l icate vo lumetr i c ware a n d were stored i n po lyethylene bottles 
at 25 °C . 

V o l u m e s of stock solut ion were ca lcu lated as s h o w n i n the f o l l o w i n g 
example. H 0 was ca l cu lated for each exper imenta l so lut ion to be pre -

ΓΗ +1 
p a r e d f r om the re lat ionship , H 0 = [ Η ί ] Τ ο τ X ι-ίτη * 8 > w n e r e 

[ H f ] T 0 T = h a f n i u m molar i ty of exper imental so lut ion 

[ H f ] stock = h a f n i u m molar i ty of stock solution 

[ H + ] X ' 8 = ch lor ide mo lar i ty of stock solut ion minus twice its 
h a f n i u m molar i ty . T h i s assumes an i n i t i a l i dea l 
solut ion of H f ( O H ) 2

2 + 2C1" a n d x's H C 1 " . 

T o prepare solutions of l ower Z * values, sufficient add i t i ona l H C 1 was 
added . 

2* _ 2 [H+]addod + H 0 

[Ηΐ]τοτ 

T o prepare solutions of h igher Z * values, sufficient N a H C O ^ solut ion 
was added . 

Z* = 2 + [ H C Q 3 ~ ~ l a d d e d ~ H 0 

[Ηί]τοτ 

I n some few cases, O H " was a d d e d coulometr ica l ly , w i t h no detectable 
difference i n result. 
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238 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table I. Turbidities and p H Values at 2 5 ° C 

Solution No. [ # / ] τ ο τ 

1 1 Χ ΙΟ"2 

1 Χ ΙΟ"2 

1 Χ io - 2 

1 X I O " 2 

1 x io - 2 

1 χ io - 2 

ι χ io - 2 

8 1 X I O " 2 

1 χ i o - 3 

11 1 X I O " 3 

12 1 X I O " 3 

z* Time, Days τ* X W^Cmr1 pH 

0.013 2 0 1.60 
30 2.0 1.61 
67 - 1.58 

267 4.5 1.53 

0.513 2 0 1.69 
30 3.0 1.68 
67 - 1.65 

267 4.2 1.59 

0.913 2 0 1.77 
30 3.0 1.77 
67 - 1.73 

267 5.0 1.67 

1.313 2 0 1.87 
30 4.0 1.85 
67 3.6 1.81 

267 5.5 1.69 

2.213 2 0 2.17 
30 7.4 2.15 
67 9.1 2.11 

267 15.0 1.95 

2.513 2 5.0 2.35 
30 15.0 2.33 
67 19.0 2.29 

267 57.0 2.11 

2.713 2 9.2 2.49 
30 33.0 2.46 
67 58.0 2.42 

267 633.0 2.25 

2.913 2 32 2.68 
30 760 2.68 
67 ppt 2.63 

267 ppt 2.48 
0.013 2 0 2.56 

30 1.0 2.54 
60 - 2.55 

260 14.0 2.47 

0.913 2 1.0 2.70 
30 1.8 2.69 
60 2.5 2.70 

260 14.2 2.57 

1.313 2 1.0 2.81 
30 2.8 2.79 
60 4.9 2.78 

260 38.5 2.65 
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9. B i L i N S K i AND T Y R E E Rate of Hydrolysis of Hafnium 239 

Table I. Continued 

ition No. [Η/]τοτ z* Time, Days τ* X lO^Cm-1 pH 

13 1 x 10-3 2.213 2 1.1 3.09 
30 47 3.06 
60 174 3.06 

183 275 3.03 
260 p p t 3.11 

14 1 x i o - 3 2.513 2 10.7 3.23 
30 685 3.22 
60 p p t 3.22 

260 p p t 3.53 

49 6 X 1 0 - " - 0 . 0 0 4 2 0 2.80 
323 8.0 -

50 6 X I O " 4 0.313 2 0 2.84 
323 17 -

51 6 X 1 0 - 4 0.979 2 0 2.95 
323 93 

52 6 X 10 - " 1.313 2 1.7 3.20 
27 5.7 -323 289 -

53 6 X 10~ 4 2.396 2 9.8 3.41 
27 p p t -

54 6 X 1 0 - 4 2.596 2 59 3.53 
27 p p t -

55 6 X I O - 4 2.796 2 227 3.69 
27 p p t -

56 6 X 1 0 - 4 2.963 2 ppt 3.85 

65 3 X I O " 2 0.013 2 3.9 1.17 
346 6.3 -

66 3 X I O " 2 0.979 2 4.9 1.33 
346 8.4 

70 3 X I O - 2 1.313 2 5 1,12 
37 15 -

346 16 -
67 3 X I O " 2 2.313 2 7 1.82 

346 17 -
68 3 X I O " 2 2.613 2 12 2.03 

37 28 -346 35 

69 3 X I O - 2 2.779 2 22 2.20 
37 22 -346 123 -
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240 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

A l i q u o t s of exper imenta l solutions were taken at appropr iate t ime 
intervals for measurements. F o r r o o m temperature measurements, the 
aliquots were of just sufficient size for one immedia te measurement of 
each parameter , p H a n d R a y l e i g h turb id i ty . F o r measurements at the 
h igher temperatures, al iquots were transferred to glass bottles a n d h e l d 
i n thermostated baths at temperature. A t appropr iate t ime intervals , the 
bottles were removed f r om the baths, coo led to r o o m temperature , a n d 
al iquots taken for measurements. T h e measurements of h y d r o g e n i on 
concentrat ion ( p H ) were accompl i shed us ing the c e l l : + glass electrode 
/ exper imenta l so lut ion / ca l omel electrode —. T h e emf of the c e l l can 
be w r i t t e n as Ε — E0 + 59.15 l o g [ H + ] + / « « [Η*] . Ε of the c e l l i n 1 M 
N a C l ( c onta in ing ca. 8 X 10 ' 4 m o l e / l i t e r H Q ) was measured as a func 
t ion of H C 1 a d d e d to the so lut ion ( a d d e d b y cou lometer ) . A n extrapola
t i on of the values of £ p lotted against H C 1 a d d e d gives E°. Var iat ions i n 
EQ over a year were less than 0.5 m V . Since w e are not interested i n 
accuracy of absolute values of p H to greater than ± 0 . 0 1 p H ( the s ig 
nif icant observation be ing changes i n p H ) , w e feel justified i n neglect ing 
/ e c [ H + ] . T h i s is true even though the to ta l i on i c strength was not kept 
prec ise ly at 1; rather, a l l solutions were made u p i n 1 M N a C l as the 
solvent, such that the very s m a l l contr ibutions to the ion ic strength f r om 
the h a f n i u m chlor ide a n d hydroch lor i c a c i d were neglected. Va lues of 
p H ranged u p w a r d f rom 2; i.e., [ H C 1 ] ^ 1 0 " 2 M . R a y l e i g h turbid i t ies a n d 
a n d refractive indices were determined us ing the same method a n d ins t ru 
ment as descr ibed prev ious ly (12). F r o m these data , i t is possible to 
calculate the degree of aggregation of h a f n i u m (12), w h i c h was done for 
m a n y of the solutions, τ * values are the turbid i t ies o w i n g to the h a f n i u m 
solute only . 

Results and Discussion 

Series were prepared for [ H f ] T 0 T values of 10 ' 4 , 6.00 Χ 10" 4 , 1.00 X 
1 0 - 3 , 1.00 Χ 10" 2 , a n d 3.00 X 1 0 _ 2 M . It d i d not prove possible to prepare 
stable solutions over a l l values of Z * for each of the series. F u r t h e r m o r e , 
the solutions at 10" 4 m o l e / l i t e r d i d not y i e l d consistent or reproduc ib le 
data. T h e series at 1 0 " 3 M gave the largest amount of data p r i o r to pre 
c ip i tat ion f r o m w h i c h to observe the effects of Z * a n d temperature u p o n 
the rate of change. T h e mean ing fu l data at 2 5 ° C are shown i n T a b l e I. 

A s expected a n d i n agreement w i t h previous work , for a g iven value 
of Z * , solut ion ac id i ty increases regular ly w i t h [ Η ί ] Τ ο τ > a n d for a g iven 
[ H f ] T o T , a c id i ty decreases w i t h Z * . H o w e v e r , p H increases w i t h t ime , 
except f o l l o w i n g the inc idence of prec ip i tat ion , a n d changes i n most 
solutions take months to reach a steady state. A n example of the latter 
t rend is seen i n F i g u r e 1. M o r e signif icantly, the changes i n τ * values do 
not f o l l ow p H changes a n d appear to be chang ing m u c h more s lowly . 
T h e rate of increase i n τ * is a measure of the rate of increase i n average 
size of ha fn ium-conta in ing solute species a n d is most r a p i d for l o w 
[ H f ] T O T ; cf. solutions n u m b e r e d 49 -56 i n T a b l e I . W i t h i n each series— 
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9. BILINSKI AND T Y R E E Rate of Hydrolysis of Hafnium 241 

time - months 

Figure 1. pH vs. time (months) at 
25°C [Hf]T0T = J Χ ΙΟ3 M ; Z* as 

parameter 

i.e., at constant [ H f ] T O T — t h e rate of change of τ* increases w i t h Z * . 
T h e latter effect is seen c lear ly i n F i g u r e 2 for [ Η ί ] Τ ο τ = 1 Χ 10" 2. N o t e 
that differences do not appear to be significant among solutions 1 through 
4 at 25° C or, for example, between solutions 9 a n d 11 at 25° C . 

D a t a at h igher temperatures are tabulated i n Tables I I a n d H I . 
T h e ac id i ty changes at h i g h temperatures occur so r a p i d l y that on ly 

the steady state p H is recorded i n some instances. 
C l e a r l y , a l l changes i n p H have taken place d u r i n g the first f ew 

hours at 73 ° C , w h i l e al iquots of the same exper imenta l solutions have 
only begun to change after two months at 25°C . T h u s , for example , 
solut ion N o . 9 ( T a b l e I ) after ca. eight months at 2 5 ° C has reached a 
value approx imate ly the same as the one i t reached i n ca. five hours at 
50°C. C l e a r l y , the rate of hydrolys is increases dramat i ca l l y w i t h t e m 
perature. E q u a l l y c learly , h a f n i u m solutions i n the 1 0 " 2 - 1 0 " 4 M and p H 2 
range require longer than nine months to approach a steady state as 
measured b y the attainment of steady p H values. T h u s , solutions of 
h a f n i u m chlorides i n this range of concentration a n d acidit ies at 25 ° C 
are h a r d l y susceptible to calculations of d i s t r ibut ion of h a f n i u m among 
solute species f rom tabulated e q u i l i b r i u m constants. T h e constants of 
Peshkova a n d A n g (6 ) are for [ H f ] T O T no more than 10" 3 a n d acidit ies 
no less than 1 M strong ac id . O b v i o u s l y , their values must not be con-
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242 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 2. Turbidity vs. time (days) at 25°C [Hf] T 0 T = 1 X 
10~2 M ; Z* as parameter 

s idered as app l i cab le under condit ions encountered i n natura l water 
systems. I n fact, they h a r d l y can be considered as app l i cab le i n solutions 
less a c i d than 1 M H + . 

F r o m the p H data alone, it can be conc luded that solutions of haf
n i u m salts for [ Η ί ] Τ ο τ = ΙΟ^-ΙΟ^Μ, p H 1, a n d at 2 5 ° C require a year 
or more to reach a steady state. T h u s , the solutions are not at e q u i l i b r i u m . 
Nonetheless, i t is possible to calculate m u c h about the nature of the 
h a f n i u m species f rom the data at any part i cu lar t ime, i n accordance w i t h 
Sil len's m o d e l (13 ) . I n order to make such calculat ions, it is necessary 
to calculate Ζ f rom p H data for each solution. Va lues of Ζ define the 
ac tua l s to ichiometry of the h a f n i u m species, [ H f ( Ο Η ) ζ ] Λ Γ ( 4 " ζ ) Λ + . F o r 
exper imental solutions at 2 5 ° C after two days, the Ζ vs. p H p lo t ( w i t h 
[ H f ] T O T as the parameter ) is shown i n F i g u r e 3. C l e a r l y , the hydro lys is 
products are po lynuclear . 

O n c e h a v i n g ca lcu lated the average sto ichiometry of the solute 
species, the t u r b i d i t y data permi t the est imation of N, the degree of 
aggregation. F o r several series, the results are shown i n T a b l e I V . E v e n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

09



9. BILINSKI AND T Y R E E Rate of Hydrolysis of Hafnium 243 

Table II. Turbidities and p H Values at 5 0 ° C 

Solution No. [ # / ] τ ο τ Ζ* Time, Hours τ* X 10bCm-1 pH 

1 X I O - 3 0.013 0 
5 1.8 2.47 
9 3.2 2.46 

23 6.7 2.48 
34 23 2.48 

1 X I O " 3 0.913 0 0.4 2.77 
5 4.9 2.63 
9 10 2.64 

23 46 2.64 
28 82 2.63 
34 116 2.63 

1 X 1 0 - 3 1.313 0 0.4 2.85 
4 8 2.71 
9 25 2.73 

23 224 2.74 
25 250 2.73 
28 358 2.74 

1 X 1 0 - 3 2.213 0 1.1 3.16 
2 52 3.00 
3 149 3.00 
4 313 3.01 

23 p p t 2.99 

1 ι 1 1 1 

/ // 
/ // 

1 . θ / / 

/ /o.s 

//· 
2 PH 

Figure 3. Ζ vs. pH after two days at 25°C [ H / ] T 0 T 

in m M as parameter 
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244 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table III. Turbidities and p H Values at 7 3 ° C 

Solution No. [Ηβτοτ z* Time, Hours τ* X 10bCmrl pH 

1 1 χ ί ο - 2 0.013 7 20 1.50 
25 12 1.50 

219 20 -288 21 1.51 

3 1 Χ i o - 2 0.913 97 52 1.63 
164 57 -234 69 1.64 

4 1 x i o - 2 1.313 1 27 1.72 
3.5 76 1.68 
7.0 76 1.75 

14.5 240 1.73 
20 500 1.69 

5 1 Χ 1G~ 2 2.213 1 202 1.97 
2 820 2.02 

9 1 X I O " 3 0.013 2 118 2.46 
3 344 2.47 
4 560 2.44 
5 p p t -

11 1 x i o - 3 0.913 1 222 2.58 
2 647 2.60 
3 p p t -

12 1 x i o - 3 1.313 1 529 2.66 
2 pp t 2.69 

70 3 Χ I O " 2 1.313 0 5.0 1.42 
2 21 1.32 
6.5 36 1.30 

18 36 1.28 

67 3 X I O " 2 2.313 0 7 1.82 
4.8 137 1.63 

21.5 1240 1.57 

68 3 X I O " 2 2.613 2 ppt -
though the solutions are not at e q u i l i b r i u m , i t is ev ident that the degree 

dN 
of aggregation, N, increases w i t h t ime, a n d the rate of increase, — 
increases r a p i d l y w i t h bo th Z * a n d temperature. T a b l e I I I indicates that 
So lut ion 11 h a d a T * value of 647 Χ IO" 5 c m 1 after two hours at 7 3 ° C 
corresponding to Ν = ca. 15000. A f t e r three hours, a prec ip i tate was 
v is ib le . S u c h behavior is t y p i c a l , i n that prec ip i ta t ion occurred i n a l l 
solutions soon after they h a d reached a τ* value of ca. 10" 2 c m " 1 . A l l 
values of Ν were ca lcu lated for Z ' = 0, assuming sufficient i o n - p a i r i n g 
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9. BILINSKI AND T Y R E E Rate of Hydrolysis of Hafnium 245 

of ch lor ide i on to the p o l y m e r i c cations to reduce the apparent charge 
to zero ( 14). S u c h a n assumption gives m i n i m u m values for N. 

T h e po int has a lready been made that the rates of change of p H 
a n d of τ* do not appear to be related. T h e effect of temperature on the 
rate of change of τ*, οτ*/θτ, can be seen b y c o m p a r i n g F igures 4 a n d 2, 
b o t h for [ H f ] T 0 T = 10~ 2M. T h e ordinate scales are the same, b u t the 
abscissa scales are hours a n d days, respectively. A l s o , the rate of change 
for Z* = 2.213 at 73°C is comparable w i t h that for Z* = 2.913 at 25°C. 
F i g u r e 5 shows most c lear ly the effect of Z* at an intermediate tempera
ture. I n part i cu lar , So lut ion 9, w h i c h d i d not exhib i t v e r y m u c h change 
at 25°C over eight months, changes substantial ly i n a day at 50°C. 
T a b l e I I I shows that So lut ion 9 y ie lds a prec ip i tate i n five hours at 73 °C. 

T h e effect of concentrat ion is seen i n F i g u r e 6. I t is but t y p i c a l of 
a l l such plots of τ* vs. t ime , constant Z* a n d temperature, w i t h [ Η ί ] Τ ο τ 
as the parameter . T h i s result is the on ly one to emerge f r o m this s tudy 
w h i c h is unexpected. 

2.213 

61 

1.313 

10"* M Hf 
73#C. 

4 

0.913 
0.013 

time - hours 100 200 

Figure 4. Turbidity vs. time (hours) at 73°C [Hf~\T0T = 1 X 10~2 M ; Z* 
as parameter 
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246 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table IV. Degree of Aggregation 

[ # / ] τ ο τ (Molarity) 

3 X I O " 2 

z* Temp., °C. Time Ν 

1.313 25 2 days 4 
1.313 73 2 hours 16 
2.313 25 2 days 4 
2.313 73 5 hours 100 

0.013 25 30 days 30 
0.013 50 10 hours 100 
0.013 73 2 hours 2500 
0.913 25 30 days 40 
0.913 50 10 hours 250 
0.913 73 2 hours 15000 
1.313 25 30 days 60 
1.313 50 9 hours 600 
1.313 73 2 hours p p t 

Figure 5. Turbidity vs. time (hours) at 50°C [Hf~\T0T = 1 X IO'3 M ; Z* 
as parameter 
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9. BILINSKI AND T Y R E E Rate of Hydrolysis of Hafnium 247 

Conclusions 

I n general , the behavior of h a f n i u m i n aqueous so lut ion for p H values 
> 2 is very s imi lar to that of z i r c o n i u m . I n the concentration range 10~ 2 -
10~ 4 M tota l h a f n i u m a n d at o rd inary temperatures, w e can d r a w several 
f i rm conclusions. 

F r e s h l y prepared solutions are not at e q u i l i b r i u m . A deta i led de
scr ipt ion of the w a y the solut ion was prepared , h o w l o n g it has been 
standing, a n d at w h a t temperature must be avai lab le i n order to pred i c t 
w h a t the solute species are. I n a l l cases, under these condit ions the 
species are aggregated. A l l of the τ * data for h a f n i u m i n 1 M N a C l c a n 
be fitted to an e m p i r i c a l equat ion, τ * = At2, where t is t ime a n d τ * is the 
measured turb id i ty . A is a funct ion of [ Η ί ] Τ ο τ , Z * , a n d temperature, 
such that : 

dr*/dt increases r a p i d l y w i t h increasing temperature 

d */dt increases w i t h increasing Z * 

dr*/dt decreases w i t h increas ing [ Η ί ] Τ ο τ 

F o r the data here in reported , the best fit is obta ined for A = 1 /exp, 
where exp — ( Z * - 3 ) { [ H f ] T 0 T · 1 0 - ° 0 2 6 8 t e m P + 4 1 7 + 0.026temp - 2.65} 
_|_ ioo.oi92temp+i.25 ^ s imi lar re lat ionship , d i sp laced very s l ight ly t o w a r d 
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248 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

l o g y e a r s 

Figure 7. Turbidity vs. log time (years) at 25°C Z* = 2.00; 
[Zr] T 0 T in mM as parameter 

longer times, was found for z i r c o n i u m , for w h i c h more extensive data 
were taken. A n est imated funct ion of the rate of change of τ* of z i r 
c o n i u m solution for Z * = 2.00 at 2 5 ° C i n 1 M N a C l is p lot ted as F i g u r e 
7, w i t h [ Z r ] T 0 T as the parameter . T h e corresponding curves for h a f n i u m 
are d isp laced very s l ight ly t o w a r d shorter times. It is not proposed that 
a l l metals i n aqueous solut ion w i l l behave l ike h a f n i u m a n d z i r c o n i u m . 
H o w e v e r , the behavior of these elements shows conclusively that an 
" e q u i l i b r i u m m o d e l " alone is insufficient to use i n descr ib ing the behavior 
of solutions conta in ing h a f n i u m salts. 
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10 

Relations Among Equilibrium and 
Nonequilibrium Aqueous Species of 
Aluminum Hydroxy Complexes 

ROSS W. SMITH 

University of Nevada, Reno, Nev. 89503 

The form of aluminum in acid aqueous media was studied 
by preparing solutions containing constant concentration 
of aluminum and constant ionic strength, but with varying 
ratios of OH- to aluminum ( r n values) and determining the 
composition and pH of the solutions as a function of aging 
time. The compositions of the solutions were determined 
by a timed colorimetric procedure that allowed estimation 
of three separate types of aluminum that have been desig
nated Ala, Alb, and Alc. Ala was composed of monomeric 
species. Alb was polynuclear material. Alc was composed 
of small, solid Al(OH)3 particles. For each r n value, the 
concentration of Ala was constant, Alb decreased in concen
tration, and Alc increased in concentration with aging time. 
In all cases, equilibrium was only slowly achieved. 

' " p h e nature of a l u m i n u m ( I I I ) i n aqueous environments has been ex-
p l o r e d i n a number of papers (1-24). I f the p H of the so lut ion is 

above neutra l i ty , i t appears that the predominant species present is the 
anion A l ( O H ) 4 ( H 2 0 ) 2 - (8, 9,10,13). D e l t o m b e a n d Pourba ix (4) w r i t e 
this species as A 1 0 2 " a n d / o r H 2 A 1 0 3 ~ . If the p H is be l ow about 4, most 
authors agree that the h e x a a q u o - A l ( I I I ) i on A 1 ( H 2 0 ) 6

3 + dominates. B e 
tween p H 4 a n d 7, there is l i t t le agreement as to w h a t species are present. 

Schof ie ld a n d T a y l o r ( 2 1 ) , F r i n k a n d Peech ( 5 ) , a n d R a u p a c h (17) 
bel ieve that the system can be h a n d l e d satisfactori ly i n this reg ion on the 
basis of s imple monomer i c species. T h e agreement among their deter
minations of K i , the e q u i l i b r i u m constant for the react ion 

( p K values 4.98, 5.02, a n d 4.97, respect ive ly ) is excellent. 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 251 

I n spite of this good agreement a n d the fact that s imple hydro lys is 
reactions represent their data w e l l , the s imple h y d r o l y t i c mechan ism has 
been quest ioned b y a n u m b e r of researchers. 

Brosset ( 2 ) , f r om measurements of the p H of a l u m i n u m perchlorate 
solutions, postulated that the product of hydro lys is of the a l u m i n u m i o n 
is an infinite series of po lynuc lear complexes w i t h the general ized f o r m u l a 
A l [ ( O H ) 3 A l ] n

3 + . Brosset, B i e d e r m a n n , a n d Sillén (3 ) later reca lcu lated 
Brossets data a n d conc luded that the major hydro lys is p r o d u c t c o u l d be 
either a single complex such as Α 1 6 ( Ο Η ) ι δ

3 + or an infinite series of c o m 
plexes of the type A l [ ( O H ) 5 A l 2 ] n + 3 + w . Aveston , us ing u l t racentr i fugat ion , 
f o u n d evidence for either [ A l 2 ( O H ) 2 ] 4 + or [ A l 1 3 ( O H ) 3 2 ] 7 + . T h e latter 
species has been favored recent ly b y Sillén (25) a n d b y Johansson (26 ) . 

A c c o r d i n g to H s u a n d Bates (11, 12), d isso lved a l u m i n u m b e l o w or 
near p H 4 is i n the f o rm of a s ix -member r i n g of approximate compos i t ion 
A l 6 ( O H ) i 2 6 + . T h e rings po lymer ize as p H is increased above 4 w i t h an 
average e q u i l i b r i u m po lymer i za t i on n u m b e r that increases w i t h p H u n t i l 
p H 7 is exceeded. W h e n this happens , bayerite or gibbsite is prec ip i tated . 
T h u s , i n their scheme, po lynuc lear complexes of a size de termined b y p H 
exist i n solution— i .e . , the h igher the p H u p to 7, the greater the size of 
the complexes. A l s o , as p H increases, the average charge per a l u m i n u m 
atom decreases f r om about Γ at p H 4 to 0 near p H 7 where the rat io of 
O H / Α Ι is 3 or greater. U p to this po int the h y d r o x o - a l u m i n u m po lymers 
w o u l d repe l one another a n d l i m i t their g rowth , b u t s l ight ly above i t they 
shou ld a n d do r a p i d l y prec ip i tate as A l ( O H ) 3 . A t s t i l l h igher p H values, 
more a l u m i n u m goes into so lut ion as increas ing amounts of A l ( O H ) 4 ~ 
are formed. 

H e m a n d Roberson (8 ) be l ieve that p o l y m e r i c species, p r o b a b l y 
s ix-member rings a n d combinat ions of these r ings , f o r m r a p i d l y i n freshly 
prepared supersaturated a l u m i n u m solutions i n w h i c h the i n i t i a l p H is 
between 4 a n d 7 a n d the rat io of O H to a l u m i n u m i n complexes averages 
between 0.6 a n d 3. T h e complex species are not stable, however , a n d 
u l t imate ly grow to a size that must be considered a so l id phase. A l s o , the 
very large polymers are organized a n d appear to be crystal l ine w i t h the 
structure of gibbsite , yet are smal l enough to pass a 0 .45-mil l ipore filter 
a n d hence shou ld be considered co l l o ida l . A f t e r e q u i l i b r i u m becomes 
established, w h i c h may take years, it may be that the on ly i on ic a l u m i n u m 
species present i n significant quantit ies are the monomer i c A l ( O H 2 ) 6

3 \ 
A l ( O H ) ( O H 2 ) 5

2 + , A l ( O H ) 2 ( O H 2 ) 4 \ a n d A l ( O H ) 4 " ions. 

It is possible that d i s t r ibut ion of A l ( I I I ) among hydroxo-complexes 
is h i g h l y var iab le a n d is sensitive to i on i c strength, total a l u m i n u m con 
centration, total O H avai lable , p H , temperature, the ident i ty of other 
species present such as N 0 3 " , C 1 0 4 " , S 0 4

2 " , C I " , etc., and , perhaps most 
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252 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

important , t ime. T h e latter factor appears par t i cu lar ly important , con 
s ider ing the exper imenta l w o r k of H e m a n d Roberson (8 ) a n d the state
ment b y Brosset, B i e d e r m a n n , a n d Sillén (3) that "Cons iderab le di f f i cul 
ties were met w i t h because e q u i l i b r i u m was atta ined rather s lowly , 
especial ly i n the reg ion where prec ip i ta t i on occurred . It is , however , 
thought that the values finally g iven were not far f r o m those at r ea l e q u i -
l i b r i u m . , , F r o m the present work , i t w o u l d appear that the data used b y 
these authors were cons iderably further f rom e q u i l i b r i u m than they h a d 
thought. A t any rate, i t appears that the nature of A l ( I I I ) i n aqueous 
m e d i a is not w e l l k n o w n , par t i cu lar ly at m i l d l y a c i d p H values. 

Experimental 

T h e f o rm of a l u m i n u m i n a c i d aqueous m e d i a was s tudied b y pre 
p a r i n g a series of solutions conta in ing the same tota l concentrat ion of 
a l u m i n u m , but w i t h v a r y i n g amounts of a d d e d base a n d de termin ing the 
composi t ion a n d p H of the solutions after various periods of ag ing . F o r 
convenience, these solutions w i l l be designated "ag ing study solutions." 
E l e c t r o n microscopy was used to he lp determine the nature of c o l l o ida l -
size mater ia l that f o rmed i n some of the solutions. 

T h e solutions s tud ied conta ined 4.54 X 10~4 m o l e / l i t e r a l u m i n u m 
a n d total i on ic strength was 10" 2 , the remainder of the total i on ic strength 
b e i n g made u p w i t h s o d i u m a n d perchlorate ions. T h e rat io of O H to 
A l i n the solutions as made u p ( n o m i n a l r va lue or rn) v a r i e d f r o m 0.55 
to 3.01. I n p r e p a r i n g these ag ing s tudy solutions, three "stock" solutions 
were prepared i n i t i a l l y a n d m i x e d together i n correct proport ions to 
achieve the des ired rn va lue . T h e procedure for do ing this has been 
descr ibed b y H e m a n d Roberson ( 8 ) . I n a l l cases, the solut ion conta in 
i n g base, b u t no a l u m i n u m , was a d d e d last i n solution preparat ion . 
Reagent grade chemicals were used. 

Analytical Procedure 

T h e composit ions of solutions were de termined b y a t i m e d spectro-
photometr i c method . T h e technique was a modi f i cat ion of a s tandard 
ferron-or thophenanthro l ine m e t h o d for a l u m i n u m (27, 28) a n d is i d e n t i 
c a l i n p r i n c i p l e to a method deve loped b y T u r n e r (22). T h e m e t h o d was 
modi f ied i n the f o l l o w i n g manner . 

Standard Procedure 

1 ) P i p e t a v o l u m e of sample con
ta in ing not more than 0.075 m g 
(25 m l max. ) into a 50 -ml beaker 
a n d adjust the vo lume to 25.0 m l . 

Modification 

1) Same as s tandard procedure . 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 253 

2 ) Prepare a 2 5 - m l metal-free 
water b l a n k a n d necessary s tand
ards. 
3 ) A d d 2.0 m l N H 2 O H H C 1 re 
agent to b lank standards a n d sam
p le a n d let stand 30 minutes. 

4 ) A d d 5.0 m l f e r ron -o r thophen -
anthrol ine reagent a n d stir. 
5 ) A d d 2.0 m l N a C 2 H 3 0 2 . St ir 
a n d let stand for at least 10 m i n 
utes b u t not more than 30 minutes 
before t a k i n g a read ing of color. 
6 ) D e t e r m i n e the absorbancy of 
the test sample a n d standards 
against the b lank at 370 χημ. 

2) Same as s tandard procedure . 

3 ) A d d 2 m l N a C 2 H 3 0 2 to 5 m l 
f e r r o n - o r t h o p h e n a n t h r o l i n e r e 
agent (reagent is twice as strong 
i n ferron as s tandard p r o c e d u r e ) . 
4 ) A d d (3 ) above to b o t h b l a n k 
a n d sample a n d stir. 
5) A s q u i c k l y as possible (at least 
w i t h i n 4 m i n u t e s ) , a d d 2.0 m l 
N H o O H H C 1 reagent, stir q u i c k l y , 
a n d at the same t ime start t i m i n g . 
6) A s q u i c k l y as possible, r ead 
absorbency against the b lank at 
370 m /i . T i m e the read ing a n d 
continue to take t i m e d readings 
(at 3 - 4 m i n intervals for the first 
ha l f hour , then at w i d e r intervals 
for as l ong as necessary) . 

It should be noted i n the modi f ied procedure that the last reagent 
a d d e d is the hydroxy lamine hydroch lor ide , w h i c h br ings the p H to about 
5. T h u s , a p H lower than this va lue is not obta ined at any stage of a d d i n g 
ana ly t i ca l reagents, u n l i k e i n the standard procedure where the h y d r o x y l 
amine is a d d e d at the start of the procedure a n d usual ly lowers p H of 
the sample to about 1.5. H e m a n d Roberson (8 ) discuss at some length 
the possible complex f ormed between ferron a n d a l u m i n u m . 

W h e n opt i ca l density of a l u m i n u m standards prepared b y d isso lv ing 
either a l u m i n u m w i r e i n H C 1 solut ion or a l u m i n u m sulfate i n water is 
measured as a funct ion of a l u m i n u m concentrat ion us ing the modi f ied 
procedure , curves of the type shown i n F i g u r e 1 are obta ined . O p t i c a l 
density values p lo t ted on this figure, w h i c h are for dupl i cate sets of ex
periments , were read about 30 minutes after h a v i n g a d d e d the 2 m l of 
hydroxy lamine hydroch lor ide . T h e straight l ine curve appears to obey 
Beer's l a w at least u p to 0.05-0.06 m g of a l u m i n u m . T h e p H of the 
s tandard solutions before analysis was i n a l l cases b e l o w 3. 

T h e modi f ied procedure a l l o w e d for the estimation of three different 
types of a l u m i n u m present i n a part i cu lar sample at any par t i cu lar ag ing 
t ime, based on the manner i n w h i c h the various types of a l u m i n u m re
acted w i t h ferron. T h e w a y i n w h i c h the est imation is made is i l lustrated 
b y F igures 2 a n d 3, w h i c h have been ca lcu lated f rom r a w analyt i ca l data. 

S h o w n on F i g u r e 2 is a l u m i n u m recovered as a funct ion of analysis 
t ime after h a v i n g a d d e d the hydroxy lamine reagent. I n this figure, op t i 
ca l absorbance readings have been converted to molarit ies a n d ppm's 
us ing proper factors to account for al iquots taken, etc. Curves are for 
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254 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

.01 .02 .03 .04 .05 .06· 
ALUMINUM (mg.) 

Figure 1. Optical density as a function of aluminum 
concentration for aluminum standards using the mod

ified ferron procedure 

solutions w i t h rn values r a n g i n g f r om 0.94 to 2.76 aged 625 hours , a n d 
i n add i t i on curves are shown for a so lut ion w i t h an rn va lue of 2.13 aged 
f r o m 23 hours to 961 days. A l l these solutions h a d a total a l u m i n u m 
concentrat ion of 4.54 χ 10" 4 m o l e / l i t e r . A l so shown are s imi lar t i m e d 
data for 25 -ml s tandard solutions conta in ing 2, 6, a n d 10 p p m a l u m i n u m . 
T h e fact that the co lor imetr i c readings for the s tandard solutions changed 
l i t t le d u r i n g the three hours of analysis t ime is good evidence that a mere 
color change of ferron w i t h t ime is not w h a t is b e i n g observed w h e n the 
amount of a l u m i n u m recovered increases w i t h analysis t ime. A d d i t i o n a l 
evidence is to be f ound i n the w a y i n w h i c h the curves for the so lut ion 
w i t h rn = 2.13 converge w h e n extrapolated to zero analysis t ime. 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 255 

F i g u r e 2 shows that the solutions conta ined three different types of 
a l u m i n u m species, one of w h i c h d isappeared s l o w l y d u r i n g l ong ag ing . 
F o r convenience, the three species w i l l be referred to as A P , A P , a n d A l c , 
a n d f r om the stoichiometry of preparat ion of the solutions, i t is k n o w n 
that i n each case A l = A l a + A P + A P = 4.54 X IO" 4 m o l e / l i t e r . I t is 
interest ing to note that T u r n e r ( 2 2 ) , us ing his s imi lar ana ly t i ca l t ech 
n ique , also conc luded that three different types of a l u m i n u m can exist i n 
aqueous med ia . 

T h e fastest reac t ing f o rm, A P , is converted to the ferron complex 
almost immedia te ly , a n d for a par t i cu lar rn va lue is present i n near ly the 
same amount regardless of ag ing t ime , as shown b y the convergency of 
a l l the determinations at zero t ime for the so lut ion w i t h an rn va lue of 
2.13. T h e slowest react ing mater ia l , A P , is represented b y the near ly flat 

8 0 
ANALYSIS TIME 

Figure 2. Aluminum recovered as a function of analysis time 
for selected aging study solutions plus several standards 
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256 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

slope shown b y the sample readings after about 120 minutes . Metastab le 
mater ia l , A P , is the mater ia l w h i c h reacts w i t h an intermediate rate, g iv 
i n g the c u r v e d portions of the l ines of F i g u r e 2. 

F r o m these curves, i t is a s imple matter to measure the amounts 
present of the three types of a l u m i n u m . B y extrapolat ing the essentially 
straight portions of the curves ( A l c sections) back to zero t ime , one can 
estimate the tota l quant i ty of A l a + A P present at a par t i cu lar ag ing 
t ime. A l a can be obta ined d i rec t ly f r o m the zero t ime va lue of a l u m i n u m 
recovered a n d A P obta ined b y subtract ing the va lue of A l a f r o m the va lue 
of A l a + A P . H o w e v e r , i t is somewhat diff icult to extrapolate these 
curves accurately , a n d thus the curves of the type of F i g u r e 3 were con 
structed to determine more accurately A l a a n d A P concentrations a n d to 
obta in a d d i t i o n a l in format ion o n the ferron react ion w i t h type b 
a l u m i n u m . 

505 HRSAGE 
I I I I I I I 

Δ SOLUTION Β 
Ο « Ε 
• Il 6 

J6 1 ia 1 jo 1 jo 

625 HRS. AGE 

ι ι ι ι ι ι I I 

J6 1 46
 1 A) 1

 8*6 
ANALYSIS TIME (min.) 

Figure 3. Minus log At3 residual as a function of analysis time for 
age study solutions aged 505-625 hours 

F i g u r e 3 shows first order rate plots of the negative l og of A P 
res idua l vs. t ime for solutions aged 505 to 625 hours. T h e i n d i v i d u a l A P 
res idua l points were determined b y subtract ing data points of F i g u r e 2 
f r o m the values of the extrapolated (dot ted ) fines at the same analysis 
react ion times. 

Because the curves obta ined were consistently good, straight l ines, 
even w h e n 9 0 % of the react ing A P h a d been consumed, i t was a s imple 
matter to extrapolate them to zero t ime to obta in more exact values of 
A P a n d therefore also A P . T h u s , the k inet i c behavior of the a l u m i n u m 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 257 

species p r o v i d e d a convenient means of identi f icat ion. A l s o of interest is 
the fact that A P reacts w i t h ferron accord ing to a first order rate l aw . 

General Equation for Curves of Figure 2 

T h e f o l l o w i n g equat ion shou ld be general for the curves of F i g u r e 2, 
assuming a l l of type a a l u m i n u m to react w i t h ferron instantaneously 

<AF = (4.54 X 1 0 - 4 - A\t
T) = A P + ( A l 0

6 - A l * b ) + ( A 1 0
C - A l * c ) (1) 

where 

fAlr = total amount of a l u m i n u m that has reacted i n t ime t ( in mole 
A l per l i t er ) 

A P = amount of instantly react ing a l u m i n u m present (mole per 
l i t e r ) 

A l 0
& = amount of A P present at zero analysis t ime ( mole per l i ter ) 

A\t
h = amount of A P unreacted at analysis t ime t ( mole per l i ter ) 

A 1 0
C = amount of A P present at zero analysis t ime ( mole per l i ter ) 

A l * c = amount of A P unreacted at analysis t ime t ( mole per l i ter ) 

It is assumed that d u r i n g the analysis react ion there are no interactions 
between A P , A P , a n d A P . 

If A P reacts accord ing to a first order l a w 

— H Al & 

= kbA\b (2a) 

where kh is a first order rate constant for type b a l u m i n u m . 
Integrat ing between the l imits 0 a n d t a n d A\0

b a n d A\t
h 

ht = l n A l o 6 - I n A l i * 
or 

A\t
b = A\0

be-k^ (3) 

I f A P reacts accord ing to some rate l a w of order η where 1 > η > 0 
( a n d η is p robab ly close to zero ) 

— H A l c 

- ~ - = W (2b) 

where kc is a rate constant of some u n k n o w n order for type c a l u m i n u m . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

10



258 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table I. First Order Rate Constants for ΑΓ 

Aging 

23 48 96 168 288 
Solution Hours Hours Hours Hours Hours 

Β 9.9 8.5 — 7.4 -
C 7.8 - 5.5 5.8 5.5 
D 5.5 - 4.8 5.8 5.5 
Ε 5.8 4.8 - 5.3 -F 5.1 - 4.6 5.3 5.1 
G 5.1 5.1 - 5.1 -
H 4.4 - 4.4 4.4 3.9 
J 3.2 - - - -

a Average (48 hours-259 days) : Β 7.0; C 5.3; D 5.2; Ε 5.3; F 4.2; G 4.2; H 3.8. 

Integrat ing between the l imits 0 a n d t a n d A 1 0
C a n d A l * c 

A l ^ " n = A l o c l " n - T ^ — 1 — η 

a n d 

A V = ( A V 1 - 7 1 - γ ^ ) ^ (4) 

Subst i tut ing E q u a t i o n s 3 a n d 4 into E q u a t i o n 1 

*A1T = A P + [ A U 6 - A l 0
6 e - H < ] + [ A 1 0

C - ( A l 0
c l " n - - M - ) ^ ] 

w h i c h should be the general equat ion for the analysis curves. I f a zero 
order rate is assumed for A P , then E q u a t i o n 5 reduces to 

<AF = A P + [ A U 6 - A\obe-kb*] + kct 

or us ing logari thms to the base ten rather than to the base e 

<AF = A l * + [ A l 0
b - A 1 „ 6 1 0 - * V ] + hi (6) 

Aging Studies 

Solutions were prepared h a v i n g the f o l l o w i n g rn va lues : 0.55, 0.94, 
1.36, 1.84, 2.13, 2.47, 2.76, a n d 3.01 and were designated respect ively 
solutions B , C , D , E , F , G , H , J . These solutions were a l l o w e d to age 
i n a COo- free atmosphere near 25 ° C for 254-259 days. A t var ious inter 
mediate aging times, al iquots of the solutions were ana lyzed for amounts 
of A l a , A P , a n d A P as prev ious ly descr ibed. A l s o , first order rate constants 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 259 

Reaction with Ferron (—In A l 6 Residual/Min Χ 10 2 ) 

Timea 

505-625 41-46 77-82 116-121 188-198 254-2 
Hours Days Days Days Days Day. 

7.1 8.5 6.0 5.5 7.4 5.8 
5.3 5.1 4.1 4.6 5.8 6.2 
5.1 5.3 4.8 4.8 - -5.3 4.8 5.3 4.8 6.7 5.8 
4.1 4.4 4.8 4.4 - -4.1 3.7 3.7 3.7 - -3.7 3.7 3.3 3.2 - -

for the react ion of A l 6 w i t h ferron were de termined f r o m figures of the 
type of F i g u r e 3. A t the same t ime, p H of the solutions was measured. 
T a b l e I shows first order rate constants obta ined . N o attempt was made 
to measure rate constants i n solutions aged 1-1.5 hours, a n d , except for 
solutions B , C , a n d E , i n solutions aged 188 days or more. I n the former 
case, i t was thought that the solutions themselves were c h a n g i n g character 
so r a p i d l y that the measurement w o u l d have been meaningless. I n the 
latter case, so l i t t le (except for solutions B , C , a n d poss ib ly E ) A P was 
present that smal l errors i n analysis measurement w o u l d l e a d to large 
errors i n the ca l cu lat ion of the rate constants. F o r so lut ion J , very l i t t le 
A P was present except at 23 hours ag ing , a n d hence a rate constant was 
measured on ly for this one ag ing t ime. 

Rate constants appear to decrease w i t h increas ing rn values of the 
solutions. F o r the case of so lut ion B , rate constants decreased f r o m 23 
hours u p to at least 254 days aging . F o r the r e m a i n i n g solutions, rate 
constants decreased between 23 hours a n d about 96 hours ag ing t ime. 
A t greater ag ing t imes, the rate constants appear to r e m a i n at about the 
same magni tude . I n a l l cases, the decrease i n rate constant is not great, 
ind i ca t ing , perhaps, that A P structures p r o b a b l y consist of a l i m i t e d 
series of different size partic les w h i c h increase i n size w i t h rn va lue a n d 
somewhat w i t h ag ing t ime. F u r t h e r , the first order react ion rate f o l l owed 
b y A P indicates that i n d i v i d u a l a l u m i n u m atoms i n the A P structures are 
i n d i v i d u a l l y react ing w i t h ferron. It w o u l d thus seem that the A P struc
tures are not extremely large, a n d most of the a l u m i n u m atoms are i n 
contact w i t h the aqueous solut ion a n d not h i d d e n w i t h i n the structure. 
H o w e v e r , since i t takes a moderate length of t ime to break d o w n the A P 
structure, these structures must be rather strongly b o u n d together. 

T a b l e I I lists concentrations of A P , A P , a n d A P a n d p H of the so lu 
tions at various ag ing times determined f rom plots of the types of F igures 
2 a n d 3. 
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260 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table II. Concentrations of Various Types of Aluminum 
at A l l Age Times 

Solution Β 
(rn = 0.55) 

Concentration X 10* 

Age Time Al* Alb Al" pH 

1.1 hrs 3.90 0.31 0.34 4.46 
23 hrs 3.64 0.57 0.34 4.44 
48 hrs 3.69 0.40 0.46 4.49 

168 hrs 3.57 0.54 0.44 4.45 
505 hrs 3.72 0.64 0.19 4.46 

41 days 3.84 0.48 0.23 4.43 
77 days 3.80 0.50 0.25 4.43 

116 days 3.76 0.35 0.44 4.43 
188 days 3.77 0.32 0.46 4.42 
254 days 3.56 0.59 0.40 4.43 

O l d so lut ion : 
rn va lue near Β 
1001 days 3.75 0.11 0.69 4.43 

Solution C 
(rn = 0.94) 

Concentration X 10* 

Age Time Al* Alb Al° pH 

1.5 hrs 3.40 0.65 0.49 4.52 
23 hrs 3.24 0.94 0.36 4.46 
96 hrs 3.20 1.06 0.28 4.43 

168 hrs 3.31 1.10 0.13 4.43 
288 hrs 3.12 1.00 0.42 4.46 
625 hrs 2.94 1.19 0.42 4.48 

46 days 3.35 1.14 0.05 4.46 
82 days 3.20 0.97 0.37 4.48 

121 days 3.23 0.79 0.52 4.47 
193 days 3.07 0.65 0.82 4.47 
259 days 3.10 0.76 0.68 5.47 

O l d so lut ion : 
r„ va lue near C 
1038 days 3.23 0.43 0.89 4.36 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

10



10. SMITH Equilibrium in Aluminum Hydroxy Complexes 261 

T a b l e II. C o n t i n u e d 

Solution D 
(r» = 1J86) 

Concentration X 10* 

Age Time Al» Alb Al° pH 

1.3 hrs 2.84 1.06 0.64 4.66 
23 hrs 2.50 1.58 0.46 4.56 
96 hrs 2.42 1.54 0.58 4.52 

168 hrs 2.32 1.62 0.60 4.49 
288 hrs 2.35 1.66 0.53 4.49 
625 hrs 2.30 1.63 0.61 4.40 

46 d a y s 2.31 1.11 1.12 4.32 
82 days 2.34 0.34 1.86 4.26 

121 days 2.39 0.06 2.09 4.23 
193 days 2.43 0.09 2.02 4.14 
259 days 2.30 0.02 2.22 4.12 

O l d so lut ion : 
r„ va lue near D 
1038 days 2.46 — 2.08 4.09 

Solution Ε 
(r„ = 1.84) 

Concentration X 10* 

Age Time Al* AV> Al° pH 

1.0 hrs 2.24 1.50 0.80 4.79 
23 hrs 1.56 2.10 0.88 4.68 
48 hrs 1.82 2.00 0.72 4.66 

168 hrs 1.46 1.86 1.22 4.61 
505 hrs 1.44 2.14 0.96 4.56 

41 days 1.50 1.81 1.23 4.54 
77 days 1.53 1.45 1.56 4.54 

116 days 1.60 1.20 1.74 4.52 
188 days 1.51 0.49 2.54 4.44 
254 days 1.50 0.12 2.92 4.32 

O l d so lut ion : 
r„ va lue near Ε 
1038 days 1.79 - 2.77 4.13 
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262 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

T a b l e II. C o n t i n u e d 

Solution F 
(r» = 8.18) 

Concentration X 10* 

Age Time Al* Alb Al' pH 

1.2 hrs 1.46 1.78 1.30 4.88 
23 hrs 1.11 2.05 1.38 4.75 
96 hrs 1.12 1.86 1.56 4.63 

168 hrs 1.12 1.86 1.56 4.60 
288 hrs 1.05 1.82 1.67 4.52 
625 hrs 1.05 1.35 2.04 4.42 

46 days 1.02 0.78 2.74 4.37 
82 days 1.20 0.26 3.08 4.30 

121 days 1.21 0.10 3.23 4.28 
193 days 1.07 0.04 3.43 4.22 
259 days 1.02 0.02 3.50 4.20 

O l d so lu t i on : 
rn va lue near F 
967 days 1.16 - 3.33 4.19 

Solution G 
(rn = 247) 

Concentration X 10* 

Age Time Al* AI» AI" pH 

1.2 hrs 1.17 1.97 1.40 5.02 
23 hrs 0.60 1.20 2.74 4.82 
48 hrs 0.60 1.15 2.79 4.77 

168 hrs 0.55 1.05 2.94 4.75 
505 hrs 0.64 0.81 3.09 4.49 

41 days 0.68 0.40 3.46 4.42 
77 days 0.68 0.13 3.63 4.40 

116 days 0.66 0.043 3.84 4.35 
188 days 0.61 0.019 3.91 4.31 
254 days 0.62 0.007 3.91 4.28 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 263 

T a b l e II. ( C o n t i n u e d ) 

Solution H 
(r« = 2.76) 

Concentration X 10* 

Age Time Al* Alb Ale pH 

1.1 hrs 0.78 1.36 3.40 5.23 
23 hrs 0.20 0.50 3.84 5.16 
96 hrs 0.20 0.40 3.94 5.00 

168 hrs 0.23 0.39 3.92 4.76 
288 hrs 0.24 0.36 3.94 4.72 
625 hrs 0.24 0.30 4.00 4.62 

46 days 0.28 0.17 4.09 4.53 
82 days 0.29 0.05 4.20 4.51 

121 days 0.284 0.011 4.24 4.49 
193 days 0.232 0.008 4.30 4.45 
259 days 0.235 - 4.30 4.45 

Solution J 
( r . = 3.01) 

Concentration X 10* 

Age Time Al* Al> Al" pH 

1.0 hrs 0.56 1.90 2.08 7.15 
23 hrs 0.08 0.22 4.24 6.64 
48 hrs 0.07 0.16 4.31 6.59 

168 hrs 0.05 0.07 4.42 6.52 
505 hrs 0.05 0.03 4.46 6.54 

41 days 0.065 0.01 4.47 6.43 
77 days 0.08 - 4.46 6.28 

116 days 0.057 - 4.48 6.40 
188 days 0.019 - 4.52 6.21 

O f interest f r o m this table is the fact that for most solutions A l a 

concentrat ion remains constant after 23 hours of ag ing , A P decreases as 
a funct ion of ag ing t ime, a n d A P increases. T h e re lat ionship between rn 

value a n d A P va lue is shown graph i ca l l y i n F i g u r e 4. 

Experimental Character of Al& 

Since A P reacts almost instantly w i t h ferron, i t w o u l d seem reason
able that i t consists of on ly s imple monomer i c species—i.e., A l 3 + , 
A l ( O H ) 2 + , A l ( O H ) 2

+ , a n d A l ( O H ) 4 ~ ( w i t h appropr iate coord inated 
water molecu les ) . S tandard G i b b s free energies of f o rmat ion values 
( A G ° ) for the species are avai lab le i n the c h e m i c a l l i terature . T a b l e I I I 
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264 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

r value 

Figure 4. Concentration of Al* as a func
tion of r n value for solutions containing 4.54 

X 10~4 mole/liter total aluminum 

lists some of these values p lus a G i b b s free energy value for gibbsite 
[ « A l ( O H ) 3 ] . 

T h e values for A l 3 + , A l ( O H ) 2 + , A l ( O H ) 4 " , a n d « A l ( O H ) 3 w e r e se
lected to be consistent w i t h the w o r k of H e m a n d Roberson. F e w values 
for A l ( O H ) 2

+ were avai lable , a n d R a u p a c h s was selected for consistency 
because of the use of his va lue for A l ( O H ) 2 + . 

F r o m data of this table , the f o l l o w i n g equations can be wr i t ten . 

A 1 ( 0 H ) . (gibbsite) + 3H+ *± A l 3 + + 3 H 2 0 (7) 

*KB0 = 10+ 8· 2 2 

Table III. Gibbs Free Energies of Formation of 
Monomeric Aluminum Species 

Standard Gibbs 
Free Energies 
of Formation 

Species (AG°kcal) Reference 

A l 3 + - 1 1 5 . 0 (29) 
A l ( O H ) 2 + - 1 6 4 . 9 (18,19) 
A l ( O H ) 2 + - 2 1 5 . 1 (18,19) 
A l ( O H ) 4 - - 3 1 1 . 7 (8) 
αΑ1(ΟΗ) 3 (gibbsite) - 2 7 3 . 9 (29) 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 265 

A l ( O H ) 8 (gibbsite) + 2H+ <=± A 1 0 H 2 + + 2 H 2 0 (8) 

* K B l = 10+ 3· 2 2 

A l ( O H ) , (gibbsite) + H + *± A l ( O H ) 2 + + H 2 0 (9) 

* K a 2 = I O " 1 - 5 4 

A l ( O H ) , (gibbsite) + H 2 0 <=> A l ( O H ) r + H + (10) 

* K a i = i o - 1 3 9 

A l 3 + + H 2 0 ^± A l ( O H ) 2 + + H + (11) 

*Ki = I O " 5 0 0 

A l ( O H ) 2 + + H 2 0 ç± A l ( O H ) 2 + + H + (12) 

*K2 = io - 4 7 6 

U s i n g Equat i ons 7 -12 plus estimated ac t iv i ty coefficients ( l i s ted i n 
T a b l e I V ) , the theoret ical concentrations of the monomer i c species can 
be ca lcu lated a n d then p lo t ted as a funct ion of p H . T h e act iv i ty coeffi
cients used for A l 3 + a n d A l ( O H ) 2 + were ident i ca l to the values used b y 
H e m a n d Roberson (8 ) for s imi lar solutions. F u r t h e r , ac tua l concentra
tions of A l a for the various solutions and ag ing times can be p lo t ted on 
the same chart. T h i s plot is shown i n F i g u r e 5. Increasing ag ing t ime is 
ind i ca ted b y the arrows. 

Figure 5. Concentration of Al* as a function of pH for solutions 
B-H at various aging times; arrows indicate increasing aging time 
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266 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table IV. Activity Coefficients of Monomeric Species 
for —10~ 2 Ionic Strength Solutions 

Species Coefficient 

A l 3 + 0.427* 
A 1 0 H 2 + 0.678° 
A l ( O H ) 2 + 0.907° 
Α 1 ( Ο Η ) 4 - 0 .890 6 

a From Debye-Huckel limiting law using a=9. 
6 From Debye-Huckel limiting law using a=3. 

F i g u r e 5 shows h o w A l a concentrat ion remains near ly constant as p H 
drops, at least for solutions D - H , as a funct ion of ag ing t ime u n t i l the 
theoret ical e q u i l i b r i u m l ine for A l 3 + + A l ( O H ) 2 + + A l ( O H ) 2

+ + 
A l ( O H ) 4 " is reached. 

N o such constancy of A l a + A P is to be noted i n F i g u r e 6, w h i c h 
shows curves s imi lar to those of F i g u r e 5 except A P + A P concentrations 
are p lo t ted rather than A P concentrations. 

4 0 45 5.0 
PH 

Figure 6. Concentration of Al& - f Alb as a 
function of pH for solutions D-H at various 
aging times; arrows indicate increasing aging 

time 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 267 

Figure 7. Aging time effect on activities of mono
meric species as a function of pH for solution H; 

arrows indicate increasing aging time 

F r o m Equat i ons 7 -12 a n d the several ac t iv i ty coefficients, i t is pos
sible to calculate act ivit ies of the various possible monomer i c species at 
a l l ag ing times us ing formulae of the type 

[Al 3+] = — (13) 
1.47 X 1 0 - 5 1.91 X 1 0 - 1 0 7.6 X 10~ 2 3 

where [ H + ] is hydrogen i o n act iv i ty . 
Ac t iv i t i e s of monomer i c a l u m i n u m species ca l cu lated i n this manner 

can then be p lo t ted o n a g r a p h of log ac t iv i ty as a func t i on of p H a n d 
ag ing t ime. A n example ( for so lut ion H ) of such a p lot is i l lustrated i n 
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268 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

F i g u r e 7. E q u i l i b r i u m l ines s h o w n are based on E q u a t i o n s 7-10. F o r 
so lut ion H ( a n d s imi lar ly , i t can be shown for solutions D , E , F , a n d G ) , 
a l l species move t o w a r d the e q u i l i b r i u m lines w i t h increas ing ag ing times. 

F o r each solut ion, the total concentrat ion of monomer i c a l u m i n u m 
remains constant w i t h age. T h i s concentrat ion, strangely enough, is the 
concentrat ion of A l a expected at the p H the so lut ion evolves to at l ong 
ag ing times. A t intermediate ag ing t imes, A P concentrat ion is greater 
than i t shou ld be i f the so l id a n d observed p H were i n e q u i l i b r i u m . 
F u r t h e r , a l l adjustments of the system have to do w i t h p H , A P , a n d A P . 
Changes i n monomer i c species' activit ies mere ly reflect an essentially 
instantaneous adjustment of these activities to chang ing p H . 

I 1 1 _ 1 J 1 1 1 

259doys 23 hrs. 

1 l ι ι I I 1 I 
4.2 4.4 4 . 6 p H 4 8 50 52 

Figure 8. Concentration of Alb and 
Alc as a function of pH and aging time 
for solution F; arrows indicate increas

ing aging time 

Experimental Characterization of AP* and Alc 

F i g u r e 8 for so lut ion F has been constructed to show c lear ly progress 
of the amounts of A P , A P , a n d A P + C w i t h t ime a n d p H . S i m i l a r figures 
can be constructed for the other solutions. Since A P appears to be so l id 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 269 

mater ia l , i t is ac tua l ly incorrect to th ink of A l c i n terms of concentrat ion 
" i n so lut ion . " H o w e v e r , such a des ignat ion is convenient a n d h e l p f u l i n 
f o l l ow ing the system as a func t i on of t ime. These curves of minus l og 
concentrat ion of A P a n d A P vs. p H w i t h appropr iate t ime ind i ca ted aga in 
show that A P decreases i n concentrat ion w i t h t ime a n d A P increases. 

A s a coro l lary to constant A P , i t should be noted that A P -f- A P con 
centrat ion stays constant w i t h ag ing t ime. E q u i l i b r i u m is reached i n the 
systems w h e n the A P a n d A P - f A P lines reach the dotted Une i n d i c a t i n g 
the amount of crystal l ine gibbsite that shou ld be present at e q u i l i b r i u m as 
a func t i on of p H . A f t e r a f ew days aging , the e q u i l i b r i u m p H for a sys
t em can be accurately pred i c ted b y extrapolat ing the A P + A P curve , 
w h i c h appears to be usual ly a straight l ine para l l e l to the p H axis, to its 
intersection w i t h the dotted g ibbsi te concentrat ion curve . 

A P appears to be composed of monomer i c species, a n d its to ta l con 
centrat ion is approx imate ly constant after about 23 hours ' aging. A P , f r om 
bo th analysis a n d ag ing data a n d f rom electron microscope observations, 
appears to be composed of c lear ly so l id , c o l l o ida l , partic les , a n d its c on 
centrat ion increases as a funct ion of ag ing t ime u n t i l e q u i l i b r i u m is 
achieved. A P is present i n a l l the solutions at 23 hours ' ag ing a n d often i n 
considerable concentrations. Its concentrat ion then drops as a funct ion of 
ag ing t ime u n t i l i t apparent ly disappears f r om solution w h e n e q u i l i b r i u m 
is reached. It is obvious ly not a stable mater ia l a n d is u l t imate ly con
verted to A P mater ia l . It reacts w i t h ferron i n the ana ly t i ca l procedure 
accord ing to a first order rate l a w w h i c h suggests that a l l a l u m i n u m atoms 
i n the mater ia l are i n d i v i d u a l l y react ing w i t h ferron i n a w a y that does 
not change as the A P structures react a n d d i m i n i s h i n size i n the pro 
cedure. T h i s w o u l d indicate that the structures f o rmed of A P cannot be 
too large or else w e w o u l d expect more surface contro l of the react ion a n d 
a rate l a w of order less than one. H o w e v e r , since i t takes ferron a finite 
l ength of t ime to break d o w n the A P structures as compared w i t h the 
ferron react ion w i t h A P , it w o u l d appear that the structures are rather 
strongly b o u n d together. A structure of l i m i t e d size (perhaps conta in ing 
20 -100 a l u m i n u m atoms, as est imated f rom a study of the p H drop i n the 
solutions as a funct ion of t ime) composed of coalesced s ix -membered 
a l u m i n u m hydrox ide rings as suggested b y either H e m a n d Roberson or 
H s u a n d Bates w o u l d appear reasonable. 

T h e disappearance of A P f rom solution d u r i n g ag ing ( a n d its ap 
parent conversion to A P ) can be noted i n F i g u r e 9 w h i c h is a p lot of 
minus log concentrat ion A P as a funct ion of ag ing t ime for solutions D , 
E , F , G , a n d H . E x c e p t for solut ion E , w h i c h behaved as i f the react ion 
h a d been b l o cked for a t ime, the curves obta ined appear to be composed 
of three parts. T h e first part , for u p to 2 0 - 3 0 days ag ing , consists of a 
nonl inear b u t near ly flat slope region. D u r i n g this t ime, judg ing f r om the 
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270 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

8 0 120 16 
AGE TIME (days) 

Figure 9. Minus log concentration AP3 as a function of aging time for 
solutions D , £ , F , G , and H 

p H d r o p of the solutions, A P particles are g r o w i n g i n size, but re lat ive ly 
few A P partic les are be ing converted to A P particles. 

I n the t ime interva l between 20 -30 a n d 120-200 days ' ag ing , there 
is a steeper slope to the curves a n d a rough ly straight l ine re lat ion between 
minus l o g concentrat ion A P a n d ag ing t ime is to be noted. T h u s , i n this 
reg ion a n approximate first order rate l a w is obeyed relat ive to the con
vers ion of A P to A P ( a n d ac company ing react ion of i n d i v i d u a l A P atoms 
w i t h H 2 0 w i t h release of H + to the so lut ion ) . 

A t ag ing times greater than 120-200 days, the slopes of the curves 
become nonl inear a n d flatten. O n e explanat ion for this behavior w o u l d 
be that as e q u i l i b r i u m is approached there are re lat ive ly few A P particles 
left a n d the rate -determining step for conversion to A P changes to one 
i n v o l v i n g chance for encounter among A P particles. 

Electron Microscope Observations 

A P particles are of c o l l o ida l size a n d can be observed under an elec
t ron microscope. F igures 10, 11, a n d 12 show electron micrographs of 
A P f r o m the solutions. X - r a y di f fract ion w o r k has ind i ca ted that this m a 
ter ia l ( the hexagonal platelets) is gibbsite (S, 3 0 ) . A l s o shown o n the 
micrographs are g o l d sol partic les ( s m a l l , dark spheres a n d tetrahedrons) . 

These figures show m u c h of the de ta i l of the part ic les , such as the ir 
t y p i c a l crystal l ine shape a n d imperfections. T h e g o l d sol partic les as pre -
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 271 

pared in this work are negatively charged (31, 32). It is interesting to 
note that these particles tend to adsorb on gibbsite edges, corners, and 
imperfection points, particularly at the latter two types of sites. The 
suggestion is, then, that these sites are the most highly positive sites on 
the gibbsite surface. 

The electron micrograph of Figure 10 is of particular interest since 
it apparently shows edges ( rectangular shapes ) as well as faces and indi
cates the relative thickness of the particles. Also, it can be seen that the 
particles appeared layered much in the manner of microscopic mica par
ticles. The electron micrograph of Figure 11, which is of material from 
solution C, indicates that microcrystalline gibbsite is ultimately formed 
even if rH value is as low as 0.94 and pH is near 4. 

Figure 10. Electron micrograph of microcrystalline 
gibbsite from solution F with negative gold particles 

adsorbed 
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272 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Figure 11. Electron micrograph of mi
crocrystalline gibbsite from solution C 

with negative gold particles adsorbed 

T h u s , the electron micrographs show conc lus ive ly that c o l l o i d a l m a 
ter ia l is f o rmed i n the ag ing study solutions. F u r t h e r , this mater ia l 
appears to be microcrysta l l ine gibbsite . 

Effect of Rate of Addition of Base on 
Quantity of Alb Initially Formed 

I t w o u l d seem possible that the rate of a d d i n g base i n the o r ig ina l 
m i x i n g of the ag ing study solutions m i g h t i n some manner affect the 
amount of A P ( a n d also, therefore, A P ) i n i t i a l l y f o rmed i n the ag ing test 
solutions. A n experiment was per formed t a k i n g different t imes to a d d 
base i n m a k i n g u p an H solution. Results of the experiment are shown 
i n F igures 13 a n d 14. I n a l l cases, ag ing t ime was seven days. A P ap 
pears independent of rate of base a d d i t i o n but A P decreases w i t h increas
i n g speed of add i t i on . T h e slower the base add i t i on , the higher the so lu
t i o n p H a n d , thus, the more out of e q u i l i b r i u m is the so lut ion. 

R a p i d a d d i t i o n p r o b a b l y promotes format ion of so l id A l ( O H ) 3 par 
ticles, possibly o r ig ina l ly of a par t ly amorphous character. These partic les 
appear to start o rganiz ing themselves soon into crystal l ine f o rm ( into 
g ibbsi te u n d e r our exper imenta l cond i t i ons ) . S l o w a d d i t i o n gives less 
oppor tuni ty for l o ca l excess of base a n d format ion of amorphous so l id 
A l ( O H ) 3 . W i t h slower a d d i t i o n of base, more monomer ic a n d po ly -
nuclear species are f o rmed in i t i a l l y . T h e monomer ic species very r a p i d l y 
convert to po lynuc lear micropart ic les or macroions i n rough ly the manner 
out l ined b y H e m a n d Roberson ( 8 ) . T h i s conversion stops as soon as 
there are sufficient micropart ic les present to b r i n g into be ing the part i c le 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 273 

size effect. T h e part i c le size effect has to do w i t h very smal l partic les 
be ing more soluble than larger ones. These micropart ic les then s l owly 
grow i n size w i t h t ime u n t i l they reach the size a n d character of true 
crystal l ine gibbsite partic les. T h e nature of the analysis curves ( such as 
those shown on F i g u r e 2) indicates, however , that there apparent ly is a 
d ist inct separation or " j u m p " between the po lynuc lear macroions or m i 
cropartic les a n d crystal l ine gibbsite particles. 

T h a t is, apparent ly , the A P po lynuc lear partic les grow i n size b y 
c o m b i n i n g a n d " sp l i t t ing out" protons. If the part ic le is smaller than 
some certa in size, i t reacts i n a moderate ly fast manner w i t h ferron ( over 
a p e r i o d of a couple of hours ) accord ing to a first order rate re lat ive to 
the A P concentration. A f t e r a certain size is achieved, the react ion w i t h 
ferron becomes very m u c h slower, a n d the rate l a w approaches zero 
order. T h i s indicates a rather pro found s tructura l change i n the partic les 
u p o n reaching a certain size. 

Figure 12. Electron micrograph of microcrys-
tattine gibbsite from a J solution with negative 

gold particles adsorbed 
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274 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

A s soon as a solut ion is prepared , several things start happen ing . 
O n e is p r o b a b l y a change i n structure of r a p i d l y f o rmed A l ( O H ) 3 partic les 
f r om a more or less amorphous state to crystal l ine gibbsite . T h e change 
is p r o b a b l y complete after a f ew weeks aging. Secondary evidence f r om 
electron micrographs of solutions aged a few months he lp conf irm this 
statement. T h e other is the s low growth of po lynuc lear A P partic les or 
macroions accompanied b y release of protons f rom water molecules pres
ent i n some octahedral positions. U l t i m a t e l y , the particles grow to such 
a size that they must be considered crystal l ine gibbsite . Perhaps these 
partic les also combine w i t h gibbsite partic les f o rmed f rom the r a p i d l y 
f o rmed A l ( O H ) 3 . 

τ 1 1 1 1 1 r 

SOLUTION Η 

TOTAL Al « 4.54 X IO"4 mote/liter 

ANALYSIS TIME (min.) 

Figure 13. Effect of length of time of adding 
base in preparing solutions on amount of Aft 
formed; Al recovered as a function of analysis 

time 

Alb Structure and pH Drop 

I f i t is assumed at 23 hours ' ag ing that the average A P part i c le size 
a n d m a k e u p is somewhere between Α ΐ 2 4 ( Ο Η ) β ο 1 2 + a n d Α 1 9 6 ( Ο Η ) 2 β 4 2 4 + — 
i.e., the O H / Α Ι va lue for this mater ia l is between 2.5 a n d 2 . 7 5 — a n d that 
the A P particles after 254-259 days ' ag ing have the composi t ion A l ( O H ) 3 , 
i t is possible to calculate h o w m u c h H * i on concentrat ion should change 
d u r i n g the p e r i o d between 23 hours a n d 254-259 days. T h e H + i o n change 
can then be compared w i t h ac tua l measured H + i o n change. T h i s c om
par ison has been made for solutions D through H . 

T a b l e V lists results obta ined assuming several different average A P 
part ic le sizes at 23 hours ' ag ing . 
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 275 

Table V . Actual vs. Calculated H + Ion Concentration Changes During 
the Aging of Solutions from 23 Hours to 254—259 Days 

(Mole/Liter Χ 105) 

Solution Actual Change Calculated Change, Assuming 23-Hour Size to be 

A l 2 4 ( O H ) e o 1 2 + A l 4 5 ( O H ) 1 4 4 I 8 + A l M ( O H W < + 

D 5.3 7.8 5 .2 e 3.9 
Ε 3.0 9.9 6.6 4.9" 
F 5.0 10.2 6.8 5.0° 
G 4.1 5.9 4.0° 3.0 
H 3.2 2.5" 1.7 1.3 
«Best fit. 

'S 
D w 

< 4( 

ο 
ω => ζ 
2 42 

4.( 

A N5 Î . Y S I S 1^ME (min.) 8 0 

Figure 14. First order rate plot of Alb 

data from Figure 13 

Summary on the Approach of the Solutions to Equilibrium 

T h e slower base is a d d e d i n ag ing solut ion preparat ion , the more A l a 

a n d A P mater ia l is i n i t i a l l y f ormed. A P f o rmed p r o b a b l y starts q u i c k l y 
convert ing to A P mater ia l . H o w e v e r , conversion of monomer i c mater ia l 
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276 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

to A P is s topped before e q u i l i b r i u m is achieved as soon as sufficient 
po lynuc lear mater ia l is present to b r i n g the part i c le size effect in to be ing . 

T h u s , at any par t i cu lar age t ime after 23 hours ' ag ing b u t p r i o r to 
the achievement of e q u i l i b r i u m , a so lut ion is h e l d at supersaturation 
w i t h respect to crystal l ine A l ( O H ) 3 a n d i n a metastable cond i t i on b y the 
part i c l e size effect. Yet s l owly the systems h e a d t o w a r d e q u i l i b r i u m b y 
g r o w t h i n size of A P mater ia l a n d its convers ion to A P particles. 

S ince the concentrat ion of A P remains constant, i t appears that the 
monomer i c species do not d i rec t ly contr ibute to the progress of the re 
act ion a l though they shou ld adjust their re lat ive amounts accord ing to 
p H change i n the systems. A P decreases i n amount , A P increases, a n d 
p H drops w i t h t ime. I n d i v i d u a l A P partic les must be c o m b i n i n g b y the 
b o n d i n g of adjacent A l atoms i n separate A P partic les . 

A l l A l atoms are surrounded b y some combinat i on of six H 2 0 mole 
cules p lus O H ions. T h e smaller the A P part ic le , the greater percentage 
of these coordinated groups w i l l be water molecules. F o r example , for 
a single s ix -membered r i n g there w i l l be , at least potent ia l ly , two water 
molecules p e r a l u m i n u m . F o r a structure conta in ing 54 A l ions, there 
shou ld be about 0.667 water molecules per a l u m i n u m . A s a l u m i n u m 
atoms, each coordinated w i t h at least one H 2 0 molecule , i n different 
partic les approach each other, they b o n d together b y deprotonat ion of 
the coord inated water molecule . A s the deprotonat ion takes p lace , the 
p H of the so lut ion drops. T h e r e is of course a charged repuls ion barr ier 
to the react ion a n d the react ion shou ld take place more read i ly at the 
h igher p H values where the i n d i v i d u a l partic les shou ld be less h i g h l y 
charged. H o w e v e r , there is abundant evidence f r o m the present w o r k that 
such a react ion does take p lace d o w n to p H values near 4. U l t i m a t e l y , 
the A P particles coalesce to A P partic les . 

It is curious that for a so lut ion made u p to have a par t i cu lar rn va lue 
one a lways finds the so lut ion to conta in a par t i cu lar set concentrat ion of 
A P independent ly of h o w r a p i d l y the solut ion was m i x e d a n d h o w long 
the solut ion has aged. 

Conclusions Relative to Aluminum (III) in Mildly Acid Aqueous Media 

F r o m the a l u m i n u m hydro lys is w o r k a n d electron microscopy , several 
conclusions can be reached re lat ive to the behavior of a l u m i n u m i n a c i d 
aqueous systems. These conclusions are : 

1) I f a l u m i n u m perchlorate solutions are made u p to conta in 4.54 
Χ 10" 4 m o l e s / l i t e r a l u m i n u m ( tota l i on ic strength about 10" 2 m o l a r ) , p r o 
v i d e d the n o m i n a l rat io of O H b o „ n d / A l ( r n va lue ) is 3.00 or less, there w i l l 
i n i t i a l l y be present i n the system three different types of a l u m i n u m w h i c h 
can be designated as A P , A P , a n d A P . A P appears to be composed en-
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10. SMITH Equilibrium in Aluminum Hydroxy Complexes 277 

t i re ly o f monomer i c species—i.e., A l 3 + , A 1 0 H 2 + , A l ( O H ) 2
+ , a n d A l ( O H ) 4 " . 

A P appears to consist of po lynuc lear a l u m i n u m h y d r o x i d e species, p r o b 
a b l y of a general s ix -membered r i n g structure i n w h i c h each a l u m i n u m is 
b o n d e d to its ne ighbor through shared pairs of O H ions. T h e i n d i v i d u a l 
r ings t end to coalesce into larger structures w i t h t ime u n t i l they u l t imate ly 
become large enough to be filtered out a n d ident i f ied b y electron m i c r o 
scopy a n d x-ray di f fract ion as gibbsite crystals. T h e manner i n w h i c h the 
rings coalesce appears to be governed b y a first order rate l a w relat ive 
to the A P mater ia l . T h e A P partic les appear to range i n size f rom a r o u n d 
A l 2 4 ( O H ) e o

1 2 + to Α 1 9 β ( Ο Η ) 2 β 4 2 4 + a n d perhaps larger. T h e A P is so l id 
mater ia l that m a y be i n i t i a l l y a l l or par t ly amorphous , but r a p i d l y becomes 
crystal l ine a n d takes on the structure of g ibbsite . 

2 ) F o r a par t i cu lar rn va lue , the amount of A P is near ly constant, 
at least after 23 hours ' ag ing , independent of h o w long the so lut ion has 
aged a n d the rate at w h i c h base was a d d e d to the solut ion i n the i n i t i a l 
so lut ion preparat ion . A coro l lary to this statement is that the amount of 
A P p lus A P also is constant. T h e significance of these statements is great, 
for they indicate that the G i b b s free energy of f ormat ion of A P is not 
m u c h less than so l id A P . A l t h o u g h the concentrat ion of A P remains con 
stant w i t h ag ing t ime, the activit ies of the i n d i v i d u a l monomer i c species 
adjust themselves almost instant ly to change i n p H of the solution. 

3 ) T h e p H of the solutions decrease w i t h ag ing t ime u n t i l e q u i l i b 
r i u m p H values are u l t imate ly achieved. T h e e q u i l i b r i u m p H values are 
consistent w i t h k n o w n t h e r m o d y n a m i c values for monomer ic species a n d 
so lub i l i ty products . T h e e q u i l i b r i u m p H achieved i n a par t i cu lar so lut ion 
depends on its i n i t i a l rn value. T h e lower the rn va lue , the l ower is the 
e q u i l i b r i u m p H . T h e rate at w h i c h e q u i l i b r i u m is approached depends 
on the rn va lue a n d also on the rate at w h i c h base is a d d e d d u r i n g so lu 
t i on make-up . T h e l ower the rn va lue , the s lower is the progress t o w a r d 
e q u i l i b r i u m . F o r example, i f rn va lue is a round 2.8, e q u i l i b r i u m m a y be 
achieved i n 6 or 8 months ( d e p e n d i n g on h o w m u c h A P was i n i t i a l l y 
f o rmed d u r i n g base a d d i t i o n ) . I f rn va lue is 1.0 or less, e q u i l i b r i u m p r o b 
a b l y w i l l not be achieved after several years' ag ing . 

4 ) T h e amount of A P present i n so lut ion at 23 hours ' ag ing depends 
on rate of base a d d i t i o n d u r i n g solut ion preparat ion . T h e slower the 
base is a d d e d , the greater the quant i ty of A P plus A P formed a n d the 
equivalent less A P i n i t i a l l y formed. Some of the A P f o rmed is r a p i d l y 
converted into A P , but this conversion is l i m i t e d b y the part i c le size so lu
b i l i t y effect. T h u s , as soon as enough A P is f ormed to b r i n g this effect 
into operat ion, the concentrat ion of A P remains constant. T h e amount 
of A P present then decreases as a funct ion of ag ing t ime. O v e r the t ime 
in te rva l f rom about 20 -30 days ag ing to about 120-200 days aging, the 
disappearance of A P i n m a n y of the solutions is approx imate ly first order 
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w i t h respect to concentrat ion of A l 5 . A s A P disappears f r om the system, 
an equivalent amount of A P is formed. It seems that A P part ic les are 
coalescing into larger partic les as a funct ion of t ime. A t some c r i t i c a l size, 
the character of the A P partic les appears to change a n d they behave as 
the less reactive A P particles. A f t e r e q u i l i b r i u m is achieved , the quant i ty 
of A P present is be l ow the detect ion l i m i t . 
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Plutonium in the Water Environment. 
II. Sorption of Aqueous Plutonium 
on Silica Surfaces 

T H O M A S C. R O Z Z E L L and JULIAN B. A N D E L M A N 

Graduate School of Public Health, University of Pittsburgh, 
Pittsburgh, Pa. 15213 

The sorption and desorption of aqueous plutonium in the 
range of 10-7 to 10-8M was studied on quartz and other 
silica surfaces. Sorption continued typically for 12 to 15 
days before apparent equilibrium was reached, and the dis
tribution of plutonium particle sizes sorbed on the silica was 
different from that in solution. At pH 7, sorption increased 
with increasing ionic strength, but decreased when bicar
bonate was added. The amount of sorption varied at pH 
5 and 7, but differently at high and low ionic strengths, as 
well as with the age of the solution. Plutonium desorption 
indicated that there were two basically different sorbed 
species, and the rate and quantity of desorbed material 
increased at pH 5 compared with 7 and 9. 

T n the first paper of this series ( I ) , the chemistry of aqueous p l u t o n i u m 
A was rev iewed , w i t h par t i cu lar reference to the ambient condit ions 
l i k e l y to be encountered i n natura l waters. I n add i t i on , exper imental 
w o r k was presented concerning the effects of such variables as p H , p l u 
t o n i u m concentrat ion, i on ic strength, a n d the presence of complex ing 
agents o n the part i c le size d i s t r ibut i on of aqueous p l u t o n i u m . It was 
s h o w n that, at least over a n ag ing p e r i o d of several days a n d w i t h p H 
v a r i e d f r om 5.4 to 8.2, there was a n increase i n the part ic le sizes of p l u 
t o n i u m i n the measured range of 0.07 to 1.2μ ( equiva lent spher i ca l d i 
ameter ) . Increasing the i on i c strength f r om 0.002 to 0 . 1 M at p H 7 also 
s ignif icantly increased the sizes of the particles. A d d i t i o n of 1 0 " 2 M bicar 
bonate h a d a general ly s imi lar effect, b u t this was inf luenced b y the 
ion ic strength. T h e presence of granular s i l i ca w i t h partic les i n the range 
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of 280 to 390/Λ also s ignif icantly affected the p l u t o n i u m part i c le size d is 
t r i bu t i on w h i l e the solutions were ag ing for several days at p H 7. A t a n 
ion ic strength of 0 .012M, such addit ions of s i l i ca greatly increased the 
sizes of the p l u t o n i u m partic les , but decreased them at 0 . 1 1 M . 

T h i s paper is concerned p r i n c i p a l l y w i t h the interact ion of aqueous 
p l u t o n i u m w i t h s i l i ca surfaces. I n consider ing the sorpt ion of p l u t o n i u m 
onto a so l id surface, such as s i l i ca , i n an aqueous solut ion, considerat ion 
must be g iven to the mechanism of interact ion. I n the s i l i c a - P u ( I V ) 
system studied here, the interact ion is essentially that of sma l l negat ive ly 
charged co l l o ida l size particles w i t h a large negative p lanar surface, as 
w e l l as i o n exchange of posit ive ions a n d l ow-molecu lar -we ight hydrolys is 
products . I n order for the various species to interact w i t h the s i l i ca par 
t ic le surface, they must reach this surface b y di f fusion through the l i q u i d 
film adher ing to the s i l i ca part ic le . T h e rate of sorpt ion then shou ld 
invo lve a n d m a y be contro l led b y mass transfer through the solut ion u p 
to the surface. 

There have been several laboratory a n d field studies concerned w i t h 
the uptake of aqueous p l u t o n i u m b y plants, mar ine b iota , soils, minerals , 
a n d glass. These have been discussed i n the first paper of this series ( I ) , 
w h i c h shows that several so lut ion variables , as they influence the part ic le 
size d i s t r ibut ion of the aqueous p l u t o n i u m , greatly affect its interact ion 
w i t h s i l i ca surfaces. Studies were conducted to determine the rates, e q u i 
l i b r i a , a n d mechanism of the sorpt ion a n d desorpt ion of aqueous, co l l o ida l 
p luton ium-239 onto the surfaces of quartz s i l i ca . T h e or ientat ion of these 
studies is the understanding of the l ike ly behavior a n d fate of p l u t o n i u m 
i n env i ronmenta l waters, par t i cu lar ly as re lated to its interact ion w i t h 
suspended a n d bot tom sediments. 

Experimental 

A l l chemicals , such as sod ium hydrox ide , n i t r i c a c id , s od ium perchlo -
rate, a n d those compr i s ing the buffers, were certi f ied reagent grade. T h e 
water used i n preparat ion of the chemicals was deminera l i zed a n d d is 
t i l l e d b y passing i t through a mixed -bed i on exchanger. W a t e r used to 
prepare the p l u t o n i u m solutions was also filtered through a fine-porosity 
W h a t m a n filter to remove any foreign matter such as dust partic les. 

T h e source a n d p u r i t y of the p l u t o n i u m ( I V ) stock solut ion a n d the 
method of d i l u t i o n a n d p H adjustment were descr ibed i n a previous paper 
( J ) . T h e compos i t ion of the p l u t o n i u m solutions was such that approx i 
mate ly 95 .4% of a l l a l p h a act iv i ty was o w i n g to 2 3 9 P u . T h e on ly other s ig 
nificant a lpha-act ive isotope present was 2 4 0 P u w h i c h contr ibuted approx i 
mate ly 3 .5% of the a l p h a act iv i ty . 2 3 8 P u a n d 2 4 1 A m contr ibuted less than 
0 .6% each to the total a lpha act iv i ty . 

T h e p l u t o n i u m concentrat ion i n the ambient sorb ing solutions was 
determined b y a l p h a count ing an evaporated a l iquot i n a gas flow i n 
ternal propor t i ona l counter, also previous ly descr ibed ( J ) . T h e amount 
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of p l u t o n i u m sorbed b y s i l i ca was determined b y d isso lv ing i t f rom a 
s i l i ca a l iquot (^-0.2 gram) w i t h 1.0 m l of concentrated n i t r i c ac id . T h e 
s i l i ca was first washed w i t h a s m a l l amount of the b lank ambient so lut ion 
to remove p l u t o n i u m i n the adher ing l i q u i d film. T h e w a s h i n g was car
r i e d out o n a paper filter i n a filter ch imney w i t h v a c u u m a p p l i e d . E x 
per imentat ion showed that the w a s h i n g t ime a n d vo lume was l o w enough 
that there was no loss of sorbed P u d u r i n g the procedure. A f t e r d r y i n g , 
an a l iquot of the s i l i ca was w e i g h e d a n d p laced i n a sma l l beaker to w h i c h 
the n i t r i c a c i d was added . T h e m i l l i l i t e r of n i t r i c a c i d removed 1 0 0 % 
of the P u sorbed to the s i l i ca grains. T w o planchets were prepared for 
each sample, a n d each rece ived a few drops of d i s t i l l ed water a n d 0.25 
m l of the n i t r i c a c i d conta in ing the dissolved p l u t o n i u m f rom the sample. 
T h e planchet was then d r i e d a n d a l p h a counted. I n this manner , a q u a n 
t i tat ive determinat ion of the amount of p l u t o n i u m sorbed per g ram of 
s i l i ca c o u l d be ca lculated . T h e p l u t o n i u m act iv i ty per square centimeter 
was ca lcu lated f rom the specific surface area of the s i l i ca . 

T h e prec is ion of the p l u t o n i u m analysis was de termined a n d the 
over -a l l error at 2σ was ±4.5% for 10 determinations. T h e 2σ error 
o w i n g to the count ing alone was 0 . 9 3 % . 

G r a n u l a r s i l i ca ( crysta l l ine q u a r t z ) a n d transparent s i l i ca plates (1 X 
3 inches) were used for the sorpt ion studies. T h e granular s i l i ca was 
supp l i ed b y the O t t a w a S i l i c a C o . a n d the F i s h e r Scientif ic C o . T h e s i l i ca 
was s ized b y dry -s iev ing w i t h U . S. S tandard sieves. I n most cases, as 
narrow a range as possible was chosen, a n d the m e a n diameters , except 
where size was a var iab le , ranged f r om 275 to 387 microns. T h e trans
parent s i l i ca plates were fused s i l i ca w i t h a smooth amorphous surface. 

T h e granular s i l i ca was first washed several times w i t h deminera l i zed 
water to remove u n w a n t e d fine sizes a n d debris , a n d then oven-dr ied at 
approx imate ly 120°C. A w e i g h e d por t ion , usual ly 4 grams, was p laced 
i n a 125-ml flask to w h i c h was a d d e d 80 m l of the p l u t o n i u m solut ion 
be ing studied. T h i s gave a constant volume-to-mass ratio of 20 :1 . T h e 
flasks were stoppered a n d p laced on rec iprocat ing shakers. Studies of 
the effect of the shaking rate showed that above 125 o p m (osci l lations 
per m i n u t e ) sorpt ion increased sharp ly u n t i l a speed of 200 o p m was 
atta ined, above w h i c h there was a m a r k e d decrease i n sorption. A 200-
o p m operat ing speed was chosen for a l l experiments. 

A U p l u t o n i u m solutions, except where p H was a var iab le , were 
buffered at p H 7 w i t h phosphate. T h e final concentrat ion of the phos
phate, as K H 2 P 0 4 , was typ i ca l l y 0 .001M. Exper iments on the effect of 
phosphate on p l u t o n i u m sorpt ion ind i ca ted that there should be no i n 
crease i n sorpt ion resul t ing f rom format ion of a p l u t o n i u m - p h o s p h a t e 
complex at this concentrat ion. A l l experiments, except where tempera
ture was a var iab le , were carr ied out at room temperature , w h i c h was 
usua l ly between 24° a n d 26°C . 

I n one sorption experiment, the part ic le size d i s t r ibut ion of the 
aqueous p l u t o n i u m was determined b y the centr i fugat ion technique pre 
v ious ly descr ibed ( J ) . S imultaneously , a s tudy was made of the size d is 
t r i b u t i o n of p l u t o n i u m sorbed onto s i l i ca plates b y a n autoradiographic 
m e t h o d ( I , 2, 3). A f t e r the p l u t o n i u m sorbed o n the s i l i ca plates, the 
latter were d r i e d a n d c l a m p e d for 2 to 4 days to glass plates coated w i t h 
K o d a k N T A nuclear emuls ion . A f t e r deve lop ing the emuls ion , the result-
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i n g a l p h a tracks were counted microscop ica l ly at 400 X magnif icat ion. 
T h e n u m b e r of centers w i t h 1 to 28 tracks were tabulated for several 
0 .25-cm 2 areas. A l s o tabulated as a group were centers h a v i n g more 
than 28 tracks a n d transparent cores, a n d those w i t h opaque cores h a v i n g 
a very large number ( > 3 0 0 ) tracks. T h e r e was a tabulat i on as w e l l of 
nonspher ica l aggregates w h i c h , i n most cases, h a d too m a n y over lapp ing 
tracks to count. T h e size of each sorbed p l u t o n i u m part i c le was deter
m i n e d b y the count of the n u m b e r of tracks emitted f r om a c o m m o n 
center i n the manner deve loped b y L e a r y ( 2 ) . T h e m e t h o d takes into 
account the exposure t ime , a n d corrections were made for count ing sta
tistics, the details be ing reported elsewhere ( 4 ) . 

SORPTION PERIOD (DAYS) 

Figure 1. Rate of sorption of aged 4 X 10~7 plutonium on 230-μ silica 
grains at pH 7 and 0.1 M ionic strength 

Results 

Sorpt ion R a t e . T h e rate of sorpt ion of the P u rad ioco l l o id is typ i f i ed 
b y results shown i n F i g u r e 1. I n this case, a 4 X 1 0 " 7 M P u so lut ion at a 
p H of 7 a n d i on i c strength of 0 . 1 M was sorbed onto s i l i ca part ic les hav 
i n g a n o m i n a l d iameter of 230 microns . Character i s t i ca l ly , the t ime re
q u i r e d to atta in 5 0 % of e q u i l i b r i u m was 2 to 5 days. I n a l l experiments, 
the P u concentrat ion i n the so lut ion was moni tored , as w e l l as that sorbed. 

T h e p l u t o n i u m co l l o ida l aggregates vary i n size w i t h age, becoming 
larger, a n d thus more filterable, w i t h s t i r r ing a n d age ( 5 ) . T h e effect of 
aging of the p l u t o n i u m co l l o id was , therefore, s tudied i n re lat ion to its 
sorpt ion onto s i l i ca . A large master solut ion of p l u t o n i u m ( 1 0 " 7 M ) w i t h 
a p H of 7 was prepared . A t times rang ing f rom 0 -16 days, a l iquots were 
aken a n d a d d e d to s i l i ca for sorption. T h e master so lut ion was st irred 
vhi le aging. T h e amount of sorbed p l u t o n i u m ( i n d p m per gram of 
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0 2 4 6 8 10 12 u 16 

AGEING TIME OF PLUTONIUM BEFORE SORPTION (DAYS) 

Figure 2. Sorption of 10~7M plutonium at pH 7 on granular silica as a 
function of solution age pnor to sorption 

Curve 1,10-day sorption; Curve 2, 3-day sorption; Curve 3,1-day sorption 

s i l i ca ) is s h o w n i n F i g u r e 2 for 1, 3, a n d 10 days of sorpt ion for so lu
tions w h i c h h a d aged for the times s h o w n (i.e., 0, 2, 5, 9, a n d 16 days) 
before the s i l i ca was introduced . T h e rate of sorpt ion increased w i t h 
age of the so lut ion ( p r i o r to sorpt ion) u p to 5 days a n d decreased there
after. 

Ef fect of Ionic S t r e n g t h and p H on Sorpt i on . T h e major c o n t r i b u 
t i on to the ion ic strength, at l o w values of the latter, came f rom the 
sod ium hydrox ide used to t itrate the a c i d stock solutions, as w e l l as the 
monopotass ium phosphate a n d sod ium hydrox ide i n the buffer used to 
m a i n t a i n the p H at 7. I n order to study the effect of ionic strength o n 
P u sorpt ion, three p H 7 solutions were prepared a n d the ion ic strengths 
adjusted to 0.002, 0.01, a n d 0 . 1 M . T h e latter two solutions conta ined 
a d d e d N a C 1 0 4 , w h i c h was used to m a i n t a i n the ion ic strength a n d was 
the major contr ibutor to the ion i c strength. E a c h of these solutions was 
aged for 1 d a y (" fresh" so lut ion) or 58 days ( "aged" so lut ion) p r i o r to 
sorpt ion onto s i l i ca for 21 to 24 days, the results b e i n g shown i n T a b l e I. 

T h e effect of p H on sorpt ion was studied over the p H range of 3 to 
8.7 a n d at an ion ic strength of 0 .23M. I n this case, there was a general 
increase i n sorpt ion w i t h increasing p H . O n the other h a n d , w h e n the 
ion i c strength was kept l o w (μ = 0 . 0 1 M ) , there was a decrease i n sorption 
w i t h increas ing p H . T h e details of this phenomenon were s tud ied fur 
ther at p H 5 a n d 7.1 at ionic strengths of 0.004 a n d 0 .23M. Sorpt ion onto 
s i l i ca grains was carr ied out for a p e r i o d of 6 days. T h e results are s h o w n 
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Table I. Plutonium Sorbed and K8 Values for Fresh and Aged 
Solutions of Varying Ionic Strength at p H 7 

Fresh (1-Day) Solution" Aged (58 Days) Solution1 

Ionic Pu Surface Pu Surface 
Strength (μ), Activity, Activity, 

M dpm/g, Χ 10~* Cm dpm/g, X 10~4 Cm 

0.002 8.0 0.04 8.2 0.04 
0.01 16.5 0.11 9.4 0.07 
0.1 43.5 0.67 28.6 0.15 

ft Values based on 24-day sorption period. 
6 Values based on 21-day sorption period. 
c K8 is the equilibrium concentration of sorbed Pu in dpm/cm 2 divided by the 

equilibrium concentration in the liquid in dpm/cc. 

i n T a b l e I I . Indeed , at the l ower ion ic strength (μ = 0 . 0 0 4 M ) , there 
was considerably greater sorpt ion at p H 5 t h a n at p H 7.1. A t μ = 0 . 2 3 M , 
the opposite occurred . 

The Effect of Silica Particle Size. A s the part ic le size of the m i n e r a l 
is decreased, the surface area per uni t weight varies inversely w i t h the 
diameter. Genera l l y , i t is expected that sorpt ion w i l l be i n d irect p r o 
por t i on to the avai lab le surface area (6). U s i n g four different size f rac 
tions of the same s i l i ca , w i t h n o m i n a l diameters , d, r a n g i n g f r o m 1.4 X 
10 ' 2 c m , the sorpt ion rates a n d e q u i l i b r i a were s tudied for a fresh 5.3 
X 1 0 " 7 M P u solution. T h e ionic strength of the so lut ion was 0 . 1 M a n d 
the p H was 7. F o u r grams of s i l i ca was used i n each case. T h e rate da ta 
for the different size fractions are shown i n T a b l e I I I . E v e n though the 
total s i l i ca surface area avai lable for sorption was quite different for each 
size f ract ion , the tota l amount of P u removed f r o m the solut ion b y sorp
t i on onto the s i l i ca was not very different for each fract ion. S i m i l a r l y , 
the amount r emain ing i n solut ion at e q u i l i b r i u m was essentially the same 
i n each case. 

I n this a n d i n a l l sorpt ion studies u t i l i z i n g a conta in ing vessel, con
s iderat ion must be g iven to sorpt ion onto the w a l l of the vessel. T h e 
inter ior surface area of the 125-ml flasks used i n these studies was ap 
prox imate ly 113 c m 2 . T h i s area need not be considered i n experiments 
where the surface area of the s i l i ca is constant, for then the rat io of the 
area of the w a l l to the area of the s i l i ca is constant. I n this case, h o w -

Table II. Sorption of Plutonium onto Silica in High and Low 
Ionic Strength Solutions at p H 5 and 7.1 

Pu Sorption (dpm/g) X 10~4 Ks, Cm 

pH μ = 0.004M μ = 0.23M μ = 0.004M μ = 0.23Μ 
5.0 7.6 0.5 0.2 0.05 
7.1 2.4 11.0 0.02 0.52 
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Table III. Sorption of Plutonium by Different Size Silica Particles 

S ° 2 S n P u Sorption, dpm/g X 10~* 

Days A Β C D 

1 2.27 1.90 1.24 1.11 
3 2.39 2.10 1.85 1.48 
7 2.81 2.93 2.60 2.36 

12 3.23 3.45 3.12 2.83 
19 3.21 3.64 3.24 2.94 

d, c m 1 A X 1 0 - 2 1.9 X 10 - ' '• 2.7 X 1 0 - 2 3.9 X I O " 2 

Specific surface 165 118 82 56 
area, c m 2 / g 

E q u i l i b r i u m a m t . 1900 2600 2000 2100 
of P u i n soin. , 
c p m / m l 

W a l l area 
S i l i c a area 0.17 0.24 0.35 0.5 

ever, this rat io var i ed , a n d as the part i c le size of the s i l i ca increased, the 
f ract ion of the total surface represented b y the w a l l increased. T h e rat io 
of w a l l area to total s i l i ca area (specific surface area times 4 grams) is 
g iven i n T a b l e I I I . There was apparent ly no significant difference i n the 
amount of influence exerted b y the w a l l area i n each of the four flasks. 

Effect of Temperature. T h e effect of the temperature of the ambient 
so lut ion o n the rate of P u sorpt ion onto s i l i ca was s tudied b y sorbing 
for 1.5 hours at temperatures of 5 ° , 26.5°, a n d 40 °C . T h e i n i t i a l concen
trat ion of the P u solut ion was 4.9 X 1 0 " 7 M , w i t h a n ion ic strength of 0 . 1 M 
a n d a p H of 7. T h e quant i ty of P u sorbed was 2.6 Χ 10 4 , 3.1 Χ 10 4 , a n d 
2.8 Χ 10 4 d p m / g r a m at 5 ° , 26 ° , a n d 40 °C , respectively. 

Effect of Pu Concentration on Sorption. T h e dependence of sorpt ion 
o n the P u e q u i l i b r i u m concentrat ion was s tudied for fresh a n d aged (7 
days ) solutions. Six solutions of different concentrations were used for 
each study. A l l solutions were at p H 7, h a d ion ic strengths of 0 . 1 M , a n d 
were mainta ined at 25° ± 1°C. T h e relat ionships between the P u e q u i 
l i b r i u m concentrat ion at 18 days a n d the amount of P u sorbed are shown 
i n F i g u r e 3. 

M a n y e m p i r i c a l equations have been proposed to describe sorpt ion 
behavior of aqueous species on so l id surfaces. T h e most convent ional 
methods of p l o t t ing sorpt ion data are the F r e u n d l i c h a n d L a n g m u i r iso
therms ( 7 ) . B o t h isotherms were deve loped for the sorption of gases b y 
so l id surfaces. H o w e v e r , they often, but not a lways , describe the sorp
t i on of nonelectrolytes a n d other species f rom l i q u i d solut ion onto so l id 
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surfaces. T h e attempts to fit the data for the fresh a n d aged solutions 
to the F r e u n d l i c h isotherm d i d not result i n straight l ines, a n d i t was 
conc luded that, w i t h i n the concentrat ion range studied , this isotherm 
does not adequate ly describe the P u - s i l i c a system. 

T h e L a n g m u i r isotherm m a y be expressed i n the f o r m 

A = KC/(1 + K'C) (1) 

where A is the amount of P u sorbed per g ram of s i l i ca , a n d C is the con 
centrat ion of the P u i n the l i q u i d ( i n m o l e s / l i t e r ) at e q u i l i b r i u m . Κ a n d 
K' are constants for the par t i cu lar system under study. F o r the sorpt ion 
systems shown i n F i g u r e 3, L a n g m u i r plots were made us ing E q u a t i o n 1; 
these are shown i n F i g u r e 4. Sorpt ion f r om the fresh so lut ion f o l l owed 
the L a n g m u i r isotherm qui te w e l l . H o w e v e r , for the aged so lut ion, the 
plot was l inear on ly i n the reg ion shown. F o r the lower concentrations 
( larger values of I / C ) , the dev iat ion was considerable. 

Ef fect o f B i carbonate on Sorpt i on . T h e b icarbonate a n d carbonate 
ions are c o m m o n species i n na tura l waters a n d have the a b i l i t y to f o r m 
complexes w i t h P u ( I V ) . Starik ( 8 ) mentions that i n a n invest igat ion of 
the adsorpt ion of u r a n i u m there was a decrease i n the adsorpt ion after 
reaching a m a x i m u m , w h i c h was expla ined b y the format ion of negative 
carbonate complexes. K u r b a t o v a n d coworkers (9 ) f o u n d that increas
i n g the bicarbonate i o n concentrat ion i n U X i ( t h o r i u m ) so lut ion de 
creased that amount of t h o r i u m w h i c h f o rmed a co l l o id a n d became 

τ 1 1 1 1 1 r 

PLUTONIUM IN SOLUTION (molarity χ 108) 

Figure 3. Sorption isotherms on granular silica for fresh and aged 
(7 days) plutonium solutions at pH 7 and 0.1 M ionic strength 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
1 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

6.
ch

01
1

In Nonequilibrium Systems in Natural Water Chemistry; Hem, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1971. 



288 NONEQUILIBRIUM SYSTEMS IN N A T U R A L W A T E R S 

0 1 0 2 0 3 0 4 0 5 0 

1/C (Hters/mole χ IO"6) 

Figure 4. Langmuir isotherm plots for sorption 
of fresh and aged plutonium solutions; data corre

spond to Figure 3 

filterable. T h i s was at tr ibuted to the format ion of a soluble complex w i t h 
the bicarbonate . 

I n order to determine i f b icarbonate m a y s imi la r l y affect c o l l o ida l 
p l u t o n i u m , a comparison was made of sorption f rom solutions conta in ing 
b icarbonate on ly f r om atmospheric C 0 2 a n d f r om those w i t h a d d e d 10~ 2 M 
bicarbonate . T w o different i on i c strengths were used i n order to d i s 
t ingu ish adequate ly between a n d ru le out the poss ib i l i ty of an ion ic 
strength effect. T h e results of the study are g iven i n T a b l e I V . W h e n 
the b icarbonate concentrat ion was increased f r om the e q u i l i b r i u m at
mospher ic va lue to 1 0 ~ 2 M , the sorpt ion coefficient greatly decreased at 
bo th ion ic strengths. 

Plutonium Particle Size Distributions. P u part i c le size d istr ibut ions 
were de termined for a n aqueous system sorbing onto s i l i ca plates. T h e 
i n i t i a l P u concentrat ion was 1.5 X 1 0 ~ 7 M , w i t h a p H of 7.1 a n d ionic 
strength of 0 . 0 3 M . Three silica plates were immersed i n the so lut ion a n d 
removed after sorpt ion periods of 1, 5, a n d 17 days, respectively. W h e n 
each plate was removed , al iquots of the solut ion were taken. P u part ic le 

Table I V . Effect of Bicarbonate on the Sorption of Plutonium" 

Ionic Strength (μ), HCOz~ Pu Surface Act., K8, 
M Cone. dpm/cm2, X 10~z cm 

0.112 Atmospher i c 6.0 1.17 
0.112 1 0 - W 4.4 0.44 
0.012 Atmospher i c 1.5 0.08 
0.012 1 0 - W 0.8 0.03 

a 13-Day sorption period; pH = 7. 
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size d istr ibut ions were determined for these solutions b y the centr i fuga-
t i on technique prev ious ly descr ibed ( J ) , a n d for the P u sorbed on the 
plates b y autoradiography. T h e results of these P u size d istr ibut ions are 
p lo t ted i n F i g u r e 5. It is apparent that the distr ibut ions i n so lut ion a n d 
on the plates are qui te different. 

Effect of Phosphate. T h e p H 7 buffer so lut ion used to m a i n t a i n the 
p H of the P u ( I V ) solutions conta ined K H 2 P 0 4 . Because phosphate ions 
are k n o w n to complex P u ( I V ) ( J O ) , a study was conducted to determine 
i f adjustment of the phosphate concentrat ion w o u l d alter the nature of 
the c o l l o i d a l species a n d thereby affect the sorpt ion onto s i l i ca . 

V a r y i n g amounts of K H 2 P 0 4 were a d d e d to a fresh P u ( I V ) solut ion, 
a n d sorpt ion was carr i ed out w i t h 4 grams of s i l i ca i n the usual manner . 
A t the e n d of the sorpt ion per i od , the P u ( I V ) concentrat ion on the s i l i ca 
was determined . T h e same procedure was used for a P u ( I V ) so lut ion 
w h i c h was aged for 17 days pr ior to the add i t i on of the phosphate a n d 
the b e g i n n i n g of sorption. T h e results of bo th experiments are shown i n 
T a b l e V . T h e ion ic strengths of the solutions var i ed as the phosphate 
concentrat ion was increased, as shown i n the table. 

W h e n K H 0 P O 4 was a d d e d to a fresh P u ( I V ) so lut ion just pr ior to 
sorpt ion, the sorpt ion increased as the K H 2 P 0 4 concentrat ion increased 
u p to 0 . 1 M ( T a b l e V ) . A t 0 . 5 M K H 2 P 0 4 , there was a decrease i n the 
amount of P u ( I V ) sorbed. A c c o r d i n g to D e n o t k i n a et al. (11), phos
phate complexes should f o rm i n the order P u H P 0 4

2 + , P u ( H P 0 4 ) 2 , a n d 

2 . 0 , 

o.osl J L_l I I I I I L_i I L 

10 . 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 

P E R C E N T Or P A R T I C L E S ( B Y W E I G H T ) L E S S T H A N G I V E N D I A M E T E R 

9 8 

Figure 5. Particle-size distributions for plutonium re
maining in solution and that sorbed on silica plates at 
pH 7 and 0.03M ionic strength. The solid curves refer 

to the solution distributions. 
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Table V . Effect of Phosphate on Pu (IV) Sorption 

Fresh Pu(IV) 
Cone, of KH2POt, Ionic Strength, Solution," 

Μ/Ι μ Ks, Cm 

Aged Pu{IV) 
Solution,b 

ks, Cm 

0.001 0.1 0.1 
0.01 0.2 0.3 
0.1 0.8 1.3 
0.5 3.6 0.7 

0.5 
1.2 
3.6 
3.9 

α 14-Day sorption period. 
6 18-Day sorption period. 

P u ( H P 0 4 ) 4 4 " i n 2 M ni t r i c a c id . T h e format ion of the phosphate complex, 
i n effect, increases the average negative charge of the ionic or co l l o ida l 
p l u t o n i u m species. A s i n the case of the b icarbonate complex, this should 
reduce sorpt ion onto the negat ively charged s i l i ca surface. H o w e v e r , as 
is shown i n T a b l e V , the sorpt ion increased. I n another experiment i n 
w h i c h the phosphate concentrat ion was v a r i e d between zero a n d 1.25 X 
1 0 " 2 M , there was no significant difference i n the sorpt ion constants. 

I n this study, the ionic strength of the solutions increased w i t h the 
phosphate concentration. Therefore , the increase i n sorpt ion that oc
curred is l i k e l y caused b y the increase i n ionic strength. T h e format ion 
of the phosphate complex is not expected to take place read i ly at p H 7 
o w i n g to the lack of p l u t o n i u m ions. W h e n complexat ion does occur, i t 
is a funct ion of phosphate i on concentrat ion ( I I ) , a n d the reduced sorp
t i on i n the fresh solut ion at 0 . 5 M K H 2 P 0 4 is p robab ly an ind i ca t i on that 
the format ion of the complex was significant at that concentration. 

T h e effect was essentially the same i n the aged P u ( I V ) solution. 
There should have been a larger difference i n the sorption of the 0 . 5 M 
a n d the Ο.ΙΛί K H 2 P 0 4 so lut ion on the basis of the ion ic strength effect. 
T h e fact that there wasn't leads to the conclus ion that complexat ion did 
take place. T h e amount of complex format ion w o u l d be expected to be 
less than i n the fresh solut ion because of the remova l of i on ic species 
b y coagulat ion d u r i n g the ag ing per iod . 

I n the major i ty of the sorption experiments reported here in , the con
centrat ion of the phosphate was 0 .001M. It is not expected then that 
the effect of the phosphate was significant i n these studies. 

Desorption of Plutonium from Silica. A study was made of the effect 
of p H on the rate of desorpt ion b y first sorbing P u onto s i l i ca at p H 7, 
then desorbing into an " in f in i te " vo lume solut ion at p H ' s 5, 7, a n d 9. T h e 
" in f in i te " vo lume solut ion cond i t i on was approx imated b y r e m o v i n g the 
supernatant l i q u i d at each sampl ing t ime a n d rep lenish ing w i t h fresh 
so lut ion of the same p H . T h u s , there was no significant b u i l d u p of the 
P u concentrat ion i n the solution. T h e results, p lo t ted i n F i g u r e 6, i n d i -
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cate that there is a significant increase i n the rate of desorpt ion at p H 5, 
compared w i t h 7 a n d 9. It was prev ious ly observed that there can be 
signif icantly l ower sorpt ion at p H 5. 

A second study dealt w i t h the difference i n the rates of desorpt ion 
of P u w h i c h was fresh a n d that w h i c h was aged w h e n sorbed. P u so lu
tions of different ages sorb onto s i l i ca at different rates, as ind i ca ted i n 
F i g u r e 2. H o w e v e r , the rates of desorpt ion of P u w h i c h was fresh w h e n 
sorbed a n d that w h i c h was 34 days o l d were not very different, as shown 
i n F i g u r e 7. T h e approx imate ly exponent ia l desorpt ion curves m a y be 
rather precisely represented as reflecting two simultaneous first order 
desorpt ion processes, p r o b a b l y i n d i c a t i n g the presence of two different 
desorbing species. T h e curves can be d i v i d e d into two components b y 
extrapolat ing the near ly hor i zonta l portions ( w h i c h represent s low de
sorpt ion of a t ight ly -he ld species) back to t0 a n d subtract ing this q u a n 
t i ty so as to determine the rate of desorpt ion of the 1st (or loosely-held) 
species. T h e equat ion for the 1st component of the curves is then 

= A o u , e-*i< (2) 

a n d that of the 2 n d component 

Au» = A 0 ( 2 ) e-*2< (3) 

•a 

1 

pH 9 

Ί 51 1 1 I I I I I Ί 
0 10 20 30 40 50 60 70 

TIME (HOURS) 

Figure 6. Effect of pH on the rate of desorption of plutonium 
from granular silica into an "infinite" solution at an ionic strength 

of 0.01M 
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ISOi 1 , ! ! 1 1 Γ 

TIME (HOURS) 

Figure 7. Rate of desorption of plutonium from silica into an 
"infinite" solution at pH 7 and 0.01 M ionic strength 

Curve 1, after sorption from fresh solution; Curve 2, after sorption 
from aged solution; Curves 3 and 4, desorption of "loosely" held 
plutonium from fresh and aged systems, respectively. See text for 

definitions of Ao(» and A o œ . 

where Α ί α ) a n d A i ( 2 ) are the P u activit ies o n the s i l i ca surface ( i n d p m / 
g r a m ) at t ime t. A 0 ( D a n d Ao<2) are the activit ies o n the s i l i ca surface at 
t0 for species 1 a n d 2, respectively, δι a n d δ 2 are the desorpt ion rate con
stants for the two species i n hr " 1 . T h e equat ion for the general curve 
is then 

At = Aod) e-*i< + Ao(2) e"5*' (4) 

T h e hal f - t ime (t1/2) for the 1st species desorb ing is between 6.5 a n d 
7.5 hours. W h i l e it is not possible accurately to determine t1/2 for the 
second species f r om the g raph , i t m a y be ca lcu lated f r om the re lat ion for 
a first order decay process 

ti,2 = 0.693/δ 2 (5) 

a n d is equa l to approx imate ly 350 days. F o r bo th the fresh a n d aged P u , 
the ratios of A 0 ( 2 ) to the i n i t i a l to ta l sorbed P u are 0.3 a n d 0.35, respec
t ively . T h u s , approx imate ly one - th ird of the sorbed P u is strongly h e l d 
on the s i l i ca a n d desorbs at a very s low rate. 

Discussion 

I n consider ing the sorpt ion of p l u t o n i u m onto a so l id surface, such 
as s i l i ca , i n an aqueous so lut ion, the mechanism of interact ion is of par -
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t i cu lar interest. I n the system studied here, the interactions are complex 
a n d i n c l u d e those of charged co l l o ida l a n d larger size particles, l o w -
molecu lar -we ight p l u t o n i u m hydrolys is products , a n d i o n exchange of 
p l u t o n i u m ions w i t h negat ively charged, heterogeneous s i l i ca surfaces. 

T h e p l u t o n i u m size d i s t r ibut ion measurements made on ag ing so lu 
tions i n the absence of s i l i ca reported i n the previous paper ( 1 ) ind icate 
that the p l u t o n i u m hydro lys is products undergo slow coagulat ion as the 
suspension ages. I n a s lowly coagulat ing suspension, there is a continuous 
decrease i n the f ract ion of p r i m a r y partic les , as w e l l as changes i n the 
re lat ive amounts of larger partic les. T h i s phenomenon adds considerable 
complex i ty to the otherwise s imple p i c ture of a c o l l o ida l size part i c le 
di f fusing to a so l id surface. T h e 12 or more days r e q u i r e d for sorpt ion 
' e q u i l i b r i u m " to be reached, as shown i n F i g u r e 1, is i n contrast to the 
cons iderably shorter periods of the order of several minutes r e q u i r e d 
for ionic species to equi l ibrate w i t h the surfaces of nonporous solids, as 
w e l l as a few hours at most for monodispersed col lo ids , such as 0.3-m/i, 

partic les sorbing o n s imi lar p lanar surfaces ( 1 2 ) . T h i s s low " e q u i l i b r a 
t i o n " rate for the p l u t o n i u m system results f r om the fact that part iculate 
species of v a r y i n g size, as w e l l as ionic a n d l ow-molecu lar -we ight po ly 
mer i c hydrolys is products , are di f fusing to a n d sorb ing on the surface. 
A t the same t ime, the size d i s t r ibut ion of such species i n the ambient 
so lut ion is changing . T h i s is c lear ly shown i n F i g u r e 5, w h i c h indicates 
that as sorption proceeds an increasing f ract ion of the r emain ing p l u 
t o n i u m species consists of smaller partic les , w h i l e s imultaneously increas
i n g l y larger particles are sorbed on the s i l i ca surfaces. S i m i l a r l y , the 
effect of ag ing t ime pr ior to sorpt ion, as shown i n F i g u r e 2, is ind i cat ive 
of the same k inds of effects. H e r e the rate of sorption var i ed w i t h the 
age of the solut ion i n a nonpredic table manner . 

T h e sorpt ion process a n d the attainment of apparent e q u i l i b r i u m 
m a y be regarded then as i n v o l v i n g essentially two k inds of sorbing spe
cies. T h e r e are a very smal l number of i on i c p l u t o n i u m species, i n c l u d i n g 
monomer ic a n d low-molecu lar -weight po lymer i c hydrolys is products ( J ) 
w h i c h sorb re lat ive ly q u i c k l y a n d perhaps are i n v o l v e d i n a true e q u i 
l i b r i u m , such as b y i on exchange w i t h s i lanol sites at the s i l i ca surface. 
There is evidence of such sorption of various types of univa lent a n d 
mul t iva lent cations on s i l i ca , a n d both chemisorpt ion a n d phys i ca l a d 
sorpt ion processes have been deduced (13, 14, 15). F i l t r a t i o n of the 
desorb ing p l u t o n i u m w i t h a 15 -40 -micron porous s i l i ca disc ind i ca ted 
that the very first mater ia l to desorb was essentially smal l , unfi lterable 
P u ( I V ) . 

A second type of sorb ing species is that w h i c h is essentially co l l o ida l 
or even a somewhat larger size charged part i c le , whose sorpt ion on the 
s i l i ca surface m a y be considered p r i m a r i l y i n terms of a charged part ic le 
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294 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

interact ing w i t h a n essentially p lanar charged surface. A s these par 
t iculate p l u t o n i u m species age a n d increase i n size, their charge-to-mass 
ratio m a y also decrease a n d thereby influence their sorption character
istics ( 5 ) . 

I n order for the various species to interact w i t h the s i l i ca part i c le 
surface, they must reach it b y dif fusion through the unst i rred l i q u i d film 
at the surface. T h e rate of sorption then should invo lve a n d m a y be 
contro l led b y mass transfer through the solut ion u p to the surface (16). 
A c c o r d i n g to V o i d ( 1 7 ) , the major forces between co l l o id partic les a n d 
a surface are long-range L o n d o n - v a n der W a a l s forces of attract ion a n d 
e lectr ical double - layer interactions, the latter be ing repuls ive for l ike 
s ign a n d attractive for un l ike sign. H o w e v e r , as B i e r m a n (18) has d e m 
onstrated, even i f the co l l o ida l part ic le a n d the sorb ing surface have the 
same charge, attract ion can occur i f the interact ing substances are n o n -
ident i ca l . T h e more nonident i ca l , the greater w i l l be the attractive force. 

K i t c h e n e r a n d coworkers (12, 16) have shown that w h e n co l l o ida l 
size partic les w i t h the same charge s ign as that of the p lanar surface 
diffuse to a n d sorb on the latter, the rate of uptake m a y be considerably 
less than that pred i c ted b y s imple F i c k i a n dif fusion across the unst i rred 
l i q u i d film, p r i n c i p a l l y because of the double layer repuls ive forces, as 
treated i n the D e r j a g i n - L a n d a u - V e r w e y - O v e r b e e k theory of c o l l o id sta
b i l i t y . It was f o u n d i n some systems, par t i cu lar ly at h i g h ionic strength, 
that the sorption rate decreased w i t h t ime, eventual ly becoming negl ig ib le . 

I n the p l u t o n i u m - s i l i c a systems considered here, several sorpt ion 
mechanisms are p laus ib le a n d m a y i n fact occur s imultaneously . There 
is no doubt that the granular quartz s i l i ca has surface heterogeneities 
w h i c h c o u l d result i n " favorable" sorb ing sites, eventual ly becoming sat
urated as the p l u t o n i u m ages a n d sorbs. A t the same t ime, i on i c a n d 
smaller co l l o id species are decreasing i n number . T h e desorpt ion exper i 
ments shown i n F i g u r e 7 w h i c h are ind icat ive of two different types of 
sorbed p l u t o n i u m , loosely a n d t ight ly h e l d species, are an add i t i ona l 
ind i ca t i on of different types of sorbing mechanisms. 

T h i s d u a l process for sorption of the co l l o ida l species m a y reason
ab ly account for the very s low attainment of w h a t appears as e q u i h b r i u m , 
as w e l l as the different isotherms attained for the fresh a n d aged sorbing 
systems shown i n F i g u r e 3. I n add i t i on , ionic or charged low-molecular -
we ight species m a y sorb a n d equi l ibrate q u i c k l y , also contr ibut ing to the 
complex i ty of the system. T h e successful adherence of the fresh system 
to a L a n g m u i r plot , as shown i n F i g u r e 4, might then be fortuitous, or i n 
any event diff icult to correlate w i t h a theoretical mode l . 

W h e n the ionic strength of the p l u t o n i u m solutions was increased b y 
the add i t i on of sod ium perchlorate , there was an increase i n the degree 
of aggregation a n d format ion of large particles ( I ) . A t the same t ime it 
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was f ound , as shown i n T a b l e I , that for bo th fresh a n d aged solutions 
at p H 7, increas ing the ionic strength over the range of 0.002 to 0 . 1 M 
greatly increased the sorption. V a n O l p h e n (19) a n d others po int out 
that increased coagulat ion results f r o m compression of the e lectr ica l 
double- layer , w h i c h leads to a reduct ion i n the range of the repuls ive 
forces between t w o approach ing co l l o ida l partic les. T h e increased ag 
gregation w h i c h occurred w h e n the ionic strength was increased shou ld 
then have caused a decrease i n sorption, i f the on ly effect was a reduc t i on 
i n the n u m b e r of small -s ize species, a n d these were the p r i n c i p a l sorb ing 
ones. H o w e v e r , the increased ion ic strength w i l l s imi lar ly reduce the 
range of the repuls ive forces between the surface a n d sorb ing part ic les . 
T h u s the potent ia l energy curves for the interact ion of bo th large a n d 
smal l c o l l o id species are p robab ly affected, a n d bo th such species m a y 
then have increased their sorpt ion capabi l i t ies . A s imi lar increase i n 
sorpt ion w i t h ionic strength was noted b y K i t chener a n d coworkers for 
re lat ive ly monodispersed sorbing col loids (12, 16), as w e l l as b y E g e r o v 
et al. (20). 

A s shown i n T a b l e I I , there was a n increase i n sorpt ion w i t h increas
i n g i on i c strength at p H 7.1, the opposite b e i n g obta ined at p H 5. S u c h 
phenomena m a y be expla ined i n terms of the types of sorb ing species 
postulated ear her. It has been s h o w n (20, 21 , 22) that the nature of the 
sorption of radiocol lo ids f rom aqueous solutions differs f r om ionic sorp
t ion . F o r example , Schubert a n d C o n n (23) f o u n d that the sorpt ion of 
c o l l o ida l z i r c o n i u m a n d n i o b i u m o n a cat ion exchanger increased w i t h 
increasing electrolyte concentrat ion, w h i l e a d d i t i o n of electrolyte effec
t ive ly competed w i t h a n d reduced sorption of the ion ic species. 

There are i o n exchange sites on s i l i ca surfaces for w h i c h protons a n d 
other cations compete on a sto ichiometric basis (24). T h u s at the l ower 
p H , increasing the ionic strength m a y have resulted i n an increased c om
pet i t ion w i t h sorbing ion ic a n d other smal l charged species, thereby re 
d u c i n g their sorption. A t the same t ime, as shown b y Tadros a n d L y k l e m a 
( 14), increasing the ionic strength w i t h a un i -un iva lent electrolyte s l ight ly 
increases the negative surface charge of s i l i ca at p H 5. T h e simultaneous 
reduct ion of the double - layer thickness w o u l d be expected to promote 
sorption of the co l l o ida l p l u t o n i u m w h i c h , however , m a y make a smaller 
contr ibut ion at p H 5 to the total sorption than that of the l ow-molecu lar -
weight hydrolys is products a n d ionic species. T h e net result w o u l d then 
be the decrease i n sorpt ion that was obtained. A t the h igher p H of 7.1, 
the increase i n sorpt ion as the ionic strength was raised m a y be regarded 
as o w i n g p r i m a r i l y to a reduct ion i n double - layer repuls ion between the 
s i l i ca surfaces a n d sorb ing co l l o id species, resul t ing i n a change i n the 
p l u t o n i u m size d i s t r ibut ion , perhaps f o r m i n g more read i ly sorbed species, 
as w e l l as increasing the ab i l i t y of such species to sorb. 
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It is also interest ing to note f r om T a b l e I I that, at the lower ion ic 
strength of 0 .004M, increasing the p H reduced the sorption. T h i s gen
era l effect was also obta ined b y Samartseva ( 2 5 ) , a l though the i on i c 
strength was not stated. T h i s was expla ined b y h i m as ar is ing f r om the 
increased negative charge on the c o l l o ida l p l u t o n i u m as the p H was 
ra ised , resul t ing i n increased repuls ion b y the negat ively charged s i l i ca 
surface. D a v y d o v has shown that the po int of zero charge of the co l l o id 
at a tota l p l u t o n i u m concentrat ion of approx imate ly 7 X 1 0 " 7 M is i n the 
v i c i n i t y of p H 3 (26), the partic les becoming increasingly negatively 
charged as the p H is raised. 

I n contrast, at an ion ic strength of 0 . 2 3 M , T a b l e I I indicates that as 
p H was raised, sorpt ion increased. I n this instance, i t m a y be assumed 
that this is caused p r i m a r i l y b y a change i n the sorpt ion of the c o l l o ida l 
species, since at this i on ic strength i o n exchange of bo th p l u t o n i u m ions 
a n d other smal l charged species on the s i l i ca surface is inh ib i t ed . A l s o 
at the h igher p H , their re lat ive quantit ies i n so lut ion are reduced . A t 
this i on ic strength, the p l u t o n i u m co l l o ida l species were general ly larger 
at p H 7 as compared w i t h 5, p r o b a b l y w i t h more sorbable species be ing 
f o rmed (4), thereby account ing for the increase i n sorption. 

T h e results of the studies o n the effect of s i l i ca part ic le size o n sorp
t i on indicate that, i n the range of s i l i ca diameter of 1.4 Χ 10" 2 to 3.9 X 
10" 2 c m , there is very l i t t l e difference i n the f inal amount of p l u t o n i u m 
sorbed, as s h o w n i n T a b l e I I I , the total we ight of s i l i ca be ing the same 
for each size fract ion. T h e on ly differences l ie i n the surface density of 
the sorbed species a n d the rate at w h i c h the e q u i l i b r i u m was approached. 
A s the surface area decreased (i.e., as the s i l i ca size increased) , there 
was more p l u t o n i u m deposited per un i t area of surface. A l s o , the smaller 
size partic les w i t h the h igher surface areas sorbed the p l u t o n i u m at a 
faster rate. These results are diff icult to interpret , except w i t h the m o d e l 
of a l i m i t e d n u m b e r of sorbable species, a l l of w h i c h are taken u p even
tua l ly b y the s i l i ca . T h e y w o u l d not, however , be consistent w i t h the 
m o d e l of a l i m i t e d number of sorbing sites. 

T h e a d d i t i o n of 1 0 " 2 M bicarbonate to the p l u t o n i u m - s i l i c a system 
resulted i n a large decrease i n sorption compared w i t h that i n a solut ion 
i n e q u i l i b r i u m w i t h atmospheric carbon dioxide , as shown i n T a b l e I V , 
the effect be ing essentially the same at two values of ionic strength. T h e 
previous paper (1) showed that the add i t i on of such bicarbonate h a d 
some effect on p l u t o n i u m part ic le size d istr ibut ions , but to different ex
tents at the two ionic strengths. Qua l i ta t ive ly , then , the effect of b i car 
bonate add i t i on m a y have been through a complex ing effect, bo th w i t h 
smal l p l u t o n i u m species a n d those at the surface of the co l l o id , i n bo th 
cases result ing i n add i t i ona l negative charge, thereby decreasing sorption. 
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A s noted earl ier , s imi lar effects have been f o u n d for u r a n i u m a n d t h o r i u m 
sorpt ion (8, 9 ) . 

A compar ison of the desorpt ion rates at p H 7, shown i n F i g u r e 7 for 
the p l u t o n i u m sorbed f rom fresh a n d aged solutions, indicates that the 
total desorpt ion curve may be interpreted i n terms of two different sorbed 
species. T h i s is expressed i n E q u a t i o n s 2, 3, a n d 4 as two first order 
processes. F o r bo th the fresh a n d aged systems, the relat ive quantit ies 
of the A O ( D or loosely-held species were almost ident i ca l , as were the ir 
desorption rate constants. It is l ike ly that the Α 0<2> or t i ght ly -he ld species 
were co l l o ida l i n size, since i r revers ib i l i ty is a w i d e l y k n o w n character
ist ic of c o l l o id sorption. T h i s was f ound to app ly , for example, i n the 
case of the sorpt ion of co l l o ida l a m e r i c i u m on quartz ( 27 ) . 

T h e increase i n the rate, as w e l l as the quant i ty of desorbing p l u 
t o n i u m at p H 5, c ompared w i t h that at p H 7 a n d 9 as shown i n F i g u r e 6, 
m a y be interpreted par t ia l l y i n terms of i on ic a n d smal l charged p lu to 
n i u m species. T h u s , at the lower p H there is more effective compet i t i on 
b y protons for i on exchange sites on the s i l i ca surface, thereby increasing 
the remova l of the smal l ionic a n d other species. H o w e v e r , the larger or 
co l l o ida l species m a y be s imi lar ly affected, since their interact ion w i t h 
the s i l i ca are also inf luenced b y p H , as noted above. 

A l t h o u g h the mechanism of the interact ion of aqueous p l u t o n i u m 
w i t h quartz s i l i ca has been the p r i n c i p a l focus of this discussion, the i m 
pl icat ions of these interactions for the behavior of such species i n na tura l 
water environments are also of interest. F o r example, ionic strength 
exerts a major influence on sorpt ion characteristics. T h u s , suspended 
quartz w i l l sorb p l u t o n i u m differently i n fresh water a n d estuaries. Since 
ag ing affects sorption, a neutra l i zed fresh p l u t o n i u m effluent immediate ly 
released w i l l sorb dif ferently f rom one h e l d for several days pr ior to d i l u 
t ion i n a stream. B o t h sorpt ion a n d desorpt ion were shown to be greatly 
inf luenced b y p H , but w i t h further differences as the i on i c strength was 
var ied . S u c h variat ions occur i n natura l waters a n d w o u l d , therefore, be 
expected to influence p l u t o n i u m interactions w i t h suspended a n d bot tom 
sediments. Since only some 6 0 % of the p l u t o n i u m at p H 7 was read i ly 
desorbed, the remainder c o u l d represent a possible cumulat ive h a z a r d 
w h e n sorbed onto bot tom sediments i n a stream. L o w e r i n g the p H i n 
creased the rate a n d quant i ty of p l u t o n i u m desorbed, a n d thus also is a 
signif icant effect that c ou ld be encountered i n env ironmenta l waters. 
F i n a l l y , the decreased sorption w i t h increased bicarbonate concentrat ion 
is poss ibly an important env ironmenta l effect because of its var iab le con
centration i n natura l waters. A l l of these relationships are useful i n 
pred i c t ing the fate of p l u t o n i u m acc idental ly released to natura l waters. 
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Identification of Manganese in Water 
Solutions by Electron Spin Resonance 

E . E . ANGINO, L . R. H A T H A W A Y , and T. W O R M A N 

University of Kansas, Lawrence K a n . 66044; Baker University, Baldwin, 
Kan . 66006; University of Kansas, Lawrence, Kan . 66044 

The use of electron spin resonance spectroscopy to deter
mine the presence and concentration of equilibrium and 
nonequilibrium species of Mn in natural water systems has 
not been adequately investigated. The presence of Mn2+ in 
a stream water with pH 8.5 suggests that while the Mn2+ 

was in an equilibrium state with regard to the solubility 
product of Mn(OH)2 and MnCO3, it was not in equilibrium 
relative to the oxidation-reduction conditions of the envi-
ronment. Investigation of signal strength vs. Mn2+ concen
tration as a function of pH and O2, N2, and CO2 saturation 
suggests that Mn(H2O)62+ is the major species present over 
the pH range 2-6.3. A mixed precipitate of Mn(III) com
pounds was obtained at pH's above 8.0. 

^ V n e of the c o m m o n problems encountered i n studies of aqueous geo-
chemistry a n d water p o l l u t i o n is proper identi f icat ion of a par t i cu lar 

species of an element or c o m p o u n d that m a y be present i n the system. 
T h e use of electron s p i n resonance ( E S R ) spectroscopy to determine 
the presence a n d concentrat ion of e q u i l i b r i u m a n d / o r n o n e q u i l i b r i u m 
meta l species i n natura l water systems has not been adequately invest i 
gated. C o i n c i d e n t a l l y , M n 2 + , one of the easiest e lemental species to detect 
b y E S R , is also one of the dissolved species of considerable concern i n 
problems re lated to heavy meta l po l lu t i on a n d aqueous geochemistry. 
F u r t h e r m o r e , w i t h proper design there exists the poss ib i l i ty of u s i n g 
electron sp in resonance as the basis of a remote moni tor ing system for the 
detection of appropr iate heavy metals i n natura l water systems. 

A theoretical discussion of the chemica l a n d phys i ca l pr inc ip les i n 
v o l v e d i n electron sp in resonance can be f o u n d i n appropr iate texts (1,2) 
a n d need not be repeated here. 
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Procedure 

A study of the response of E S R s igna l vs. concentrat ion was made 
b y m a k i n g u p a set of M n S 0 4 solutions adjusted to a des ired p H . S igna l 
response for M n 2 + concentrations of 10" 1 , ΙΟ" 2, Ι Ο 3 , 10~4, a n d ΙΟ" 5 M were 
s tud ied at different p H values. A l l solutions were d i lut ions of 10 ' 1 M 
M n S 0 4 us ing ion-free water . Adjustments of p H were made w i t h N a O H 
a n d H C 1 b y ca l cu lat ing the amount of one or the other needed to obta in 
a certa in p H at a 100-ml vo lume , m i x i n g that amount of a c i d or base 
w i t h the M n S 0 4 to be d i l u t e d , adjust ing vo lume , a n d measur ing the exact 
p H obtained. T h e p H was checked b y meter. Determinat ions of the i n 
fluence of d isso lved N 2 , 0 2 , a n d C 0 2 were made at p H levels of 2, 3, 5, 
a n d 6.3 over the 10" 1 to 10 ' 5 M range. E a c h so lut ion was p u r g e d first 
for 20 -30 minutes w i t h N 2 to remove other d isso lved gases. T h e N 2 sam
ples then were used as controls. Subsequent ly , appropr iate solutions 
were saturated w i t h 0 2 a n d C 0 2 a n d r u n as prev ious ly descr ibed . E x 
periments also were r u n us ing ΙΟ" 3 M M n 2 + i n H C 0 3 " - C 0 3

2 " buffered 
solutions at p H values of about 8. L o w e r detect ion l imits for M n ( I I ) 
was about ΙΟ" 6 M . S i g n a l values of several i n d i v i d u a l samples of different 
M n 2 + concentrations were reproduc ib le to w i t h i n 5 % . 

λ A Λ Λ 
50 

\ 

Sea - H 2 0 

pH =8.0 fl Ν Ν 1\ y Figure 1. ESR spectrum of Mn(II) in artificial sea water 

Results and Discussion 

U s i n g first der ivat ive curves of s ignal as a func t i on of field strength 
at a f requency o f 100 Κ H e r t z , M n 2 + was pos i t ive ly ident i f ied i n our 
w o r k b y the 5 5 M n 2 + nuc lear moment . Identi f icat ion of M n 2 + i n a l l cases 
was made b y the characterist ic a n d w e l l - k n o w n six- l ine b a n d of M n 2 + 

s h o w n i n F i g u r e 1. T o s imp l i f y the compar ison of the s ix- l ine b a n d , a l l 
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T a b l e I . M n 2 + E q u i l i b r i u m D a t a 

Equilibria log Κ Réf. 

M n ( O H ) 2 ( s ) = M n s + + 2 0 H ~ - 1 2 . 9 6 (3) 
M n 2 + + H 2 0 = M n O H + + H + - 1 0 . 5 9 (8) 
M n C O s ( s ) = M n 2 + + C C V " - 1 0 . 4 1 (S) 
M n s + + HCO3- = M n H C 0 3 + + 1.95 (3) 

curves obta ined f r o m the solutions were converted to one m o d u l a t i o n 
a m p l i t u d e a n d s igna l level . A mean value was c o m p u t e d for each curve 
b y averag ing the s ix- l ine ampl i tudes a n d p l o t t i n g the resul t ing value . 
A V a r i a n V-4502 E P R spectrometer e q u i p p e d w i t h a field m o d u l a t i o n 
a n d contro l un i t ( V - 4 5 6 0 ) , E P R contro l un i t ( V - 4 5 0 0 - 1 0 A ) , X - b a n d 
mic rowave br idge ( V - 4 5 0 0 - 4 1 A ) , selector pane l ( V - 4 5 9 5 ) , a n d an output 
contro l u n i t (V -4270) was used i n the study. 

A n extensive survey of the thermodynamic a n d k ine t i c properties of 
manganese i n n a t u r a l aqueous systems has been presented b y M o r g a n 
( 3 ) . F r o m a thermodynamic standpoint , M n ( I I ) is unstable w i t h re 
spect to ox idat ion i n na tura l waters. T h e kinetics of the ox idat ion reac
tions are sufficiently s low so that M n ( I I ) can exist as a metastable species 
i n na tura l waters. T h e so lub i l i ty of M n ( I I ) i n most natura l systems p r o b 
ab ly is l i m i t e d b y the so lub i l i ty of M n C 0 3 . So luble complexes such as 
M n H C C V make v a r y i n g contr ibutions to the tota l soluble M n ( I I ) species 
i n na tura l waters. Some of the e q u i l i b r i a w h i c h are relevant to this study 
are l is ted i n T a b l e I. 

F igures 2 -4 represent results of E S R s ignal vs. concentrat ion of 
M n ( I I ) for solutions of different p H values w h i c h have been saturated 
w i t h N 2 , C 0 2 , or 0 2 , respectively. T h e slopes of a l l the curves are, as 
noted, essentially the same w i t h i n the 5 % reproduc ib i l i t y l i m i t . T h e 
ordinate intercept values are very s imi lar for a l l curves. T h i s suggests 
that the manganese species g i v i n g rise to the E S R signals i n the three 
sets of experiments are very s imi lar i n nature. 

I n the solutions saturated w i t h N 2 , the so lub i l i ty of M n ( I I ) is gov
erned b y the so lub i l i ty product of M n ( O H ) 2 . Μ η ( Η 2 0 ) β

2 + is expected 
to be the major species i n solut ion over the p H range of 2 to 6.3 used i n 
this study. M n O H + is not expected to make an important contr ibut ion 
to the M n ( I I ) species i n so lut ion u n t i l p H values of about 9 are reached 
( F i g u r e 5 A ) . O v e r the M n ( I I ) concentrat ion range used ( 1 0 _ 1 to 10" 5 

M ) , it was diff icult to mainta in a constant p H wi thout occurrence of pre 
c ip i tat ion above a p H of about 7 i n the unbuffered solutions. 

T h e true p H range for the solutions saturated w i t h C 0 2 p robab ly 
is near 2 - 4 rather than 2-6.3. T h i s reflects the saturat ing of unbuffered 
solutions of s l ight ac id i ty . I n these solutions, the so lub i l i ty product of 
M n C 0 3 controls the over -a l l so lub i l i ty of the M n ( I I ) species. A t p H 
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302 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

c 
• 

c 

Q. 

10 10 1 0 - 3 1 0 4 10 
- 5 

I O 

- 2 
10 I O 

L 

. 3 - 4 
IO IO 

I I 

- 5 
10 10 

L 
-1 - 2 - 3 

D 10 10 10 10 

M n + + c o n c e n t r a t i o n ( M ) 

- 5 
10 10 

Figure 2. Signal vs. concentration curves for N2-saturated solu
tions at different pH values 

values of about 6, the M n H C C V species begins to become re lat ive ly 
important . H o w e v e r , under the exper imental condit ions of this study, 
i t is expected that M n ( H 2 0 ) 6

2 + is the major species i n so lut ion i n the 
COo-saturated solutions ( F i g u r e 5 B ) . 

T h e data f r om the 0 2 - s a t u r a t e d series indicate that ox idat ion over 
the p H range a n d M n ( I I ) concentration range is a s low process. A t p H 
values of 8 -9 i n H C 0 3 — C 0 3

2 " buffered solutions, loss of E S R s ignal 
plus format ion of a precipitate is observed f rom aerated ΙΟ" 3 Μ Μη ( I I ) 
samples. 

Prec ip i ta t i on is complete at p H 10. A n x-ray di f fraction pattern of 
the prec ipi tate is shown i n F i g u r e 6. T h e peaks m a r k e d + were i d e n t i -
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12. A N G i N O E T A L . Manganese in Water Solutions 303 

fied as those be long ing to λ - Μ η 2 0 3 . Those u n m a r k e d c o u l d not be re 
la ted i n any w a y to any manganese compounds l i s ted on the A S T M 
reference cards. W e feel they probab ly represent a poor ly organized 
h y d r a t e d manganese oxide c o m p o u n d of open structure. Some substan
t iat ion for this v i e w is ind i ca ted i n F i g u r e 7. T h i s is a dif fraction pattern 
of the sample s h o w n i n F i g u r e 6 after heat ing to 450°C for 6 hours. N o t e 
that no peaks are evident b e l o w 30° 20 a n d that a c o m p o u n d ident i f ied 
on ly as M n ( I I I ) ox ide was present. T h e other peaks present b u t not 
m a r k e d were assigned s i m i l a r l y to different manganese oxide compounds. 
W h a t was obtained appeared to be a mixture of M n 3 + compounds . N o 
s ignal for M n 4 + compounds was noted. 

A 10 I O 10 10 1 0 i o 
I I I I I I 
-1 - 2 - 3 - 4 - 5 - 6 

Β I O IO I O I O IO IO 
I I I I I I 

c io" 1 io " 2 i o " 3 io " 4 ioT5 i o " 6 

I I I I I I 
-1 - 2 - 3 - 4 - 5 - 6 

D IO 10 I O I O 10 I O 
Mn + + c o n c e n t r a t i o n ( M ) 

Figure 3. Signal vs. concentration curves for CO^-saturated solu
tions at different pH values 
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304 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

- 1 - 2 - 3 - 4 - 5 - 6 
Β I O 1 0 1 0 1 0 1 0 1 0 

I I I I I I 
- 1 - 2 - 3 - 4 - 5 - 6 

C I O 1 0 I O 1 0 1 0 1 0 

ι I I I I 1 
- 1 - 2 - 3 - 4 - 5 - 6 

D 1 0 1 0 1 0 1 0 I O 1 0 

Μ η + + c o n cent rat ion (M) 

Figure 4. Signal vs. concentration curves for 02-saturated solutions 
at different pH values 

O u r l i m i t e d w o r k on the C I " effects y ie lds a t rend t owa rd a decrease 
of s i gna l strength w i t h saturated N a C l solutions of M n 2 + . T h i s s ignal 
decrease is p r o b a b l y caused b y complex ing w i t h CI " . Effect of ions such 
as CI " , S 0 4

2 " , P 0 4
3 " , etc., have been reported (4, 5 ) but were not invest i 

gated i n de ta i l i n this study. 
W h i l e s tudy ing the c h e m i c a l characteristics of a l o ca l drainage sys

tem, samples were taken a n d ana lyzed b y E S R . T h e M n 2 + concentrat ion 
i n the water system at p H 8.5 was est imated to be about ΙΟ" 6 M f rom the 
exper imental ly der ived p lo t of M n 2 + concentration vs. E S R signal . T h e 
s ignal obta ined is shown i n F i g u r e 8. Conf i rmat ion of the approximate 
M n 2 + concentrat ion leve l was obta ined b y atomic absorpt ion analysis of 
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12. A N G i N O E T A L . Manganese in Water Solutions 305 

the same sample. T h e d iscrepancy between the two analyses was a factor 
of 2 at the ΙΟ" 6 M level . O t h e r than the M n 2 + presence, no th ing about 
the water analysis was unusual . 

T o find M n 2 + present i n water of such a p H a n d l o w dissolved i o n 
content was a b i t unusual . T h e concentration of M n 2 + i n this a n d other 

Figure 5. Solubility of Mn(II) in noncarbonate 
(A) and carbonate containing (B) solutions. Modi

fied after Morgan (3). 
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306 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

70 60 50 40 

Degrees 2Θ 

Figure 6. X-ray diffraction pattern of \-Mn2Os 

s imi lar samples appears to be w e l l w i t h i n the so lub i l i ty e q u i l i b r i u m 
ranges for M n ( O H ) 2 a n d M n C 0 3 i n waters of the p H f ound a n d ex
posed to a n o r m a l atmospheric p a r t i a l pressure of C 0 2 . H o w e v e r , M n 2 + 

is not i n e q u i l i b r i u m w i t h the redox potent ia l of the natura l system. 
Invest igat ion of E S R s igna l vs. p H at a M n 2 * concentrat ion of ΙΟ" 5 M 

shows a behavior more complex than that expected for the so lub i l i ty 
e q u i l i b r i a of M n ( O H ) 2 . T h e cause of the increased complex i ty of the 
l ine spectra is not k n o w n at this t ime. 

T o test further for the c o m m o n occurrence of M n 2 + i n natura l waters 
at p H levels above 7 a n d to e l iminate especial ly the poss ib i l i ty of organic 
complex ing , a solution of art i f i c ia l sea water ("Instant O c e a n " ) was made 
u p accord ing to directions a n d an E S R determinat ion r u n on the resul t ing 
solution. T h e pattern obta ined at a solut ion p H of 8.0 is shown i n F i g 
ure 1. C l e a r l y , the presence of M n 2 + is ind i cated . F u r t h e r m o r e , the shape 
of the curve is somewhat suggestive of the possible presence of F e 3 + i n 
the solution w i t h the actual s ignal observed be ing two signals s u p e r i m 
posed one on the other, as suggested b y He i se ( 6 ) . A s imi lar s ignal was 
obta ined w i t h some of the r iver samples examined. 

I n an attempt further to test the potent ia l of the method , a l each ing 
of carbonate-r ich mar ine sediments w i t h 2 0 % H 2 S 0 4 gave a solut ion 
w h i c h after filtering y i e lded the wel l -def ined M n 2 + E S R spectrum. T h e 
filtrant f rom the H 2 S 0 4 was subjected to s t i rr ing w i t h a 2 0 % H C 1 so lu
t ion. A g a i n after filtering, the solution gave the characterist ic M n 2 + spec-
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12. ANGINO E T A L . Manganese in Water Solutions 307 

t r u m . A t h i r d por t ion was st i rred for several hours i n art i f i c ia l sea water 
( M n total = 2.3 p p m ) w i t h s imi lar results. T h e presence of M n 2 + i n 
these leached solutions suggests the presence of M n 2 + adsorbed on the 
carbonates f rom sea water or ac id-so luble M n 2 + minerals i n the sediments. 
H o w e v e r , the presence of finely d i v i d e d M n 0 2 cannot be e l iminated 
f rom consideration. W e lean t o w a r d the adsorbed hypothesis . 

A s noted, w e have prev ious ly demonstrated the presence of M n 2 + i n 
other Kansas stream samples at p H 8-8.5. T h i s leads us to be l ieve that 
the presence of the d i s e q u i l i b r i u m state of M n 2 + i n na tura l water is m u c h 
more c o m m o n than presently suspected. T h e d iva lent manganese, as 
E S R spectroscopy indicates, is of spec ia l interest because i t is the most 
chemica l ly reactive f o rm i n natura l water systems. 

Invest igat ion of w h a t w e bel ieve to be weak signals of other appro 
pr iate transit ion metals either as free ions or complexes i n p o l l u t e d a n d 
nonpo l lu ted natura l water systems is expected. 

Summary 

T h e poss ib i l i ty of us ing E S R spectroscopy to ident i fy the presence 
of M n 2 + a n d selected transit ion meta l ions {e.g., C r , V , M o , a n d C u ) as 

D 
Φ 

Q -

70 
ι 

60 50 40 
—r— 

30 
"—ι 

* = Μη (m) Oxide 

+ =y M n 2 0 3 

Degrees 2Θ 

Figure 7. X-ray diffraction pattern of heated sample shown in Figure 6 
indicating peaks of several Mn(III) compounds 
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308 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

v / v i 

50 

Waste Water 

Figure 8. Typical stream or 
waste water, ESR pattern show
ing presence of low levels of 

Mn2+ at pH 8.5 

free ions or complexes i n natura l water systems i n e q u i l i b r i u m or n o n -
e q u i l i b r i u m situations deserves further study. E S R m a y also prov ide 
qua l i ta t ive in format ion o n the concentrat ion levels of these same species 
i n water a n d i n specific problems i n v o l v i n g p o l l u t e d water. D a t a f r om 
contro l led laboratory experiments are consistent w i t h the k n o w n chem
i c a l behavior of M n ( I I ) i n aqueous solutions. T h e r e also exists the pos
s ib i l i ty of us ing E S R as basis of a remote mon i t o r ing system for the 
detect ion of M n a n d other appropr iate heavy metals i n natura l water 
systems. 
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Kinetics of the Nonbiological 
Decomposition and Racemization 
of Amino Acids in Natural Waters 

J E F F R E Y L . BADA 1 

Department of Geological Sciences, Hoffman Laboratory, Harvard University, 
Cambridge, Mass. 02138 

Amino acids dissolved in natural waters can undergo a 
variety of nonbiological decomposition reactions. The rates 
of most of these reactions are very slow at neutral pH and 
0°C. The fastest decomposition reaction appears to be a 
metal ion catalyzed oxidation; even this reaction is fairly 
slow, indicating that amino acids dissolved in natural 
waters would undergo little nonbiological decomposition 
even over a period of a thousand years. Since the amino 
acids in natural waters are of biological origin, they should 
be largely of the L-configuration. However, amino acids are 
slowly racemized at neutral pH. The slow racemization of 
amino acids in the sea and other natural waters is discussed, 
and it is suggested that the racemization of amino acids 
might be used to calculate residence time or "age" of the 
dissolved amino acids. 

T i T o s t of the amino acids w h i c h occur i n the proteins of organisms, a n d 
also a f ew nonprote in amino acids, have been f ound disso lved i n 

natura l waters ( J , 2, 3, 4, 5, 6, 7, 8, 9 ) . T h e concentrations range f r o m 
about 1 to 20 per l i ter . These dissolved amino acids differ f r om the 
amino acids associated w i t h the part i cu late organic matter i n n a t u r a l 
waters i n that they are free a n d not b o u n d i n a pept ide or p o l y m e r i c 
l inkage . T a b l e I summarizes some of the amino acids a n d concentrations 
w h i c h have been reported. A m i n o acids not i n c l u d e d i n the table but 
w h i c h m a y be present i n l o w concentrations i n natura l waters i n c l u d e 

1 Present address: Scripps Institution of Oceanography, University of California 
at San Diego, La Jolla, Calif. 92037. 
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310 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

T a b l e I . A m i n o A c i d Concentrat i ons 

Leu + 
Location (Ref.) Alaa Asp Glu Gly Iso 

I r i sh Sea (2) 
surface water 
54° 0 0 ' N 
3° 2 0 ' W 

Paci f ic Ocean (4) 
32° 32 ' Ν 
120° 3 0 ' W 
depth = 200m 
depth = 1000m 
depth = 3120m 

Y o r k R i v e r 
estuary, 
V i r g i n i a (δ) 

Petro l eum B r i n e 
W a t e r s (3) 
U i n t a B a s i n , 
U t a h 
Geolog ica l age of 
f o rmat ion , t e r t ia ry 

B l a c k Sea (9) 
surface 
150 meters 

° Abbrevations used: Ala = α-alanine; Asp = aspartic acid; Glu = glutamic acid; 
Gly = glycine; Leu = leucine; Iso = isoleucine; Lys=lysine; Met=methionine; Phe = 
phenylalanine; Ser = serine; Thr = threonine; Tyr=tyrosine; Val=valine; Orn= orni
thine. 

6 6 2 4 2 

3 2 1 12 < 1 
5 < 1 2 10 3 
6 7 1 17 3 

i s o = 0 . 6 
1.5 1.9 1.0 16.9 l e u = 0 . 6 

9 8 1 12 7 

4.5 3.0 T r . 7.8 T r . 
2.4 T r . - 7.8 T r . 

h ist id ine , pro l ine , a n d ^-a lanine . G r e a t care must be used i n the iso lat ion 
of amino acids f r om natura l waters to a v o i d contaminat ion since several 
of the reagents used i n the iso lat ion procedure conta in minute amounts 
of amino acids (10, I I , 12 ) . T h e use of d i s t i l l ed a n d freshly prepared 
reagents substantial ly reduces these amounts. A n a l y t i c a l b lanks shou ld 
a lways be reported a long w i t h the amino a c i d analyses. Unfor tunate ly , 
this is not usua l ly the case, a n d as a result most of the present ava i lab le 
data should be considered as on ly p r e l i m i n a r y . 

O n e of the sources of the amino acids dissolved i n na tura l waters is 
p r o b a b l y the excreta of l i v i n g organisms (13, 14, 15, 16, 17); a s izeable 
f ract ion l i k e l y comes f r om the decomposit ion of the proteins of dead 
organisms. R a i n (12) a n d the discharge f rom rivers (7 ) p r o b a b l y are 
contr ibut ing sources i n oceans a n d lakes. I n recent times, the effluent 
f r om sewage treatment plants ( 18 ) has become an increas ingly significant 
source i n coastal a n d i n l a n d waters. I n oceans a n d lakes, the amino acids 
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13. BADA Decomposition and Racemization of Amino Acids 311 

F o u n d i n V a r i o u s N a t u r a l W a t e r s ( /xg / l i ter ) 

Lys Met Phe Ser Thr Tyr Vol Orn Total 

4 4 6 4 2 - 4 - 4 4 

< 1 - < 1 8 2 < 1 < 1 2 —34 
1 - 2 21 3 1 < 1 3 —52 
2 - 2 22 4 1 2 11 —78 

1.0 1.3 0.2 4.9 1.5 0.8 0.9 3.2 36.3 

15 7 - 2 8 —72 

T r . - T r . 8.8 2.4 T r . T r . - 36.9 
T r . T r . - - T r . - 15.2 

are l i k e l y i n t r o d u c e d into the water-mass i n the largest quantit ies i n 
surface a n d shore waters. T h e rate at w h i c h they are m i x e d into the 
water c o l u m n depends on the m i x i n g t ime of the par t i cu lar water-mass, 
w h i c h is on the order of 500 to 1000 years for oceanic water-masses, but 
is substant ia l ly shorter i n lakes. I n the sea, d issolved amino acids are 
more or less u n i f o r m l y d i s t r ibuted i n the water c o l u m n b e l o w a d e p t h 
of a f e w h u n d r e d meters (4, 6). T h i s homegeneous d i s t r ibut ion of 
amino acids i n the sea is s imi lar to the to ta l d issolved organic matter 
w h i c h also has a re lat ive ly u n i f o r m concentrat ion i n the oceanic water 
c o l u m n be low 300 meters (19, 20, 21, 22), a s i tuat ion w h i c h has been 
said to i m p l y that the dissolved organic matter i n the deep sea is stable 
w i t h respect to c h e m i c a l a n d m i c r o b i a l degradat ion (23, 24, 25). A c c o r d 
i n g to M e n z e l a n d R y t h e r , the entire process of synthesis a n d decompos i 
t ion of the dissolved organic matter m a y take p lace on ly w i t h i n the upper 
200-300 meters of the sea (22). 
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312 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table II. Approximate Half-Lives (Hours) for the Oxidative 
Deamination of Several Amino Acids in the 

Presence of Copper Ions" 

Amino acid = 10~ZM; CUSOA = io-m 
Température = 100°C 

pH 9.6 pH 4.0 
G l y c i n e 5.6 11.2 
A l a n i n e 5.6 16.8 
G l u t a m i c ac id 3.7 11.2 
Pheny la lan ine 5.6 16.8 
T r y p t o p h a n 6.8 11.2 
H i s t i d i n e 1.3 5.6 
Threon ine 3.7 7.4 

a Taken from M. Ikawa and Ε. E. Snell (28). 

T h e amino acids d isso lved i n n a t u r a l waters can undergo a var ie ty 
of nonb io log i ca l reactions. T o determine whether these reactions w o u l d 
be important i n natura l waters, the kinetics of the reactions must be 
considered. I n this paper , the kinetics of several important amino a c i d 
reactions are discussed, a n d these kinetics i n t u r n are used to estimate 
the importance of the various reactions i n na tura l waters. 

Decomposition Reactions 

Oxidation. T h e ox idat ion of amino acids is p r o b a b l y the p r i n c i p a l 
nonb io log i ca l decomposi t ion react ion u n d e r aerobic condit ions. E x c e p t 
for some p r e l i m i n a r y studies, however , there have been f ew investigations 
of this react ion. T h e react ion is l i k e l y an ox idat ive deaminat ion , p r o d u c 
i n g a m m o n i a a n d the α-keto a c i d of the corresponding amino ac id . T h e 
α-keto a c i d m a y decarboxylate to give an a ldehyde. T h e over -a l l react ion 
sequence can be w r i t t e n as 

R C H C O O - + 1/2 0 2 

+ N H 3 

Ο 0 0 
H - C 0 2 H H 2 0 H (2) 

R C C O O - > R C _ τ± R C H + O H " 

O x i d a t i v e deaminat ion is the major react ion w h i c h takes p lace d u r i n g the 
photolysis of aqueous solutions of amino acids under aerobic condit ions 
(26). 

0 

-> R C C O O - + N H 4 + (1) 
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13. BADA Decomposition and Racemization of Amino Acids 313 

C o n w a y a n d L i b b y (27) est imated a hal f - l i f e of 10 6 years for the 
oxidat ion rate of a lanine at 0 ° C . T h i s s low ox idat ion rate indicates that 
even over periods of hundreds of thousands of years d isso lved amino 
acids w o u l d undergo only s m a l l amounts of nonb io l og i ca l ox idat ion. 
H o w e v e r , meta l ions appear to catalyze the ox idat ion of amino acids (28, 
29). T h e apparent funct ion of the meta l ions i n the react ion is to chelate 
the amino a c i d (29). I k a w a a n d S n e l l (28) invest igated the oxidat ive 
deaminat ion of several amino acids i n the presence of C u 2 + ions at 100 ° C 
a n d p H 9.6 a n d 4.0. Some of the results are shown i n T a b l e I I . T h e rates 
are very near ly the same for a l l of the amino acids s tud ied w i t h the 
exception of hist id ine . A t p H 9.6, each of the various amino acids w o u l d 
be comple t ly chelated b y C u 2 + . A t p H 4.0, however , the amino acids are 
not complete ly chelated, a n d as a result the ox idat ion rates are slower. 
A value of 0.01 y r ' 1 at 0 ° C can be ca lculated for the oxidat ion rate 
( fcoxid ) of alanine complete ly chelated b y C u 2 + b y assuming an A r r h e n i u s 
act ivat ion energy of 25 k c a l / m o l e a n d extrapolat ing the p H 9.6 data 
shown i n T a b l e I I . I n the presence of p y r i d o x a l a n d meta l ions (28, 30), 
amino acids are r a p i d l y ox id i zed ; p y r i d o x a l has not been isolated, h o w 
ever, f r om any natura l waters so this react ion is p r o b a b l y not significant. 

It is diff icult to estimate w h a t the rate of the meta l i o n cata lyzed 
oxidat ive deaminat ion react ion of amino acids w o u l d be i n n a t u r a l waters. 
H a m i l t o n a n d Revesz (30) f ound that the rate of ox idat ion of alanine 
i n the presence of p y r i d o x a l a n d manganese ions was i n h i b i t e d b y E D T A . 
Since meta l ions i n natura l waters can be complexed b y a var iety of 
organic a n d inorganic compounds , their effectiveness i n cata lyz ing the 
oxidat ive deaminat ion of amino acids may be reduced . A l so , the fract ion 
of d isso lved amino acids w h i c h w o u l d be complexed b y meta l ions at the 
p H a n d meta l i on a n d amino a c i d concentrations f ound i n n a t u r a l waters 
must be considered. A t neutra l p H , where the amino group of the amino 
a c i d is protonated, the fract ion of the amino a c i d that w o u l d be i n the 
form of the metal i on complex depends u p o n the e q u i l i b r i u m constant 
for the format ion of the complex a n d the p K of the amino proton of the 
amino ac id . T h e reactions for the format ion of the C u 2 + - a l a n i n e c om
plexes can be w r i t t e n as 

Cu 2 + + ( C H 3 C H C O O - ) <=± C u 2 + (CH3CHCOO-) + H + (3) 
I I 

+ N H 3 N H 2 

Cu 2 + ( C H 3 C H C O O - ) + C H 3 C H C O O - *± Cu 2 + ( C H 3 C H C O O - ) 2 + H + 

N H , + N H 3 N H 2 

(4) 
T h e e q u i l i b r i u m constants for Equat i ons 3 a n d 4 as a funct ion of p H can 
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314 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

be wr i t ten as Κ ι Κ σ / ( Η + ) a n d K2Ka/(H+), respect ively , where Kx is the 
s tab i l i ty constant for mono-a lanine complex , K2 the s tab i l i ty constant for 
the d i -a lanine complex, a n d Ka the e q u i l i b r i u m constant for the i on izat ion 
of the amino proton of a lanine ; at 0 ° C (31, 32) KxKa — 2.6 Χ IO" 2 a n d 
K2Ka = 6.9 X 10~4. T h e e q u i l i b r i u m constants for the reactions of other 
amino acids w i t h C u 2 + have s imi lar values. I n the ocean, C u = 2 X 1 0 " 7 M 
(33, 34), a lanine = 7 X 1 0 _ 8 M (2, 3 5 ) , a n d the p H of deep water is 
about 7.7 (36). A s s u m i n g a l l the copper is i n the f o r m of C u 2 + a n d sub
st i tut ing the above concentrations into the e q u i l i b r i u m expressions for 
Equat i ons 3 a n d 4 gives an estimate of about 1 7 % for the amount of 
a lanine that w o u l d be i n the f o rm of the C u 2 + complexes i n the deep 
ocean. P r o b a b l y not a l l the dissolved copper is i n the f o rm of C u 2 + , a n d 
also a sizeable fract ion of the C u 2 + is l ike ly complexed b y carbonate ion . 
Therefore , the ac tua l amount of a lanine chelated b y C u 2 + is p robab ly less 
than the estimated 1 7 % . F o r other meta l ions present i n the sea a n d other 
na tura l waters, the e q u i l i b r i u m constants for reactions s imi lar to the ones 
g iven above for C u 2 + are several orders of magni tude smal ler than those 
of C u 2 + . A l t h o u g h the M g 2 + concentrat ion i n sea water is ^ 10 5 t imes 
larger than that of C u 2 + , the e q u i l i b r i u m constants for the f ormat ion of 
the M g 2 + - a m i n o ac id complexes are on the order of 1 0 6 - 1 0 7 smaller 
than those for the format ion of the C u 2 + - a m i n o a c i d complexes. T h e 
1 7 % estimate for the f ract ion of a lanine complexed b y C u 2 + therefore 
represents a m a x i m u m value. T h e fract ion of amino acids complexed b y 
other meta l ions w o u l d be m u c h less than 1 7 % , poss ib ly b y several orders 
of magni tude . 

T h e rate constant for the meta l i on cata lyzed oxidative deaminat ion 
of an amino a c i d w h e n on ly a fract ion of the amino a c i d is chelated is 
g iven b y 

fcoxid = fcoxid (amino ac id 1 0 0 % chelated) · ( fraction of amino ac id chelated) 
(5) 

Subst i tut ing into E q u a t i o n 5 the value for the fc0Xid of complete ly chelated 
alanine est imated prev ious ly a n d 0.17 for the f ract ion of chelated a lanine 
gives 

fcoxid = ( O . O l y r - O i O . l ? ) = 2 X l O ^ y r " 1 

for the m a x i m u m rate of ox idat ion of a lanine i n the deep ocean. T h i s 
rate corresponds to a ha l f - l i f e of ^ 350 years. Since the ox idat ion rates 
are about e q u a l for most chelated amino acids (see T a b l e I I ) the rates of 
ox idat ion of other amino acids i n the deep ocean are p r o b a b l y close to 
the value of 2 Χ 10" 3 y r " 1 est imated for alanine. These calculations i n d i 
cate that amino acids w o u l d be stable w i t h respect to nonb io log i ca l 
ox idat ion for periods of several h u n d r e d years. A s stated earl ier , the 
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13. BADA Decomposition and Racemization of Amino Acids 315 

amino acids are homogeneously d i s t r ibuted i n the oceanic water c o l u m n 
be l ow 200-300 meters. T h i s s i tuat ion suggests that the residence t ime 
of amino acids i n the deep ocean must be less than one or two thousand 
years. W i t h longer residence t imes, significant amounts of ox idat ion 
w o u l d take place, a n d the concentrat ion of amino acids i n the deep ocean 
w o u l d become m u c h lower than that of near surface waters, w h i c h ac
c o r d i n g to the present avai lable data is not the case. I n na tura l waters 
where amino acids have very short residence times, on ly very smal l a n d 
insignif icant amounts of nonb io log i ca l ox idat ion w o u l d take place. 

Deamination. Aspar t i c a c i d a n d asparagine undergo a s low, revers i 
ble deaminat ion react ion. T h e aspartic a c id deaminat ion react ion, w h i c h 
produces fumar ic a c i d a n d ammonia , can be w r i t t e n as 

- O O C C H 2 C H C O O - «=* - O O C C H = C H C O O " + N H 4 + (6) 

+ N H 3 

T h e kinetics of this react ion have been invest igated i n de ta i l between 
p H - 1 a n d 13 over the temperature range 60° to 135°C (37, 3 8 ) . O n l y 
deaminat ion of aspartic a c i d was observed; there was less than 0 . 2 % 
decarboxylat ion to <*- or ^ -a lanine . T h u s , the ^ -a lan ine reported i n sea 
water a n d mar ine sediments ( 4 ) c o u l d not have arisen f r om the nonb io 
l og i ca l decarboxylat ion of aspartic a c id . T h e est imated hal f - l ives (39 ) 
for the aspartic a c i d deaminat ion react ion at p H 7 are 28 Χ 10 6 years at 
0 ° a n d 96,000 years at 2 5 ° C ; for p H values greater than 10, the values 
are 330,000 years at 0° a n d 4100 years at 25 °C . T h e rate of deaminat ion 
of asparagine (38) is 100 to 200 times faster than the aspart ic a c i d 
deaminat ion rate. F u m a r i c a c id has been f o u n d i n several n a t u r a l waters 
(40, 41) but i t is u n l i k e l y that it c o u l d have arisen f r o m the deaminat i on 
of aspartic a c i d because the rates of the react ion are so s low. Its l i k e l y 
source is f r o m organisms. F u m a r a m i c a c id , the deaminat i on produc t of 
asparagine, has not been reported i n any n a t u r a l waters. Since this c o m 
p o u n d is not k n o w n to be metabo l i zed or synthesized b y organisms, any 
f u m a r a m i c a c i d eventual ly f o u n d i n n a t u r a l waters w o u l d have come 
f rom the deaminat ion of asparagine. T h e hal f - l i f e for the asparagine 
deaminat ion at neutra l p H a n d 0 ° C is of the order of 100,000 years. I n 
natura l waters where the residence t ime of asparagine m i g h t be sub
stantial , sma l l amounts of fumaramic a c i d c o u l d be p r o d u c e d f r o m the 
asparagine deaminat ion . H o w e v e r , these s m a l l quantit ies w o u l d be ex
tremely difficult to detect b y the present ana ly t i ca l methods. 

A l t h o u g h the aspartic a c i d deaminat ion react ion is s low a n d u n i m 
portant i n present-day na tura l water systems, the react ion has geochemi-
c a l impl i cat ions , since it has been used to estimate the m i n i m u m N H 4

+ 

concentration i n the oceans of the p r i m i t i v e earth ( 3 9 ) . T h e argument is 
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316 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

bas ica l ly as fo l lows. T h e kinetics a n d e q u i l i b r i u m of reactions i n v o l v i n g 
the compounds presumably needed for l i fe to arise shou ld be able to fix 
the o p t i m u m concentrations of molecules present i n the atmosphere a n d 
oceans of the p r i m i t i v e earth. A relevant react ion of this type is the 
reversible deaminat ion of aspart ic a c i d ( E q u a t i o n 6 ) since this react ion 
involves a m m o n i a , a molecule general ly h e l d to have been present on 
the p r i m i t i v e earth (42). T h e heterotrophic hypothesis of the o r i g i n of 
l i fe assumes that the basic constituents of the first l i v i n g organism were 
avai lable i n large quantit ies i n the p r i m i t i v e oceans. Aspar t i c a c i d is 
assumed to be one of these constituents. T h e e q u i l i b r i u m constant for 
the aspartic a c i d deaminat ion react ion can be w r i t t e n as 

* - <nh<*> <7> 

A l t h o u g h the concentration of aspartic a c i d i n the p r i m i t i v e ocean cannot 
be est imated, i t is assumed that the rat io of aspart ic a n d f u m a r i c acids 
d i d not f a l l substant ia l ly b e l o w 1.0. O n the basis of these assumptions, 
i t can be sa id that the m i n i m u m concentrat ion of N H 4

+ i n the p r i m i t i v e 
ocean is g iven b y the aspartic a c i d e q u i l i b r i u m constant (43). A t 0 ° 
a n d 2 5 ° C , the estimates are 1.0 X 1 0 " 3 M a n d 2.7 X 1 0 _ 3 M , respectively. 
T h e rates of the aspartic a c i d deaminat ion reactions are fast enough that 
e q u i l i b r i u m w o u l d be atta ined i n the t ime avai lab le , w h i c h is less than 
10 9 years, but p r o b a b l y several h u n d r e d m i l l i o n years, since the earth 
was f o rmed 4.5 Χ 10 9 years ago, a n d the earliest evidence for l i fe is i n 
rocks 3.5 Χ 10 9 years o l d (44). F r o m these est imated m i n i m u m N H 4

+ 

concentrations i n the p r i m i t i v e oceans, the m i n i m u m pressure of a m m o n i a 
a n d hydrogen i n the atmosphere can be ca lculated . T h e est imated values 
at 0 ° C are p N H 3 — 2.9 X IO" 8 a tm a n d p H 2 — 3.5 X I O ' 8 a tm. A m a x i 
m u m N H 4

+ concentrat ion of 0 . 0 1 M can be est imated f rom the i o n ex
change of N H 4

+ a n d K + on c lay minerals (39). These calculat ions repre 
sent the first attempt to ca lculate the possible composi t ion of the 
atmosphere a n d oceans of the p r i m i t i v e earth. Since w e have no geologi 
ca l record of the first b i l l i o n years of the earth's history, the use of the 
kinetics a n d e q u i l i b r i a of reactions i n v o l v i n g impor tant preb io l og i ca l 
organic compounds c o u l d prove to be a p o w e r f u l method of descr ib ing 
the chemica l environment of the p r i m i t i v e earth. 

Decarboxylation. M o s t of the amino acids c ommonly f o u n d i n pro 
teins decompose b y a s low, i rrevers ible decarboxylat ion . T h e kinet ics of 
decarboxylat ion of several amino acids have been s tudied b y A b e l s o n 
(45,46), C o n w a y a n d L i b b y ( 2 7 ) , a n d V a l l e n t y n e (47,48). T h e decar
boxy lat ion rates were de termined b y heat ing unbuffered aqueous so lu
tions of the amino acids at e levated temperatures (between 100° a n d 
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13. B A D A Decomposition and Racemization of Amino Acids 317 

2 8 0 ° C ) . T a b l e I I I gives the hal f - l ives for several amino acids at 0 ° 
a n d 25 ° C est imated f r o m A r r h e n i u s plots of the h igh-temperature data. 
T h e decomposi t ion of serine is complex : i n add i t i on to decarboxylat ion , 
some deaminat ion takes place (47). T h e hal f - l ives for a lanine a n d serine 
seem to be the m a x i m u m a n d m i n i m u m values, respectively, since other 
amino acids w h i c h decarboxylate have intermediate hal f - l ives . G l u t a m i c 
a c id , instead of decarboxylat ing d irect ly , first undergoes a reversible 
dehydrat ion to f o rm pyrog lu tamic ac id . P y r o g l u t a m i c a c i d i rrevers ib ly 
decarboxylates g i v i n g pyrro l idone . A t neutra l p H a n d 0 ° C , the ha l f - l i f e 
for the over -a l l react ion is on the order of a m i l l i o n years (49). 

T h e rates of the various decarboxylat ion reactions are so s low i n the 
temperature range of 0 ° to 25 ° C that the reactions must be considered 
insignif icant i n a l l present-day na tura l waters. 

Table I I I . Half-Lives (Years) for the Decarboxylation 
of Several Amino Acids" 

0°C 25°C 

A l a n i n e ΙΟ 1 4 10 1 1 ( 1 0 1 0 ) 6 

Pheny la lan ine 5 Χ 10 8 4 Χ 10 6 

Serine 2 Χ 10 6 17,000 
a Taken from J. R. Vallentyne (47). 
6 Value from measurements of D. Conway and W. F. Libby (27). 

Racemization 

W i t h the exception of g lyc ine , the amino acids c ommonly f ound i n 
proteins are asymétrie at the α-carbon. T h e amino acids can therefore 
have two op t i ca l isomers, w h i c h are designated as the D a n d L enant i -
omers. Isoleucine a n d threonine, w h i c h are also asymétrie at the β-carbon, 
have four different opt i ca l isomers. I n l i v i n g organisms, on ly L - a m i n o 
acids are usual ly f ound . 

A m i n o acids are racemized b y concentrated a c i d (50, 51, 52) a n d 
base (52, 53, 54) at e levated temperatures, a n d some p r e l i m i n a r y exper i 
ments have shown that at 116° aspartic a c i d is racemized s lowly at neutra l 
p H values (38, 55). A l s o , the amino acids i n fossil shells are par t ia l l y 
racemized , w i t h the amounts of racemizat ion increasing w i t h the age of 
the shel l (56, 57, 58); racemizat ion is essentially complete i n shells of 
M i o c e n e age. Since the kinetics of racemizat ion of amino acids have not 
been invest igated i n de ta i l at any p H , I have recently carr ied out a 
detai led study of the kinetics of racemizat ion of aspartic a c i d between 
p H 0 a n d 13 a n d also the kinetics of racemizat ion of phenyla lanine , a la 
nine, a n d isoleucine at p H 7.6. T h e results of these investigations are 
reported herein. 
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318 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

Kinetics of Racemization of Amino Acids. Phosphate was used to 
buffer solutions of the L - a m i n o acids at p H 7.6. Solutions of L - a s p a r t i c 
a c i d were buffered at the various p H values b y either hydroch lo r i c a c id , 
oxalate, succinate, phosphate, borate, or N a O H . T h e p H values of the 
buffered solutions at the elevated temperatures were est imated as de
scr ibed prev ious ly (38 ) . S o d i u m chlor ide was a d d e d to the solutions to 
adjust the final i on ic strength to 0.5. T h e solutions were degassed a n d 
sealed under v a c u u m i n borosi l icate glass ampules . T h e ampules were 
ster i l ized immediate ly after be ing sealed b y heat ing at 100 ° C for 15 
to 20 minutes. T h e rates of racemizat ion were de termined f r o m measure
ments of the rate of change of opt i ca l rotat ion ( a ) of the solutions. T h e 
measurements were made on a P e r k i n - E l m e r 141 polar imeter at 365 n m . 
W i t h the exception of the aspartic a c i d solutions at p H values less than 2 
a n d the phenyla lanine solutions, a l l samples were d i l u t e d i n 1 M H C 1 
before measur ing the rotation. 

T h e racemizat ion react ion for most amino acids can be w r i t t e n as 

where k is the first order rate constant for interconversion of the 
enantiomers. T h e first order rate constant for racemizat ion equals 2 k. A t 
e q u i l i b r i u m , the concentrat ion of L - a m i n o a c id — concentrat ion of D - a m i n o 
ac id . T h e expression for the rate of disappearance of the L - a m i n o a c id 
f rom the buffered solutions is 

T h e various decomposit ion reactions out l ined i n the preceeding section 
w o u l d remove amino a c i d f r om the buffered solutions, a n d i f these reac
tions were significant compared w i t h the k values, E q u a t i o n 9 w o u l d have 
to be modi f ied . Since the racemizat ion was s tudied under anaerobic con
dit ions, the decarboxylat ion a n d deaminat ion reactions are the on ly i m 
portant amino a c i d decomposit ion reactions. W i t h the exception of the 
deaminat ion of aspartic a c id , the decomposit ion rates of the other amino 
acids s tudied were neg l ig ib le compared w i t h the racemizat ion rate of the 
amino ac id . Integration of E q u a t i o n 9 yields 

L - a m i n o ac id <=± D - a m i n o ac id 
k 

(8) 

— d ( L - a m i n o acid) 
dt 

= k ( L - a m i n o acid) — k (D-amino acid) (9) 

2 ( L - a m i n o acid)< — ( L - a m i n o a c i d ) 0 ( 
( L - a m i n o acid) ο 

2 k -t (10) 

where ( L - a m i n o a c i d ) 0 a n d ( L - a m i n o ac id )* are the L - a m i n o a c i d con
centrations at t ime zero a n d t ime t, respectively. E q u a t i o n 10, rewr i t ten 
i n terms of the opt i ca l rotat ion of the so lut ion, is 
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13. Β A D A Decomposition and Racemization of Amino Acids 319 

(10a) 

F o r the aspartic a c i d racemizat ion react ion, E q u a t i o n 9 must be 
modi f ied to 

— ^ j a s p ^ = fc(L-asp) — fc(D-asp) + fcdeam(L-asp) (11) 

where kae&m is the rate constant for the deaminat ion of aspartic ac id . 
T h i s equat ion assumes that the amount of decomposi t ion of the D -aspart i c 
a c i d is negl ig ib le . T h i s assumption is v a l i d since the solutions i n i t i a l l y 
contained only L - a s p a r t i c a c id , a n d the racemizat ion react ion was not 
s tudied for times greater than one hal f - l i fe . Integrat ion of E q u a t i o n 11 
y ie lds 

ln lÔTT ( J f ^ 7 T A = ·η - = (2k + kde&m) • t (12) 
( 2 (L -asp ) i — ( L - a s p ) o j <*t 

T h e racemizat ion kinetics of isoleucine are s l ight ly compl i ca ted b y 
the fact that this amino a c i d is asymétrie at b o t h the a- a n d β-carbons. 
T h e racemizat ion react ion for isoleucine can be w r i t t e n as 

k 
L-iso leuc ine +± D-al lo isoleucine (13) 

k' 

A t e q u i l i b r i u m , the concentration of al lo isoleucine does not e q u a l that 
of isoleucine (58). T h e rate expression for E q u a t i o n 13 is s imi lar to that 
g iven i n E q u a t i o n 9 except k ( D - a m i n o a c i d ) is rep laced b y k! ( D - a l l o 
i so leuc ine ) . Since the solutions in i t i a l l y contained only L - i so leuc ine , 
w h e n the amount of racemizat ion is smal l , the t e rm k! ( D - a l l o i s o l e u 
c ine ) can be neglected i n the rate expression a n d i n this case the inte 
grated rate equat ion is 

In / ( ^ l e u c i n e ) o ) = l n = k . t ( 1 4 ) 

( ( L - i s o l e u c i n e ) i J at + a 0 

F o r the isoleucine investigations, the heat ing times were chosen such that 
on ly s m a l l amounts of racemizat ion occurred . T h e rates of racemizat ion 
of isoleucine were therefore ca l cu lated f r om E q u a t i o n 14. 

T h e rate of racemizat ion of aspartic a c i d as a funct ion of p H at 
117.2°C is shown i n F i g u r e 1. T h e rates were ca l cu lated f r om E q u a t i o n 
12. T h e rates of deaminat ion of aspart ic a c i d at each p H value were 
ca lcu lated f rom the data g iven b y B a d a a n d M i l l e r (38). T h e results i n 
F i g u r e 1 are the average values for samples heated for at least two 
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10 12 
pH 

Figure 1. Log 2k for aspartic acid as a function of pH 
atll7.2°C 

different lengths of t ime. T h e uncerta inty of the measurements is about 
± 3 % . F i g u r e 1 indicates that the rate of racemizat ion of aspartic a c i d 
is independent of p H between 10 a n d 13, a n d is approx imate ly first order 
i n H + concentrat ion at p H values less than 0. T h e m a x i m u m rate of 
racemizat ion of aspart ic a c i d is at p H 3. T h e racemizat ion kinetics of 
other amino acids have a s imi lar p H dependence except there is no m a x i 
m u m at p H 3; the rate of racemizat ion of va l ine is independent of p H 
between p H 3 a n d 8. A s p a r t i c a c id has a m a x i m u m at p H 3 because i t is 
a d i carboxy l i c amino ac id . T h e interpretat ion of the kinetics a n d the 
mechanism of the racemizat ion react ion of amino acids w i l l be discussed 
elsewhere. A n Arrhen ius p lo t of the rate constants determined at p H 7.6 
for aspartic a c id , phenyla lanine , a lanine, a n d isoleucine is shown i n 
F i g u r e 2. T h e values of Ea ( k c a l m o l e ' 1 ) , the Arrhen ius act ivat ion energy, 
ca lcu lated for the racemizat ion of phenyla lanine , aspartic a c id , a lanine, 
a n d isoleucine at p H 7.6 are 28.6, 31.1, 31.0, a n d 31.5, respectively. T h e 
data i n F i g u r e 2 were fitted b y the m e t h o d of least squares to give the 
f o l l o w i n g equations for the interconversion rates of the various amino 
acids at p H 7.6: 

isoleucine log k ( yr " 1 ) = 17.98 - 6853/T 7 

alanine log k (yr " 1 ) = 18.11 - 6750 / Τ 

(15) 

(16) 
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13. BADA Decomposition and Racemization of Amino Acids 321 

aspartic ac id log k (yr" 1 ) = 18.73 - 6780./7 1 

phenyla lanine log k ( yr " 1 ) = 17.05 - 6 2 0 8 / T 

(17) 

(18) 

T h e hal f - l ives (i.e., w h e n D -amino ac id = 2 5 % , L - a m i n o a c i d = 7 5 % ) 
for the racemizat ion react ion can be ca lculated b y subst i tut ing ( L - a m i n o 
a c i d ) 0 — 1 a n d ( L - a m i n o a c i d ) , — 0.75 into E q u a t i o n 10. T h e resul t ing 
re lat ionship is 

t\/2 — 
ln2 
2k 

(19) 

T h e est imated hal f - l ives at p H 7.6 at 0° a n d 2 5 ° C are g iven i n T a b l e I V . 
Metal Ion Catalyzed Racemization of Amino Acids. I n d i lute a l k a l i , 

meta l ions l ike C u 2 + a n d A l 3 + catalyze the racemizat ion of amino acids 
(59, 60, 61, 62,63). T h e meta l ions chelate the amino a c i d , a n d i n this 

TEMPERATURE (°C) 
l r p 1JO I20_ 

2.7 2.6 2 5 
l/T(°K)x10 3 

Figure 2. Log 2k vs. I / T (°K) for several amino acids 
at ph 7.6 
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322 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

Table IV. Half-Lives (Years) for Racemization of Amino Acids 
at p H 7.6 and Ionic Strength of 0.5 

° These would be the half-life values if the equilibrium ratio of alloisoleucine to 
isoleucine was 1.0. At 140° the ratio is 1.25 (56). The temperature variation of the ratio 
is not, however; a value of 1.0 is therefore assumed for 0° and 25°C. The uncertainty 
arising from this assumption is probably less than 10%. 

complex, the react iv i ty of the α-proton of the amino a c i d is greatly i n 
creased (59, 63). T h e kinet ics of racemizat ion of va l ine a n d alanine i n 
the complex ions C o ( e t h y l e n e d i a m i n e ) 2 a m i n o a c i d 2 + have been invest i 
gated b y B u c k i n g h a m , M a r z i l l i , a n d Sargeson ( 5 9 ) . T h e rate of r a c e m i 
zat ion of these chelated amino acids is first order i n O H " concentration. 
A t an ionic strength of 0.5, ^ 2 χ Ι Ο ^ Μ 1 sec - 1 at 34.3° C , a n d Ea — 
17.1 k c a l m o l e ' 1 for the racemizat ion of chelated alanine. E x t r a p o l a t i n g 
these data to p H 7.6 a n d 0 ° C gives k = 7 Χ 10~4 y r " 1 for the racemiza 
t ion of a lanine i n the complex C o ( e t h y l e n e d i a m i n e ) 2 a lanine 2 *. T h i s k 
value is —' 3000 times that of nonchelated alanine at p H 7.6 a n d 0 ° C . 
I n an earl ier discussion of the meta l i on cata lyzed ox idat ion of amino 
acids, i t was est imated that on ly about 1 7 % of the a lanine d isso lved i n 
na tura l waters w o u l d be chelated b y C u 2 + . T h i s indicates that the va lue 
of k for the meta l i o n cata lyzed racemizat ion of a lanine i n n a t u r a l waters 
at p H 7.6 a n d 0 ° C shou ld be on the order of 1 Χ IO" 4 y r " 1 . 

I t is dif f icult to determine whether the complex ions s tud ied b y 
B u c k i n g h a m a n d coworkers w o u l d be good models of the amino a c i d -
meta l i on complexes w h i c h m a y be present i n natura l waters. I t is appar 
ent f r o m their data , however , that the chelat ion of amino acids b y meta l 
ions greatly accelerates the rate of racemizat ion of the amino a c i d . A 
s tudy of the rate of racemizat ion of amino acids at the meta l i o n a n d 
amino ac id concentrations a n d ionic strengths usual ly f o u n d i n n a t u r a l 
waters w o u l d prov ide better estimates of the rate of the meta l i o n cata
l y z e d racemizat ion of amino acids i n natura l waters. A deta i led invest i 
gat ion of these kinetics is i n progress i n this laboratory. 

Racemization of Amino Acids in Natural Waters. S ince the amino 
acids dissolved i n natura l water are of b i o l og i ca l o r i g i n , they should be 
large ly of the L - conf igurat ion. H o w e v e r , d u r i n g the residence t i m e o f 
amino acids i n natura l waters, a smal l amount of racemizat ion m a y take 
place. 

T h e residence t ime of amino acids dissolved i n natura l waters is 
l i k e l y governed b y the rate at w h i c h the amino acids are r emoved b y 

25' 

Pheny la lan ine 
A s p a r t i c ac id 
A l a n i n e 
Iso leucine a 

160,000 2030 
420,000 3460 
1.1 X 10 6 11,000 
4.4 Χ 10 6 34,700 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

13



13. Β A D A Decomposition and Racemization of Amino Acids 323 

organisms. D i s s o lved amino acids can be u t i l i z e d b y a var ie ty of organ
isms, i n c l u d i n g invertebrates (64, 65, 66), p lankton i c algae (17, 67, 68, 
69, 70), a n d bacter ia (71, 72, 73, 74, 75). O f these various organisms, 
the heterotrophic bacter ia p r o b a b l y consume the largest quant i ty of 
amino acids. I n studies w i t h glucose a n d acetate, W r i g h t a n d H o b b i e 
(76) f ou n d that i n L a k e E r k e n , Sweden , the rate of a lga l uptake was 
a lways less than 1 0 % of that of the bacter ia . S i m i l a r results m i g h t be 
expected for the uptake of amino acids since i n g r o w t h studies of mar ine 
p lankton ic algae, amino acids i n general have been f ound to be poor 
sources of n i trogen (67, 69, 70). T h e r e have been f ew investigations of 
the rate of m i c r o b i a l u t i l i za t i on of amino acids i n natura l waters. F r o m 
studies of the net zoop lankton excretion rates, W e b b a n d Johannes (17) 
ca lcu lated a turnover t ime ( t ime r e q u i r e d to release or remove an 
amount of d issolved amino acids equivalent to that i n so lut ion) of 30 
days for amino acids i n the surface waters of the oceans. I n the Y o r k 
R i v e r estuary, H o b b i e a n d coworkers (5 ) measured the turnover times 
of several amino acids a n d obta ined values w h i c h ranged f r o m a f e w 
hours for methionine to four days for arginine . B o t h of these rate est i 
mates were determined i n regions where there is a very h i g h density of 
microorganisms. I n the deep sea where the density of microorganisms is 
very l ow , the turnover rates w o u l d be expected to be very m u c h longer. 
W i l l i a m s (77) has recent ly observed that w h i l e s m a l l b u t detectable 
amounts of uptake of dissolved amino acids occurred at depths of 400 
a n d 600 meters i n the western M e d i t e r r a n e a n Sea, no uptake was ob
served at 2000 meters. A l so , Jannasch (78) has f o u n d that mar ine bac 
ter ia at very l o w populat i on densities are p r o b a b l y not capable of u t i l i z 
i n g the dissolved organic matter i n the sea, a n d i n experiments w i t h sea 
water samples taken f rom various depths, Skerman (74) f o u n d essentially 
no amino ac id - requ i r ing bacter ia i n deep water samples, w h i l e i n surface 
waters, a h i g h percentage of the bacter ia r e q u i r e d amino acids. These 
studies suggest that i n the sea the rate of m i c r o b i a l r e m o v a l of amino 
acids is substant ial on ly i n the upper f ew h u n d r e d meters a n d i n sha l l ow 
bays a n d estuaries. O n c e the amino acids are c i r cu la ted out of these 
areas, they may be fa i r l y stable w i t h respect to m i c r o b i a l b r e a k d o w n 
u n t i l they are recyc led . I n sha l low lakes where the amino acids ( 1 ) a n d 
the bacter ia (79, 80) are fa i r ly un i f o rmly d i s t r ibuted i n the water c o lumn, 
the turnover rate of amino acids is p r o b a b l y fast at a l l depths. 

T h e "age" of the dissolved organic carbon i n the deep ocean sup
ports the concept that be low a depth of a f ew h u n d r e d meters the 
rate of m i c r o b i a l consumpt ion of d issolved organic compounds is very 
slow. Based on the oxygen consumpt ion rate i n deep waters, Postma ( 81 ) 
has ca lcu lated a m i n i m u m age of 500 years for the dissolved organic 
matter i n the deep sea, w h i l e W i l l i a m s a n d coworkers (82) have recent ly 
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324 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

determined an age of 3400 years f rom C 1 4 measurements. I f the d isso lved 
amino acids i n the deep ocean have an age near that of the tota l d issolved 
organic matter , they shou ld be s l ight ly racemized . B a s e d o n the k 
values at p H 7.6 a n d 4 ° C , the amounts of racemizat ion that w o u l d be 
observed for amino acids of various ages are shown i n T a b l e V ; also 
i n c l u d e d i n T a b l e V are ca lcu lated amounts of racemizat ion for alanine 
p a r t l y chelated b y C u 2 + . Since microorganisms can p r o b a b l y also u t i l i z e 
D - a m i n o acids (83, 8 4 ) . once the amino acids i n the deep ocean are 
recyc led into the u p p e r f e w h u n d r e d meters of the sea, bo th the r> a n d 
L - a m i n o acids are l i k e l y r a p i d l y consumed b y organisms. T h e process of 
racemizat ion of amino acids i n the sea is shown i n F i g u r e 3. 

T h i s discussion suggests that the racemizat ion of amino acids m i g h t 
be used to calculate amino a c i d residence times i n the sea. A s s u m i n g 
that on ly L - a m i n o acids are in i t ia l l y in t roduced into the oceans a n d that 
w h e n these L - a m i n o acids are m i x e d into deep waters racemizat ion 
occurs, the observed amount of racemizat ion d u r i n g a residence t ime is 
g iven b y 

j n / ( D -amino acid) + ( L -amino acid) \ 
\ ( L - a m i n o acid) — ( D -amino acid) / 

t = (20) 
2k 

where the parentheses refer to the observed concentrations of the D a n d L 
enantiomers of a par t i cu lar amino a c i d a n d k is the first order rate 
constant for interconversion of the enantiomers of the amino a c i d i n the 
ocean. T h i s equat ion assumes that D - a m i n o acids are in t roduced into the 
sea on ly f r om the racemizat ion of L - a m i n o acids. T h e r e m a y be other 
contr ibut ing sources. D - a m i n o acids have been f o u n d i n insects a n d worms 
( 8 5 ) , i n the proteins of some bacter ia ( 8 6 ) , a n d poss ib ly i n algae ( 8 7 ) . 
R a i n (12) has been suggested as a possible source, but this seems u n l i k e l y . 
T h e discharge f r o m rivers m a y be a cont r ibut ing source. These other 

Table V . Percent of D-Enantiomer a of Several Amino Acids Which 
Would Be Produced During Various Residence Times 

500 Years 3400 Years 

A s p a r t i c a c id 0 . 0 9 % 0 . 6 % 
Pheny la lan ine 0 . 2 % 1.4% 
A l a n i n e 0.03 ( — 5 % ) 6 0 . 0 2 % ( ~ 2 5 % ) b 

Isoleucine c 0 . 0 0 9 % 0 . 0 6 % 

- Calculated as \ . D-amino acid ) 1 ( χ ) 

I D-amino acid + L-amino acid ) 
6 Amount of D-alanine based on the estimated value of k — 10"4 y r - 1 for the 

metal ion catalyzed racemization of alanine at p H 7.6 and 0°C. 
r η i l i t S alloisoleucine ) v / 1 Λ Λ 

c Calculated as « - r r - : — : : —:—: r — J- X 100 
I alloisoleucine + isoleucine) 
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13. BADA Decomposition and Racemization of Amino Acids 325 

o c e a n surface 

L-amino acids arising from organisms 
rapid consumption of both D-ond L-amino 
acids by microorganisms in the upper few 

hundred meters of the oceanic water column 

Mixing into deep water Recycling to upper levels 

L-omino acids - f ^ » D - o m i n o ocids 

krac 
ratio of D-to L-amino acids depends on the residence 
time of amino acids in the deep ocean; very slow rate 

of microbial utilization of amino acids 

\ Y X X X X X X W X V \ X X \ \ x x 

Figure 3. Racemization of amino acids in deep ocean 

sources w o u l d introduce the D - a m i n o acids m a i n l y into surface waters. 
T o correct for this add i t i on , E q u a t i o n 20 w o u l d be rewr i t ten as 

j n ( D-amino acid) + ( L -amino acid) 
( L -amino acid) — ( L -amino acid) deep water 

_ j n ( D-amino acid) + ( L -amino acid) 
( D-amino acid) — ( D-amino acid) surface 

t = 
2 k (21) 

I n order to calculate amino a c i d residence times f rom E q u a t i o n 21, the 
ratio of the D to L enantiomers of the various amino acids are r e q u i r e d 
as a funct ion of d e p t h i n the oceanic water c o lumn. Unfor tunate ly , there 
have been no investigations of the amino a c i d enantiomers dissolved i n 
any natura l waters. T h e analyses are diff icult because most D - a n d L -
amino acids are not separable b y the usua l amino a c i d ana ly t i ca l t ech 
niques. O n e exception is isoleucine, w h i c h forms al loisoleucine w h e n it 
racemizes ( E q u a t i o n 13) . Isoleucine a n d al loisoleucine are separable on 
the buffered columns of the automatic amino a c i d analyzer (88). H o w 
ever, as can be seen f rom T a b l e V , only very smal l amounts of al loiso
leucine w o u l d be p r o d u c e d f rom the racemizat ion of isoleucine, unless 
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326 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS 

the racemizat ion react ion is cata lyzed b y meta l ions. T h e enantiomers of 
other amino acids can also be determined on the automatic amino a c i d 
analyzer b y m a k i n g diasterisomeric d ipept ides obta ined b y der iv i t i za t i on 
w i t h an L - a m i n o ac id N- carboxyanhydr ide (50 ) . Gas chromatography 
can also be used to separate the D - a n d L - a m i n o acids (89, 9 0 ) . 

Recent ly , I have been d o i n g some p r e l i m i n a r y investigations of the 
a l lo iso leuc ine / i so leuc ine rat io i n a sample taken f r o m a depth of 2500 
meters i n the A t l a n t i c Ocean . A f ter iso lat ing the amino acids b y a p r o 
cedure s imi lar to that used b y C h a u a n d R i l e y ( 2 ) , the sample was 
ana lyzed for the presence of al lo isoleucine on the B e c k m a n - S p i n c o auto
mat i c amino ac id analyzer . T h e results indicate that a smal l amount of 
al loisoleucine appears to be present i n the sample. I t is imposs ib le to 
make any conclusions f r om this one experiment, however , since the analy 
sis of a b lank w h i c h h a d been carr ied through the same isolat ion steps as 
the sea water sample contained a significant amount of isoleucine. A l s o , 
several d ipept ides appear at about the same locat ion as does al lo isoleucine 
on the chromatogram f rom the automatic amino a c i d analyzer . M a n y 
samples f rom the w o r l d s oceans w i l l have to be ana lyzed before i t c a n 
be determined whether the racemizat ion of amino acids can be used to 
calculate amino ac id residence times i n the sea. 

A l t h o u g h on ly s m a l l amounts of racemizat ion of the dissolved amino 
acids may take place i n the open ocean, re lat ive ly large amounts m a y 
occur i n certain natura l water masses. F o r example , i t w o u l d be inter 
esting to look for D -amino acids i n the hot br ine pools w h i c h have been 
f ound i n the R e d Sea (91). Temperatures of 5 0 ° C a n d h igher have been 
recorded i n these areas. I f there are dissolved amino acids i n these 
waters, they w o u l d be racemized r a p i d l y ( for phenyla lan ine at p H 7.6 
a n d 50 °C , k = 0 .7% y r " 1 ) . E v e n i f the residence times of the amino 
acids i n the hot br ine pools are only a f ew years, significant amounts of 
racemizat ion w o u l d take place . W i t h l ong residence times i n the hot 
br ine pools, on ly racemic amino acids w o u l d be observed. Another area 
of interest w o u l d be the B l a c k Sea, where organic molecules m a y have 
long residence times, a n d as a result, the dissolved amino acids w o u l d 
be expected to be apprec iab ly racemized . Indeed, i n any natura l water 
system character ized b y s low m i x i n g rates a n d / o r re lat ive ly h i g h tem
peratures, the dissolved amino acids should be signif icantly racemized . 

Racemizat i on might also be used to estimate the age of amino acids 
f o u n d i n ground waters. Degens et al. (3) c l a i m that the amino acids 
isolated f rom various petro leum br ine waters are of the same age as that 
of the format ion i n w h i c h they are f ound . T h e formations w h i c h were 
investigated ranged i n age f r om a m i l l i o n to a f ew h u n d r e d m i l l i o n years. 
If the amino acids f o u n d i n the br ine waters are the same age as the 
formations, they w o u l d be expected to be complete ly racemized . O n the 
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other h a n d , i f the amino acids were the result of recent bacter ia l c on 
taminat ion , on ly L - a m i n o acids w o u l d be f ound . T h e rat io of D - to L -
amino acids i n the br ine waters was not invest igated b y Degens a n d 
coworkers. A l so , i n the carbonate aqui fer descr ibed b y B a c k a n d H a n 
shaw (92) where the g r o u n d waters have ages of tens of thousands of 
years a n d a temperature of 25 ° C , the amount of racemizat ion w o u l d 
appear to be an excellent indicator of the age of any d isso lved amino 
acids w h i c h m a y be present. 

T h e s low racemizat ion of amino acids can take p lace not on ly i n 
the water c o l u m n but also i n the bot tom sediments, a n d this racemizat ion 
has important geochemical impl i cat ions . M o s t of the amino acids c o m 
mon ly f o u n d i n the proteins of organisms have been f o u n d i n s m a l l 
quantit ies i n mar ine sediments (9 , 35, 93, 9 4 ) . T h e concentrations near 
the sed iment -sea water interface are on the order of 0.1 to 2 m g per 
gram of d r y sediment. T h e concentrat ion decreases w i t h increas ing d e p t h 
into the sedimentary co lumn. 

Recent ly , i t has been shown that w i t h increas ing d e p t h into the 
sedimentary c o lumn, an increasing amount of racemizat ion of isoleucine 
is observed (95 ) . T h e core w h i c h was s tud ied was taken f r om the 
At lant i s fracture zone, about 30 naut i ca l mi les west of the crest of the 
M i d - A t l a n t i c ridge. T h e sedimentat ion rate i n this general area is o n 
the order of 4 - 5 m m per 1000 years. A s ment ioned earl ier , w h e n iso leu
cine is racemized , al lo isoleucine is f o rmed , a n d these two amino acids 
are separable on the automatic amino a c i d analyzer . T h e amino acids 
were isolated f rom various sections i n the core, a n d the rat io of al lo iso
leucine to isoleucine has been determined as a funct ion of dep th b e l o w 
the sed iment -sea water interface. A t 145-155 c m b e l o w the s e d i m e n t -
sea water interface, a l lo i so leuc ine / i so leuc ine = 0.055 w h i l e at 445-455 
c m , the rat io was 0.154. T h e racemizat ion of isoleucine i n the sedi 
mentary c o l u m n was used to calculate a sedimentat ion rate of 4.2 m m / 
1000 yrs a n d an age of 1.23 m i l l i o n years for the bot tom of the core. T h i s 
est imated sedimentat ion rate is i n close agreement w i t h values deter
m i n e d i n the general v i c i n i t y b y bo th paleomagnet ic a n d radioact ive 
nuc l ide decay techniques. A l t h o u g h the racemizat ion of other amino 
acids were not invest igated, as can be seen i n T a b l e I V , phenyla lan ine , 
aspartic a c id , a n d alanine w o u l d be expected to be racemized m u c h more 
r a p i d l y than isoleucine i n the sedimentary co lumn. 

These results suggest that the s low racemizat ion of amino acids i n 
the sedimentary c o l u m n can be used to estimate the sedimentat ion rate, 
a n d i n t u r n the age, of bo th mar ine a n d fresh water sediments. I n sedi 
ments f rom areas i n the deep ocean where sedimentat ion rates are very 
s low (i.e., a f ew m m per 1000 years ) , the amount of racemizat ion of 
isoleucine w o u l d be the easiest to determine since the investigations can 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
06

.c
h0

13



328 N O N E Q U I L I B R I U M S Y S T E M S I N N A T U R A L W A T E R S 

be car r i ed out o n the automatic amino a c i d analyzer . I n coastal areas 
a n d i n lakes w i t h sedimentat ion rates on the order of 1-10 c m every 
1000 years, the amount of racemizat ion of other amino acids l i k e aspartic 
a c i d a n d pheny la lan ine w o u l d have to be determined i n order to observe 
significant amounts of racemizat ion i n a core of reasonable length . I n 
lakes w i t h fast sedimentat ion rates (i .e. , 1 c m every f ew years) on ly 
s m a l l amounts of racemizat ion of aspartic a c i d a n d pheny la lan ine w o u l d 
be observed even w i t h l ong cores unless the bot tom water temperature 
averaged above 15°C. 

Summary 

T h e rates of several nonbio log i ca l reactions i n v o l v i n g the amino acids 
have been evaluated a n d these rates used to estimate the importance of 
the various reactions i n natura l waters. T h e fastest react ion under aerobic 
condit ions is a meta l i on cata lyzed ox idat ion . I n the sea, this react ion has 
an est imated hal f - l i f e of ^ 350 years. U n d e r anaerobic condit ions, the 
decomposi t ion rates are very slow, a n d as a result there w o u l d be l i t t le 
nonb io log i ca l decomposit ion of the amino acids d isso lved i n anoxic n a t u 
r a l waters even over periods of hundreds of thousands of years. T h e 
decomposi t ion kinetics of the various amino acids indicate that i f d is 
solved amino acids are not consumed b y organisms, they w o u l d r e m a i n 
i n n a t u r a l waters for periods of thousands of years or longer. O f the 
various amino a c i d reactions w h i c h m a y take p lace i n na tura l waters , the 
racemizat ion react ion is of par t i cu lar interest. S m a l l amounts of D - a m i n o 
acids m a y be p r o d u c e d i n natura l water f rom the s low racemizat ion of 
the L - a m i n o acids ar is ing f r o m organisms. B y measur ing the rat io of the 
D to L enantiomers of a par t i cu lar amino ac id a n d k n o w i n g the rate of 
interconversion of the enantiomers of the amino a c i d , i t is possible to 
estimate an age of the amino acids d isso lved i n n a t u r a l waters. A l s o , the 
racemizat ion of amino acids i n the sedimentary c o l u m n can be used to 
estimate sedimentat ion rates a n d the ages of sediments. 

T h e amino acids make u p on ly a s m a l l f ract ion of the organic matter 
d isso lved i n na tura l waters. B y s tudy ing the kinetics of reactions i n v o l v 
i n g other dissolved organic constituents, the rate of the nonbio log i ca l 
decomposi t ion a n d alterat ion of the dissolved organic matter i n natura l 
waters can be determined. These rates w o u l d be useful i n est imating 
h o w long organic molecules w o u l d persist i n the aquat i c environment i f 
they are not degraded b y organisms. 
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interactions of 135 
waters 281 

Equations 
Lotka-Volterra 164 
simultaneous transport 91 

Equilibration rate 293 
Equilibrium 247 

constant for the aspartic acid 
deamination 316 

models β 
ultracentrifugation 235 

Erosion 99 
Error detector 12 
ESR spectrum 300 
Eutrophication 27,132 
Exchange reactions 8 
Excretion of nutrients 161 
Exponential growth of population, 

energy utilization, and fertil
izer production 24 

External disturbance 5 
Extinction coefficient 144 
Extremes of response 206 

F 

Fe 2 ( S0 4 ) 3 solutions 220 
FeS0 4 solutions 221 
Ferric oxyhydroxides 209 

naturally-occurring 210 
suspended 225 

Ferron procedure 254 
Ferrous salt solutions 217 
Fertilization 131 
Fickian diffusion 294 
Filter clogging 132 
First order rate 

law 270 
plot of Al 275 

Flow 181,195 
course of reaction in geometri

cally complex natural . . . . 194 
natural 196 
overland 94 
path 91 
subsurface 94 
theoretical 204 

Flowing and nonflowing research 
flumes 181 

Fluid-filled formations 84 
Flusing rate 126 
Formation of solid Al(OH) 3 . . . . 272 
Free energy 19 
Fresh water systems 8 
Fumaric acid 315 
Functions 37 

G 
Geometry of the environment . . . . 30 
Gibbs 

free energy 214,263 
phase rule 5 

Gibbsite 251 
crystalline 269 
microcrystalline 271 

Global photosynthesis 17 
Glycine 317 
Goethite 209 
Gold sol particles 270 
Gradient 8,33 
Gravitation 15 
Gravitational movement 84 
Grazing by zooplankton 153 
Ground water 225 

flow pattern 80 
velocity of 77 

Growth rate 140,156 
of diatoms 147 
-death rate interactions 173 
as a function of temperature . . . 141 
phytoplankton 139 

Gypsum 86,87 
H 

H + ion concentration . . . . 275 
Hafnium 247 
Half-life 53,71,312 
Half-time 292 
Head 84 
Hematite 210 
Highest level of carnivore 14 
Histidine 310 
Homeostasis 12 

chemostasis and 1 
Hydrated alumino-silicate 96 
Hydrodynamic 

flow paths 78 
transport 133 

Hydrogeochemistry 78 
Hydrogeology 80 
Hydroisochrones 90 
Hydrological cycles 8 
Hydrolysis 235,236,241 

of hafnium, rate of 235 
products 236 

Hydroxy complexes, aluminum . . . 250 
Hydroxyl number 236 
Hypothesis, adsorbed 307 

I 
Identification 299 

vermiculite 100 
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Index 
of condition or character 78 

Illite 99 
Incident 

light intensity 142 
solar radiation intensity and 

temperature 150 
Increase downgradient 81 
Indicative of the steady-state . . . . 54 
Inert tracer data 194 
Inorganic materials, transport of 

organic and 181 
Inputs 202 
Instability 2 
Interaction 

between organisms and abiotic 
environment 10 

of environmental variables . . . . 135 
predator-prey 164 
growth rate-death rate 173 

Invertebrates 323 
Ionic strength 216,236,284 
Iron concentration 229 
Isoleucine 317 
Isotherms 286 
Isothermal system 86 

J 
Jackson River 191 

Κ 
Kinetics 

of the populations 163 
of racemization 318 

L 
L-Amino acids 317 
L-Aspartic acid 319 
L-Configuration 309 
Laboratory studies 218 
Lake 53,56,310 

Erken, Sweden 323 
Norrviken 17 
Tiberias 42 
Zurich 17 

Langmuir isotherm plots 288 
Laplace transformation 71 
Law 

of dissipation or degradation of 
energy 78 

of the Minimum, Liebig's 17 
Leaching 224,306 

solutions, sequential 112 
Lepidocrocite 209 
Liebig's Law of the Minimum . . . 17 
Life expectancy of the stratification 44 
Light 139 

intensity 141,143 
incident 142 

Limiting value of nutrient 
concentration 172 

Lotka's law of maximum power . . 19 

Lotka-Volterra equations 164 
Lower brine layer 47 
Lowest trophic level 14 

M 
Mn 2 + equilibrium 301 
Maghemite 210 
Magothy formations, chemical data 

for 226 
Man against nature 2 
Manganese in water 299 
Man's influence 21 
Map, entropy 90 
Mass 

balance equations 215 
principle, conservations of 160 

Mathematical models 183 
Mattole River 94 
Measure 

of pollution 2 
of water quality control 25 

Mechanism 
of interaction 292 
of transport of matter 30 

Metal ion catalyzed oxidation . . . 309 
Michaelis constant 145 

for nitrogen and phosphorus . . . 147 
Microbial consumption 323 
Microcosmos 8,13 
Microcrystalline gibbsite 271 
Minerals 

clay 117 
common rock-forming 117 

Minimum, Liebig's Law of the . . . 17 
Minimum segregation 201 
Miocene age 317 
Mixed vessels 197 
Mixing, time of 42 
Mn in natural water systems . . . . 299 
Model 

dispersion 194 
river 182 

Molecular and eddy diffusion 
coefficients 31 

Mono-alanine complex 314 
Monomeric aluminum species . . . . 264 
Mossdale model 171 

Ν 
NH4+ concentration 315 
Natural 

flows 196 
course of reaction in geometri

cally complex 194 
stream 205 
systems 301 
water 131,306,309,322 

phytoplankton population dy
namics in systems, de
scription of 3 

Naturally-occurring ferric 
oxyhydroxides 210 

Nature 30 
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Net growth rate 173 
Neutral waters 311 
Niobium 295 
Nitrate 17 

uptake rate 146 
Nitrogen and phosphorus, 

Michaelis constants for 147 
Nonbiological decomposition 

and alteration 328 
and racemization of amino acids 309 

Nonchelated alanine 322 
Nonflowing 

ecosystems 185 
research flumes, flowing and . . 181 

Nonoptimum light conditions . . . 144 
Nonphotosynthetic organisms . . . . 9 
Nutrient 145 

absorption rate 146 
concentration 163, 172 
equation 134,169 
system 135, 160 
-to-biomass ratio 161 

Ο 
Ocean 2,57,310 

steady state 7 
Oceanic water column, reacting 

chemical species in the 57 
Oligotrophy 27 
Optical 

density 253 
rotation 318 

Organic 
and inorganic materials, transport 

of 181 
pollutional stresses on transport 189 

Organisms and abiotic environment, 
interaction between 10 

Overland 
flow 94,118 
runoff 125 

Oxidation 312 
-reduction conditions of the 

environment 299 
Oxidative deamination 312 
Oxygen 57 

consumption 57 
Oxyhydroxides 

ferric 209 
naturally-occurring ferric 210 
suspended ferric 225 

Ρ 
pH 95,213,265,277,284, 

297, 302, 309,320 
meters 182 
values 235 

turbidities and 238 
Pu concentration 286 
PQ values 223 
Parametric studies 183 

Particle size 224,285 
distributions 288 
effect 211,273 
on sorption, effect of silica . . . . 296 

Peak discharge 127 
Penetration depth 186 
Pescadero Creek 119 
Pesticides 2 
Petrochemicals 22 
Phase rule 

application of 7 
Gibbs 5 

Phosphate 17,289 
complex 290 

Phosphorus, Michaelis constants for 
nitrogen and 147 

Photosynthesis 8 
global 17 
rate of 142 
and respiration 9 

balance between 15 
Phytoplankton 

death rate 151 
growth rate 139 
oopulation 131 

dynamics in natural waters . . 133 
Planktonic algae 323 
Plug flow 197 
Plutonium 280 

colloidal species 296 
desorption of 290 
hydrolysis products 293 
on silica surfaces, sorption of 

aqueous 280 
size distribution 295 

Pollutants 23,181 
Pollution 

control, principles of water . . . . 1, 23 
stream 14 
thermal 14 
water 299 

Pollutional stresses on transport, 
organic 189 

Polymeric cations 245 
Polymerization 236 
Polynuclear material 250 
Population, phytoplankton 131 
Potential 84 
Potentiometric surface 80 
Potomac 

estuary 136 
group 227 

Practical problems 25 
Precipitation 240,302 

of carbonate minerals 83 
composition of 100 

Predator-prey interaction 164 
Prediction model 183 
Prigogines theorem 19 
Principle 

conservation of mass 137, 160 
of LeChatelier 5 
of water pollution control 1 
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Production rate of Ra-226 68 
Proline 310 
Proteins 309 
Pycnocline 33 

diffusion coefficients in the . . . . 39 
Pyrheliometers 182 

Q 
Qualitative condition for stability 14 

R 
Ra-226 

production of 68 
profile 69 

in the Dead Sea 51 
release of 67 
in sediment 68 

r„ value 277 
Racemization 317, 322, 326 

of amino acids, nonbiological 
decomposition and 309 

in deep ocean 325 
of valine and alanine 322 

Radioactive nuclide decay 
techniques 327 

Radiocarbon technique 82 
Radionuclide 181,186 

transport of 183 
uptake by aquatic plants 187 

Radium-226 in water 62 
Raritan 227 
Rate 

of chemical reactions 30 
constants for Al reaction with 

ferron 258 
of entropy production 84 
of flow 82 
of hydrolysis of hafnium 235 
of photosynthesis 142 
of release 126 
of silica release 109 

Ratio, silica to specific 
conductance 105,123 

Rayleigh turbidities 235 
Reacting chemical species in the 

oceanic water column 57 
Reaeration coefficients 191 
Regulation 8 
Regulatory processes 11 
Release of Ra-226 67 
Reliability of eddy diffusion 

coefficients 50 
Residence time 7,83, 322 

distribution 198 
theory 195 

Resonance, electron spin 299 
Respiration 

balance between photosynthesis 
and 15 

endogenous 152 
photosynthesis and 9 

Response, extremes of 206 
Runge 170 

S 
Sacramento-San Joaquin Delta . . . 131 
Salinity 95 
Sample treatment and analysis . . . 97 
San Joaquin River 167 
Saturation concentration 146 
Sea-sediment interface 4 
Seasonal trends in silica 

concentration 108 
Sea water 314 
Second law of thermodynamics . . 78 
Sediment 99,182,281 

bed 184 
Sedimentary column 327 
Sedimentation rate 327 

-water interface 31 
Segregation 199 
Sequential leaching solutions . . . . 112 
Serine 317 
Settling of biological particles . . . 31 
Sewage ponds 17 
Shape and location of the sources 

and sinks 30 
Signal vs. concentration 303 
Silanol sites 293 
Silica 94,281 

amorphous 96 
concentration pattern 127 
concentration, seasonal trends in 108 
in soil waters, dissolved 95 
solubilities of crystalline and 

amorphous 95 
to specific conductance, ratio . . 105 
surfaces, sorption of aqueous 

plutonium 280 
variations 95 

in stream water 94 
Silicic acid 96 
Silicon-cation ratios in solids and 

stream water 117 
Silt 115 
Simultaneous transport equations . . 91 
Simulation language 170 
Sink 10 
Slug and step 202 
Small-scale ecosystems 181 
Soil 99 

-leaching studies 97 
-water mixtures 113 
zone 79 

Solid-state diffusion 96 
Solubility 

of crystalline and amorphous 
silica 95 

of Mn(II) 301,305 
Solution 247 
Sorption 281 

of aqueous plutonium on silica 
surfaces 280 

characteristics 297 
of the colloidal species 294 
rate 283 

Southern Maryland 231 
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Spaceship earth 4 
Spatial distribution 89 
Species, aqueous 250 
Specific conductance 94,102, 227 

ratio silica to 105 
Spectrophotometry bipyridine 

method 229 
Spectrum, ESR 300 
Spin resonance, electron 299 
Stability 

calculation of apparent 214 
frequency, Brunt-Vaisala 39 
qualitative condition for 14 
succession and 18 

Standard entropy values 87 
Standard state 84 
Stationary concentration-depth pro

files of dissolved oxygen . . . . 58 
Steady state 6 

assumption 134 
chemical 30 
concentrations 56 
concentration, time needed to 

attain 95% of the 61 
indicative of 54 
ocean 7 
profile 71 

Stoichiometric correlations 16 
Storm runoff 94,95,118 
Straight-line approximation 140 
Strange materials 22 
Stratified water column 32 
Stream 

flow 191 
natural 205 
or waste water 308 
pollution 14 
water 

analysis 95 
silica variation in 94 
silicon-cation ratios and . . . . 117 

Stress 2 
Subsurface 

flow 94 
runoff 118 

Succession 
ecological 20 
and stability 18 

Sulfate reduction 87 
Supersaturation 89, 232 
Surface 

concentration 184 
enthalpies 212 

Suspended 
ferric oxyhydroxides 225 
sediment 98, 115,124 

Suspension 
with a high solid:liquid ratio . . 109 
with a low solid:liquid ratio . . 114 

Τ 
Technique, radiocarbon 82 
Temperature 95,139,286 

growth rates as a function of . . . 141 
Theoretical flow 204 
Thermal pollution 14 
Thermocline layers 42 
Thermophilic strains 140 
Thermostatics 79 
Three-layer water column 33 
Thorium 287 
Threonine 317 
Tidal estuary 137 
Time 

needed to attain 95% of the 
steady-state concentration . . 61 

of mixing 42 
to steady-state 52 

of Ra-226 66 
Topography 99 
Trace 

inorganic elements 147 
organic nutrients 147 

Tracer 
data, inert 194 
response curves 195 

Transient 
behavior 57 
responses 202 

Transport 
equation 183 

simultaneous 91 
mechanisms 31 
of organic and inorganic 

materials 181 
organic pollutional stresses on . . 189 
of radionuclides 183 

Turbidity 247 
and pH values 238,243,244 

Turbulence in the water column . . 67 
Two-layer water column 34 

U 
Ultracentrifugation, equilibrium . . 235 
Unbuffered aqueous solutions 316 
Undersaturation 81 
Upper brine layer 47 
Uptake and release rates of 

radionuclides 182 

V 

Values, standard entropy 87 
Variables, environmental 169 
Variation in stream water, silica . . 94 
Vegetation 95 
Velocity 

advective 61 
of ground-waters 77 

Vermiculite identification 100 
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w 
Water 

column 31 
stratified 32 
three-layer 33 
two-layer 34 

manganese in 299 
-mass 311 
phase 182 
pollution control 23 
quality control, measures of . . . . 25 
quality variation 106 
silica variation in stream 94 
-supply papers 121 
systems, description of natural . . 3 
natural 306,309 
neutral 311 
pollution 299 
environmental 211 

Wells 226 

X 
X-ray 

amorphous material 210 
diffraction 270,302 

analyses 99 
diffractometer 219 

Y 
York River estuary 323 

Ζ 
Zero-order reaction 65 
Zirconium 248,295 
Zooplankton 133, 323 

biomass 156 
grazing by 153 

Zwietering 198 
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