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FOREWORD

ApvaNces N CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNces IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

The hydrologist ordinarily needs no reminder that fresh water in
natural environments is in constant circulation and that his branch
of science requires methods of study appropriate to dynamic systems.
The chemist who is concerned with water quality, however, may tend to
underemphasize the importance of the motion of water in understanding
its chemistry. Certainly he most often sees only small segments of the
system, held captive and immobile in water sample bottles. Although
there is no reason chemical equilibrium cannot be established in dynamic
systems as well as in static ones, an equilibrium or even a steady-state
condition does require a certain length of time to become established.
Before an intelligent decision can be made as to whether a chemical
system is likely to be near equilibrium, one needs to know, at least
approximately, both the rates of the chemical reactions involved and
the rate of movement of water with respect to other materials participat-
ing in the reaction. From the latter rate, the length of time available
for equilibration to occur can be estimated and compared with the time
required for a reasonably close approach to equilibrium.

Although the need for knowing something about these kinds of rates
seems obvious, the amounts of directly applicable information on reaction
kinetics is meager and very few chemical studies have taken water circu-
lation rates into careful consideration. Surely a stronger emphasis on
such work will be needed in order to understand the chemistry of rivers,
lakes, and underground water. One of the objectives of the symposium
from which the papers in this volume come was to emphasize these
points.

In general, the papers which make up this volume represent work
that is being done toward understanding the chemistry of natural aqueous
systems without trying to fit them to simple equilibrium models. A broad
spectrum of subject matter is covered. Some papers concern field study
and others present results of laboratory investigation of synthetic solu-
tions. A few of the papers emphasize theoretical aspects almost exclu-
sively but most are based on current research and demonstrate techniques
and approaches that should aid other practitioners in the field of water
chemistry.

It is certainly trite to point out the interdisciplinary nature of scien-
tific studies of natural water. One purpose of the symposium where these
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In Noneguilibrium Systemsin Natural Water Chemistry; Hem, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.pr001

papers were presented, however, was to bring together some of these
different specialists and exchange points of view on shared concerns
with the aquatic environment.

The reader of this volume may possibly draw the conclusion that
progress to date in our application of nonequilibrium approaches has
been dismally small. There is considerable justification for such a con-
clusion, but progress is being made, nonetheless. Although much can
still be learned by application of equilibrium models, one must be wary
of oversimplification of the complexities of the real world. It will be
necessary eventually to accept the existence of the complications and
prepare to deal with them. These papers should help put into proper
levels of importance such factors as the slow and unknown rates of many
important chemical reactions and the influence of water movement, mix-
ing, and circulation on the composition of water bodies. Instances of
progress in study of details of the chemistry of certain specific simple
systems which are included in some of the papers may stimulate wider use
of nonequilibrium approaches. In future symposia like this one, one may
hope real progress will be documented.

The assistance of the authors whose papers are included and of
others who have aided in their preparation and publication is gratefully
recognized.

Jon~n D. HEM

U.S. Department of the Interior
Geological Survey

Menlo Park, California 94025
October 1970
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Chemostasis and Homeostasis in
Aquatic Ecosystems; Principles of
Water Pollution Control

WERNER STUMM' and ELISABETH STUMM-ZOLLINGER*

Laboratories of Applied Chemistry and Applied 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.

A] understanding of the chemistry and biology of natural waters is a

prerequisite for an understanding of the ways the environment is
affected by man’s pollution. In a broad sense, pollution has been char-
acterized as an alteration of man’s surroundings in such a way that they
become unfavorable to him and to his life. This characterization implies
that pollution is not solely caused by contaminants or pollutants added
to the environment but can also result from other direct or indirect con-
sequences of man’s action.

? Present address: Swiss Federal Institute of Technology, (ETH), CH Ziirich,

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

MaN AcaInsT NATURE. Man is an integral part of the ecosystem;
despite localized large population densities, man as the human animal
plays a relatively minor role in the physiology of the ecosphere. Domestic
waste and garbage represent a very small fraction of the total detritus
produced by organisms. Within the biosphere, the energy involved in
man’s metabolism (2 X 10' Kcal per year) may be compared with pri-
mary productivity—i.e., the energy fixed by all the plants (~10'® Kcal
per year). These estimates are based on a daily per capita consumption
of 2000 Kcal and a primary productivity of 10'® moles year™ of carbon (1I).
If evenly distributed over the world, man’s wastes have a negligible effect
on the energy transfer of the ecosphere. Domestic wastes cause localized
or temporary unfavorable environmental alteration only where they are
discharged in high concentration. On the other hand, man, as an inven-
tive intellectual being, with his capacity of manipulation and dominance
dissipates 10 to 20 times (in the USA, 50 to 100 times) as much energy
as he requires for his metabolism. The stress imposed upon the environ-
ment as a direct or indirect result of this energy dissipation outweighs by
far the disturbances caused by the disposal of domestic wastes.

In what way does energy dissipation cause pollution? Obviously,
smoke, sulfur dioxide, excess heat and water loss by evaporation, spillage
of oil, pesticides, and other petrochemicals into fresh water and oceans,
and the leakage of fertilizers from land into the water are some of the
byproducts of power consumption and cultural development. Agriculture,
forestry, geological exploitation, construction of dams, manipulations of
the landscape, urban construction, and other means of civilization counter-
act the forces of natural selection; they affect the so-called balance of
nature and interfere with biological relationships. Most of the energy
utilized by our industrial society for its own advantage ultimately causes
a simplification of the ecosystem—specifically, a reduction of the food
web and a shortening of the food chain (2). The less complex a natural
ecosystem, the less stable and the more liable it is to perturbations and
to catastrophe. Most of our concern, thus, should be with this simplifica-
tion of the ecosystem and with the concomitant lack of balance and
stability.

Instability as a Measure of Pollution. Man’s ability to adapt to a
changing environment is very limited because the range of physiological
adaptation is narrow and evolutionary adaptation is slow. When man
evolved, he found a stable environment capable of resisting change and
perturbation. The chemical compositions of the various oceans are quite
similar and have probably been essentially constant for the last 100
million years. Similarly, the composition of the atmosphere has remained
unchanged, and climatic variations have been extremely slow. In the
integrated global ecological system, we have a remarkably well-estab-
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lished balance of production and destruction of organic material as well
as of production and consumption of O., providing a constant surplus of
O. in the atmosphere. In view of man’s inability to adapt to major
environmental changes, pollution may be interpreted as a disturbance in
the ecological balance causing loss of stability of the environment.

OsBjEcTIvEs. It is the objective of this presentation to review some
of the chemical and biological factors that regulate the composition of
natural waters, to illustrate the variables and modes by which stability
is imparted to natural systems, to interpret pollution in terms of disturb-
ance of ecological balances and mitigation of ecosystem stability, and to
discuss some means of water pollution control beyond those of waste
treatment.

Chemical Factors Regulating the Composition of Natural Waters

Terrestrial waters vary in chemical composition; these variations can
be understood, at least partially, in terms of the different histories of the
waters. Appreciation of some of the pertinent reactions by which natural
waters acquire their characteristics can be obtained by carrying out some
simple imaginary experiments (Figure la). Minerals are mixed with
distilled water and exposed to an atmosphere containing CO.. Congruent
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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, howeter 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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and incongruent dissolution reactions (weathering reactions) take place
because many constituents of the earth’s crust are thermodynamically
unstable in the presence of water and the atmosphere; for example:

CaCO;(s) + H,O = Cazt 4+ HCO;~ + OH-
Calcite

CaCOs(s) + H,COs* = Ca* 4 2 HCO;~

= Na* + OH- + 2 H,Si0, + 14 ALSiO5(OH),(s)
Albite Kaolinite
NaAISlgos(S) + HzCOa* + 4% H20

= Nat + HCO;~ + 2 H,Si0, + 14 AlSi,05(0OH),(s)

CaAIQSi203(S) + 3 HgO = (Ca?t + 2 OH- + AI;SIQO5(OH)4(S)
Anorthite Kaolinite

CaAlSi,O5(s) + 2 H,COz* 4+ H,0
= Ca* + 2 HCO;~ + ALSi,O5(OH)(s)

3 Cao,aaA]4,57Si7,33(0H)4(S) + 2 HzCOa*
= Ca? + 2 HCO;~ + 8 H,SiO; + 7 AlSi,05(0OH),(s)
Montmorillonite Kaolinite

Recognition of the chemical processes involved permits identification
of the variables and mechanisms that regulate and control the mineral
composition of natural waters. With the help of equilibrium constants
for the pertinent reactions, boundary conditions towards which aquatic
environments must proceed can be established.

We can also carry out our imaginary experiment by mixing rocks
with water in a closed bottle, where we leave a little space at the top for
the atmosphere. As epitomized by Sillén (3) and many other researchers
(4), such a closed rock—water—atmosphere system constitutes a simplified
but representative model of what has fittingly been called “spaceship
earth.” In an equilibrium system, the concentration of inorganic solutes
(ocean) and the CO. pressure in the gas phase (atmosphere) are pri-
marily regulated by the heterogeneous reactions involving carbonates and
various aluminum silicates, thus illustrating plausibly that the CO, con-
tent of the atmosphere is regulated at the sea—sediment interface. The
volume proportions in this model (Figure la) appear unrelated to the
real system, but metaphorically the idea of a “gas bubble” is reflected
in the mass proportion of CO. in the geosphere; for every C atom in the
atmospace, there are about 60 C atoms (mostly as HCO;") in the hydro-
space and about 40,000 C atoms (largely as CO,?") in the sediments (4).

Buffering. Heterogeneous dissolution and precipitation reactions are
the principal pH buffer mechanisms in natural waters. It has been shown
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that the buffer intensity of heterogeneous systems is much larger than
that of a homogeneous solution; for example, the buffer intensities at
pH = 8 of anorthite—kaolinite and of CaCO;—CO. (1073 atm) suspen-
sions at hypothetical equilibrium are, respectively, 3000 and 30 times
larger than that of a 10* M HCO;™ solution (4, 5). In a similar way, as
[H'] is kept constant by heterogeneous equilibrium, the concentrations
of other cations and anions in natural waters are buffered by heteroge-
neous reactions. A water that is in equilibrium with solid CaCO; will
tend to maintain a rather constant pCa even if Ca® is introduced to the
water from external sources.

At equilibrium, the Gibbs phase rule restricts the number of
independent variables. It is the basis for organizing and interpreting
equilibrium models. A few simple equilibrium systems (Figure 1b)
are considered in Table I. They are constructed by incorporating the
specific components into closed systems and by specifying the number
of phases to be included. The phase rule restricts the number of inde-
pendent variables (degrees of freedom ), F, to which one can assign values
on the basis of the number of components, C, and of phases, P:

F=C+2—P 2)

In Table Ib, models containing identical components but differing
with respect to the number of phases are compared with each other. An
increase in P must be accompanied by a decrease in F. The activities in
the system, such as number 3 or 5, remain constant and independent of
the concentration of the components as long as the phases coexist in equi-
librium. In Model 6, only one degree of freedom remains for the given
number of components and phases; then P, in the gas phase of the
model will be determined by the equilibrium and cannot be varied
(manostat). The models given in Table I can be enlarged; the addition
of each additional component to an equilibrium system must result in
either a new phase or an additional degree of freedom. Sillén (3), who
demonstrated the relevance of equilibrium models, has proposed equi-
librium systems of different complexity as models for the composition of
the ocean and the atmosphere.

Minivizing ExTernaL DisturBance. The displacement of a chem-
ical equilibrium by a change of the parameters (activity, pressure, tem-
perature) on which equilibrium depends is independent of the path of
the change, but thermodynamically one can predict the sign of the dis-
placement. The principle of LeChatelier has been expressed qualitatively
as follows: “A system tends to change so as to minimize the external
stress.” As we have seen, for a given number of components the number
of independent variables is smaller, the larger the number of coexisting
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Table I. Equilibrium Models;
a: CO; and CaCO; Solubility Models

1 2 3

Aqueous Solution

Aqueous Solution Aqueous Solution CO0.(9)
Phases COy(g) Calcite(s)® Calcite(s)
P 2 2 3
Components H,0, CO, H,0, CO,, Ca0 H,0, CO,, CaO
C 2 3 3
F 2 3 2
Variables* t = 25°C t = 25°C t = 25°C
—log peo, = 3.5 —logp = 0° —log peo, = 3.5
[Ca**] = Cq
Composition
p 5.7 9.9¢ 8.3
pHCO;~ 5.7 4.1 3.0
pCa 3.9 3.3
pHS10,
¢ From Stumm and Morgan (7).
. b HoCOs* is treated as a nonvolatile acid. The system is under a total pressure of 1
atm

¢ By specifying pco, the total pressure p is determined (P = pco: + pH:o). For the
calculation, constants valid at P = 1 atm were used.

phases. The simple equilibrium system CaCOj; H.O, CO. with three
phases (No. 3, Table I) has an infinite buffer intensity with regard to
dilution (H»O) and to the addition of the base Ca(OH), or the acid
CO,; i.e., the system (as long as the three phases coexist in equilibrium)
resists attempts to perturbation caused by the addition (or withdrawal)
of components of the system. Hence, increasing the number of compo-
nents and phases—i.e., increasing the chemical diversity—makes the sys-
tem more resistant toward a larger number of external influences imposed
on the system and hence less subject to perturbations resulting from
external stresses.

Steady State. In contrast to the models discussed above, natural wa-
ters are systems open to their environment, and much of their chemistry
depends on the kinetics of physical and chemical processes. If, in such a
system, input is balanced by output, a steady state condition is attained,
and the system remains unchanged in time. Such a time-invariant con-
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Application of Phase Rule®

b: Aluminum Stlicates and CaCO;

4 ) 6
A queous Solution
Aqueous Solution CO,(g)
Aqueous Solution COy(g) Kaolinate
CO:(g) Kaolinite Ca-montmorillonite
Kaolinite Ca-montmorillonite Calcite
Ca-montmorillonite Calcite Ca-feldspar
4 ) 6
Hzo, COz, CaO
ALO3, S10,
5 5 5
3 2 1
t = 25°C t = 25°C t = 25°C
—log peo, = 3.5 —log Peo. = 3.5
8[Ca?*] = [H,Si0,]¢
7.4 8.3 9.0
3.9 3.0 34
4.2 3.3 3.7
3.2 3.6 3.7
—log Peo. = 4.5

4 This additional constraint is necessary for defining the system; other conditions
could be specified.
e pCOz2~ = 4.4,

dition of a chemical reaction system represents a convenient idealized
model of a natural water system. While an equlilibrium system at con-
stant temperature and pressure is characterized by a minimum in the
Gibbs free energy, energy is required for the maintenance of the steady
state (6, 7). -

Because the sea has remained constant in its composition for the
recent geologic past, it has been described plausibly in terms of a steady
state model. For a steady state ocean, for each element, E, the equation
(d[E]/dt)nput = (A[E]/dt)eqimentation can be written. Because the rate
of sedimentation is controlled largely by the rate at which an element is
converted (precipitation, ion exchange, biological activity) into an in-
soluble and settleable form, the residence time is affected by the readiness
of the elements to react. Hence, elements that are highly oversaturated
(e.g., Al, Fe) have detention times that correspond to the time necessary
for ocean mixing (~103 years). On the other hand, elements with low
reactivity such as Na or Li have very long residence times (~108 years)
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that are perhaps within one or two orders of magnitude of the age of the
ocean.

Steady state models can also aid in understanding fresh water systems
(Figure 1c). A presupposition of steady state frequently permits the
quantitative evaluation of processes such as exchange reactions between
atmosphere and ground waters, mixing relations, limnological transforma-
tions of constituents (see Figure 4), and local hydrological cycles.

Even highly dynamic natural water systems may be at equilibrium
with respect to certain processes; this depends on the time scale of the
process. Hence, there always exist in natural waters regions or environ-
ments that are locally at equilibrium, even though gradients exist through-
out the system as a whole.

Regulation in Ecosystems

Returning to our imaginary closed-bottle experiment, we may expose
the bottle in which we mixed rocks with water to some light. There will
now be a flow of energy through the system. If the bottle contains or-
ganisms, our model (Figure 1la) becomes a microcosmos; a small portion
of the light energy is used in algal photosynthesis and becomes stored
in the form of organic material. Some of the organic matter becomes
oxidized, liberating energy in order to support the life processes (assim-
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Figure 2. Photosynthesis and biochemical cycle
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ilation) of heterotrophic organisms (consumers and decomposers) (Fig-
ure 2). Organisms and their abiotic environment are interrelated and
interact upon each other.

The maintenance of life resulting from solar energy (photosynthesis)
is the main cause for nonequilibrium conditions (Figure 2). Photosyn-
thesis may be conceived as a process producing localized centers of highly
negative pe (pe = —log electron activity ) and oxygen (high pe). The re-
duced components (organic compounds) and the equivalent oxidation
products (O;) become partially stored—e.g., in the sediments and in the
atmosphere-hydrosphere, respectively. The nonphotosynthetic organisms
tend to restore equilibrium by catalytically decomposing the unstable
products of photosynthesis through energy-yielding redox reactions,
thereby obtaining a source of energy for their metabolic needs. The
sequence of redox reactions observed in an aqueous system as a function
of pe values (pH = 7) is also indicated in this figure.

Energy WASTE 02z
Photosynthesis Respiration
P R
Production of — ients Destruction of
Organic Materiol Organic Material

° CO2 Energy
2

/

Nutrients

Lake River
P P T

2

Depth

R

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 P and R organisms. An unbal-
ance between P and R functions leads to pollutional
effects of one kind or another: depletion of O:. if
P < 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 in equilibrium, but upon continued exposure to solar energy, eventually
a steady state balance between production and destruction of organic
material as well as production and consumption of O, will be attained
(Figure 3). At steady state, a constant surplus of O, (equivalent to the
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reduced organic matter present) prevails in the gas and solution phase.
We recognize from our experiment that a system containing living things
extracts energy from the stream of radiation and uses this energy to or-
ganize the system—i.e., the input of solar energy is necessary to maintain
life—and that the flux of energy through the system is accompanied by
cycles of water, nutrients, and of other elements (hydrogeochemical
cycles) and by cycles of life through different trophic levels. Thus, an
ecological system may be defined (8) as a unit of the environment that
contains a biological community (primary producers, various trophic
levels of consumers and decomposers) in which the flow of energy is
reflected in the trophic structure and in material cycles.

In an ecosystem, the energy flow from a source to a sink may lead
to an entropy decrease in the intermediate system. In a statistical sense,
entropy is a measure of disorder. The second law of thermodynamics
demands that any spontaneous process be accompanied by an increase
in entropy—i.e., dS(sourcesink) + dS(ecosystem) = 0. But because
dS(source,sink) > 0, the entropy of the ecosystem may decrease:
—dS(ecosystem) < dS(source,sink). This decrease is reflected in the
ordering of the ecosystem and the presence of such highly improbable
aggregations of energy as living beings (9). Their organization has been
acquired at the expense of an increase in entropy of the environment.
Thus, the ecosystem may be regarded as an “entropy pump” which em-
ploys high-grade solar energy to dissipate excess entropy, thereby main-
taining its physical integrity (10).

Interaction Between Organisms and Abiotic Environment. Steady
state models may be applied to recognize and evaluate factors that regu-
late the interaction between biotic and abiotic variables. For example,
the growth rate of organisms (e.g., bacteria dB/dt = uB, where p is the
net growth rate constant (time™), is determined in a completely mixed
system by the hydraulic detention time, T'y,0 — p’!, because at steady
state, the growth of the organisms, uB, is equal to the outflow of organisms
B/ I‘Hz()'

Another example is illustrated in Figure 4, where some of the impor-
tant steps in the limnological transformation of phosphorus in a lake are
characterized in terms of a steady state model (4). The model simulates
a real system by giving a hypothetical balance of the abundance of P in
various forms and of the exchange rates. The cycle of phosphorus is de-
termined largely by regeneration of P from biota. Primary production
depends to a large extent on the supply of P to the trophogenic layer. For
deeper lakes, the rate of supply from sediments is small in comparison
with the supply by the hypolimnion and by the introduction of P from
waste and drainage. A significant fraction of P introduced into the lake
is irretrievably lost to the sediments.
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Figure 4. Simplified steady state model
describing important steps in the lim-
nological transformations of P in a lake
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The dynamics of the transformations, especially the rate of regen-
eration of nutrients from phytoplankton, detritus, and sediments and the
rate of supply of soluble phosphorus to the algae, are often more impor-
tant in determining productivity than the concentration of soluble P or
the quantity of total P present. Values given in Figure 4 for abundance
of P in various forms, and for exchange rates, have been chosen so as to
be compatible with real systems as reported by various investigators;
residence times, [P]/(d[P]/dt), for soluble P and for P in organisms
are within the range of observed values. At best, this model simulates
a real system to an approximate degree; its main purpose is to offer in-
sight into some attributes and dominant regulatory forces operating in
the real system. Manipulating the values (e.g., waste input) within the
proper constraints helps illustrate how real systems behave.

A fanciful analogy of the earth’s surface geochemical system to a
giant chemical engineering plant has been suggested by Lotka (11) and,
quite recently, by Siever (12) and others. Figure 5 gives Siever’s recent
summary of the main regulatory processes. As he points out, the pro-
vocative feature of this hypothetical chemical engineering plant that de-
scribes the surface of the earth is that one can readily see the multiplicity
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of valves and switches that control the system and the ease with which
this system may be subject to some kind of perturbation if there are vio-
lent movements of any one of the switches. Of particular concern are the
gas regulators of the CO, and O. tanks. The O. tank regulator appar-
ently is governed dominantly by photosynthesis and only secondarily by
weathering; the CO,-regulating system probably is controlled much more
by the weathering system than it is by photosynthesis.

Homeostasis. Anyone who tries to regulate a chemical reaction sys-
tem by a multitude of valves or switches (Figure 5) soon becomes frus-
trated with the instability of his experimental system and appreciative of
automatic control devices (servo systems). For example, for the external
control of preselected pH and CO, activity, an automatic titrator (pH —
stat) can be used to dose continuously and automatically the quantity
of CO, which is necessary to maintain constant pH. Feedback is an
essential feature of such a control system; there are essentially two major
components, a controlling system (error detector) and a controlled system
(13) (Figure 1d).

From the controlled system, a signal is supplied via feedback loop to
the error detector which generates an error signal which in turn adjusts
the value that controls the CO; supply to the reactor. The same kind of
cybernetic mechanism prevails at the level of the individual organism
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as well as in groups of organisms and in entire ecological systems. The
word “homeostatic” has been used to indicate constancy maintained by
negative feedback. A living species adapts to diverse and various environ-
ments by two methods: genetic specialization and adaptive plasticity of
the phenotype (14). This latter type of adaptation, whereby a species
adjusts successfully to a spectrum of environments, occurs by homeostatic
mode. Information concerning the effects of an organism’s own actions
on a variable of the system is perceived and fed back to the organism,
thereby altering its subsequent performance. Population homeostasis re-
quires a similar feedback of information on whether the system is in
balance and, if not, how far it is away from the balance point (15).

At the cellular level, mechanisms that specifically regulate the dis-
similatory activities of heterotrophic microorganisms include enzyme
repression and enzyme inhibition. In enzyme repression, a substrate or
a metabolic intermediate related to the substrate represses further syn-
thesis of an unrelated dissimilatory enzyme, whereas the term inhibition
applies if a metabolic intermediate inhibits an existing unrelated dis-
similatory enzyme (16).

The members of a typical ecological community are interdependent
by various interrelated homeostatic mechanisms. The community of
organisms involved in an anaerobic methane fermentation is a simple
example of a system where several types of organisms coexist through
interdependency. The transformation of fatty acids to CH, is a multistep
process requiring several species of methanogenic bacteria. Interaction
between species—e.g., between predator and prey—can be considered
similarly in terms of negative feedback regulation (I17). An excessive
number of offspring is produced by prey. This number is reduced to a
lower level through destruction by the predator. As pointed out by
Margalef and others, such destruction is density-dependent, because the
existing number of individual predators in turn was determined by the
number of prey at a previous time. More commonly, a predator may
eat a variety of animals, but since the most abundant kinds would be
caught most often, there is a sort of automatic limit on abundance for
any given species (2).

Our bottle microcosmos will eventually reach a fairly steady state
when, despite a constant turnover of individuals in the community, mor-
tality is balanced by reproduction (18, 19, 20). The composition of the
community of microorganisms may then be described in terms of macro-
scopic parameters. Experimentally, we can now test to what extent this
microcosmos tends to maintain its structure despite environmental changes
and shocks.

Ecological Diversity and Stability. The operation of a well-regulated
synthetic system in a variable environment is difficult. If we subject a
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microcosmos—e.g., our bottle—to an external stress (change in light
energy, temperature, biotic or abiotic composition), we can test the
extent of disturbance by measuring the shift in environmental variables
and its parameters. Qualitatively, the following observations are repre-
sentative. Stress tends to reduce diversity by eliminating the stress-
sensitive species and in some cases in turn by decreasing the degree of
organization. Despite the reduction in diversity, the total number of
organisms of a certain species, usually a generalist, may increase because
of the lessened competition by the specialists (21). Although with dif-
ferent types of disturbances different microscopic effects are observed,
macroscopically the pattern of loss of structure is quite general (2I).
Most important in our experimental system is the observation that the
higher the biotic and chemical diversity of the system, the smaller the
disturbing effect of the stress.

In a complex ecological community, all its members play their part
in cycling nutrients (15, 22). They are interlocked by various feedback
loops and are thus adapted for mutual advantage; because of the involved
network of checks and balances (switches, valves, error and control sig-
nals) and the complicated food web, each species has multiple relation-
ships with other species in the community (10, 23). The survival of the
system as a whole is promoted. A qualitative condition for stability has
been stated by E. P. Odum (24): In the passage of energy from the sun
to the lowest trophic level and hence up to the highest level of carnivore,
the degree of choice in the paths that the energy can follow through the
food web is a measure of the stability of the community. High chemical
buffer intensity and extensive chemostasis together with biotic diversity
and extensive homeostasis reflect stability in the ecosystem.

Stream Pollution as a Disturbance of Ecological Balance

Although experience with various kinds of pollution is extensive,
characterization of the kind of detrimental effect that results from it may
not have been generalized sufficiently. Alteration of the environment does
not necessarily constitute pollution; nor does any departure from a con-
dition of positive purity. When is the alteration of the environment
unfavorable? There are essentially three categories: (1) pollution by
toxicity—i.e., by agents that directly or after incorporation into the food
chain represent a direct hazard to man (e.g., poisons, toxic substances,
ionizing radiation ); (2) pollution resulting from a departure of a balance
between photosynthesis and respiration; this type of disturbance is usually
caused by organic wastes or by algal nutrients (usually nitrogen and
phosphorus compounds) and may also occasionally result from thermal
pollution; and (3) pollution as a direct or indirect impairment of the
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integrity of the diverse ecosystems that together constitute the biosphere;
simplification and decrease in stability of an ecosystem tend to reduce
its survival value.

We will consider here primarily categories (2) and (3) and will
illustrate with a few representative examples how water pollution may
be interpreted first as a disturbance in the ecological balance between
autotrophic and heterotrophic organisms and then more generally as a
loss in stability.

Balance Between Photosynthesis and Respiration. We may consider
a stationary state which involves photosynthetic production, P = dp/dt
(rate of production of organic material) and heterotrophic respiration,
R (rate of destruction of organic material) (Figure 3). We can charac-
terize this steady state chemically by a simple stoichiometry:

106 CO, + 16 NO;— + HPO + 122 H,O + 18 H* (4 Trace elements;
[ 1 energy)
P, | |R

L
( CIOGH2630110N16P1

Algal Protoplasma> + 1380, @)

A temporally or spatially localized disturbance of the balance between
photosynthesis and respiration (Figure 3b,c) leads to chemical and bio-
logical changes which constitute pollution (5, 25, 26). For an open
system, the steady state balance is characterized by

I+P~R+E, (3)

where I and E are rate of import and export, respectively, of organic
matter. The P-R balance becomes upset when a natural water receives
an excess of organic heterotrophic nutrients or an excess of inorganic
algal nutrients. This balance may also be disturbed by a physical sepa-
ration of the P and R organisms. The condition P > R + E — I is
characterized by a progressive accumulation of algae, which ultimately
leads to an organic overloading of the receiving waters. When R > P +
I — E, the dissolved oxygen may be exhausted (biochemical oxygen
demand) and ultimately NO;", SO,2, and CO. may become reduced to
N:(g), NHy, HS", and CH,(g). The balance between P and R is neces-
sary to maintain a water in an aesthetically pleasing condition: When
P =~ R, the organic material is decomposed by respiratory ( heterotrophic)
activity as fast as it is produced photosynthetically; O, produced by
photosynthesis can be used for the respiration (Figure 3). In a stratified
lake, a vertical separation of P and R results from the fact that the algae
remain photosynthetically active only in the euphotic upper layers; algae
that have settled under the influence of gravitation serve as food for the
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R organisms in the deeper layers of the lake (Figure 3b). Organic algal
material that has been synthesized with excessive CO: or HCOj;™ in the
upper layers of the lake becomes biochemically oxidized in the deeper
layers; most of the photosynthetic oxygen escapes to the atmosphere and
does not become available to heterotrophs in the deeper water layers.
An excessive production on the surface of the lake (P >> R) is paral-
leled by anaerobic conditions at the bottom of the lake (R >> P).
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Figure 6. Stoichiometric correlations between soluble nitrate, phosphate,
oxygen, and carbonate carbon in the western Atlantic (Ref. 27)
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The balance between P and R is responsible for regulating the con-
centration of O in the oceans and the atmosphere (27). Thus, biological
processes in the sea (probably more than half of the total global photo-
synthesis takes place in the sea) regulate po, and in turn the redox inten-
sity of the interface between atmosphere and hydrosphere.

How organisms can influence the composition of natural waters is
shown in Figure 6A, which gives a correlation between dissolved nitrate
and dissolved phosphate for the waters of the western Atlantic. The mole
ratio is AN/AP ~ 16. A similar constant correlation is found in other
seas and in lakes. The slope of the correlation curves in Figure 6 is readily
understandable if we consider that the deviations in the concentrations
of phosphate and nitrate result from deviations in the steady state of
P and R. As is suggested by the stoichiometry of Reaction 2, in the photo-
synthetic zone phosphate and nitrate are eliminated from the water for
algal growth in a ratio of 1:16. In the deeper water layers, settled algae
become mineralized, whereby phosphate and nitrate are released into
solution again in a ratio of 1:16. Because O, participates in the photo-
synthesis and respiration reactions, corresponding correlations are ob-
tained between phosphate and O. (AO./AP =~ 138) and between nitrate
and O, (AO./AN ~ 9) (Figure 6B). The correlations found are in ac-
cord with the stoichiometric composition of plankton. Figure 6C shows
the correlation between nitrate nitrogen and carbonate carbon in the
waters of the western Atlantic.

It is remarkable that the summation of the complicated processes of
the P-R dynamics, in which so many different organisms participate,
results in such simple stoichiometry. The stoichiometric formulation of
Reaction 2 reflects in a simple way Liebig’s Law of the Minimum. It
follows from Figure 6 that, as a result of photosynthetic assimilation, sea
water becomes exhausted simultaneously in dissolved phosphorus and
nitrogen. Not considering temporary and local deviations, one infers from
Figures 6 and 7 that nitrogen and phosphorus together determine the
extent of organic production in the sea, while phosphorus appears to be
the limiting factor in the productivity of the two lakes from which data
are represented in Figure 7. For a and b (Lake Zurich), data collected
at various depths during the summer stagnation period have been plotted.
For b, only results from the deeper water layers were considered. Figure
7c (Lake Norrviken) plots analytical results obtained during winter stag-
nation (the lake was covered with ice).

The introduction of organic and inorganic nutrients into a stream
affect P and R, but need not necessarily disturb the P-R balance. Sewage
ponds and algae ponds are examples of systems with very high rates of
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assimilation and respiration; such ponds do not produce disorders with
P ~ R—i.e., as long as the organic material synthesized is decomposed as
fast as it is produced. A balance between P and R is a necessary but not
sufficient attribute of a nonpolluted and aesthetically pleasing condition.
We may compare the algae pond with similarly productive coral reefs
(28). While in algae ponds we find a simple and short producer—con-
sumer food chain of great instability, coral reefs are stable systems made
up of a complex community with a large number of energy pathways.
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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. As this comparison between
algae pond and coral reef epitomizes for two ecosystems of comparable
primary plant productivity, the more diversified system is more resistant
to external perturbations. Although the cause and effect relationship
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between diversity and stability is not clear (8), it has been shown experi-
mentally that diversity indeed accompanies physical stability.

Our microcosmos bottle, as all ecological systems, whether man-made
or natural, must in the long run achieve a steady state. Thermodynamics
does not indicate how open systems become adjusted; it merely predicts
that natural spontaneous processes are directed toward an entropy in-
crease (free energy decrease). Entropy has been called (29) “time’s
arrow.” In going from an initial to a stationary state, the rate of entropy
production decreases. Prigogine (7, 30) has described the steady state
as one of minimum entropy production (least free energy dissipation)
compatible with external constraints upon the system (e.g., fixed concen-
trations or affinities in the environment). This interpretation may be
considered an extension of LeChatelier’s principle to nonequilibrium
systems. According to Prigogine’s analysis, such a stationary state has a
well-known stability against external perturbations because a state of
minimum entropy production cannot leave this state by a spontaneous
irreversible change. If as a result of some fluctuation it deviates slightly
from this state, internal changes will take place and bring back the
system to its stable state.

Prigogine’s theorem is only valid when the system is fairly close to
equilibrium, and thus its validity for ecological systems cannot simply be
assumed (6, 31). But even if we keep its limitations in mind, we may
consider the Prigogine theorem as a phenomenological principle, because
it fits in excellently with many of the observed characteristics of ecological
systems and because it formulates in a most concise way observed eco-
system development. Although the general validity of the principle
awaits further elucidation, it is in accord with the fact that organisms
actually show a decrease of entropy production during development
toward the stationary state, and similarly that the succession of eco-
systems is directed toward the state with the least production of entropy
(per time and mass unit) (30). It also agrees with the principle that the
ecosystem organization generally increases during succession, a fact that
appears to accord well with descriptive studies on natural systems (8, 17,
25, 32). At stationary state, the system does not come to a halt; although
biological and chemical reactions take place, the system is merely charac-
terized by a zero macroscopic change.

The bioenergetic basis of ecosystem development has been docu-
mented by many ecologists and has recently been reviewed by Margalef
(17) and E. P. Odum (8). H. T. Odum and Pinkerton (29), building on
Lotka’s law of maximum power in biological systems (1I), pointed out
that succession involves a fundamental shift of the energy flow in the
direction toward a steady state (referred to by ecologists as climax) as
increasing energy is being used for maintenance. At steady state, an opti-
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mum in metabolic efficiency is attained. In accord with these funda-
mental considerations, ecological succession has been described by E. P.
Odum (8) as follows: (1) Succession is an orderly process of community
development that is reasonably directional and therefore predictable.
(2) It results from modification of the physical environment by the com-
munity; i.e., succession is community-controlled even though the physical
environment determines the pattern, the rate of change, and often sets
limits as to how far development can go. (3) It culminates in a stabilized
ecosystem in which maximum biomass (or high information content) and
symbiotic function between organisms are maintained per unit of avail-
able energy flow.
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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

Figure 8 displays qualitatively the development of ecosystems; the
attributes used to describe the developmental stages are those of Odum
(8). Common trends, abstracted from observations, are summarized in
this figure. The time scale for the process of succession is extremely
variable and depends on the type of ecosystem under consideration. The
autotrophic succession of an aquatic laboratory microecosystem into a
mature system may take only a few weeks, while a forest succession
involves a time span of 100 years or more.
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For a typical aquatic microcosmic system, the sequence of events
based on experimental data by Cooke (19) [described by E. G. Odum
(8)] is as follows: During the first 40 to 60 days, daytime net production
(P) exceeds nighttime respiration (R), so that biomass accumulates in
the system. After an early “bloom” at about the 30th day, both rates
decline to become approximately equal at the 60th to 80th day. At the
same time the B/P ratio (grams of biomass carbon supported per gram
of daily carbon produced) increases from less than 20 to more than 100
as the steady state is reached. Not only are autotrophic and heterotrophic
metabolism balanced in the climax, but large organic structure is sup-
ported by small daily production and respiration rates. Similar patterns
of development, although at different rates, may be observed on land
and in bodies of natural waters.

Margalef (17, 32) describes succession as a process of self-organiza-
tion as it occurs in every cybernetic system with the properties of an
ecosystem; he sees succession as a process of accumulating information.
It results from indefinite iteration with variables tending toward a sta-
tionary endstate.

Man’s Influence upon Succession. In accord with our previous con-
siderations, an unpolluted ecological system is one in which energy flows
are decreasing while increasingly complex checks and balances are being
developed, in which instability is giving way to stability, and where,
despite possibly increased biomass, net production is small (P ~ R).
How does man’s action affect the general pattern of ecological succession?
Figure 8 suggests a few relevant criteria.

Energy transfer, reciprocally interrelated with biological structure,
is perhaps the most important attribute of ecological successional stage.
The input of energy causes a reduction in maturity and will “drive” an
ecosystem into a younger developmental stage of higher net productivity
and of decreased structure. As pointed out by H. T. Odum (33), man’s
success in adapting some natural systems to his use has essentially re-
sulted from applying auxiliary work circuits, using fossil and atomic
energy, into plant and animal systems. Obviously, we need to exploit
ecosystems for food production, but progress in agricultural food pro-
duction, essentially achieved by pumping more auxiliary energy (mechan-
ical energy, heat, chemical energy in form of organic and inorganic
nutrients) through a system, must be paid for by destruction of homeo-
static mechanisms and loss of structure. By clearing land, by planting
crops, and by controlling weeds, pests, and other competitors, a mono-
culture of high crop productivity and of high instability is established.
It appears well documented that deforestation causes erosion of primary
minerals; nutrients originally locked in the biota can no longer be retained
by the soil system (34). Not only does the soil system become less stable;
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the downhill flow of nutrients from soil to water also is enhanced. As
pointed out by Leopold (35), soil and water are not two organic systems,
but one; a derangement in either affects the health of both. If energy
input remains small, complex nutrient circuits caused by longer food
chains retard the drainage and erosion of nutrients into the water and
enhance their storage in soils. Dredging of sediments, cutting of reeds,
and fluctuations in water level, temperature, or velocity gradients de-
crease the number of ecological niches and reduce the maturity of the
system.

Excess autotrophic or heterotrophic activity, and hence water pollu-
tion, is caused by acceleration of energy flow and of exchange of rates
resulting from direct input of organic and inorganic waste constituents
into receiving waters.

STRANGE MATERIALS. The introduction into receiving waters of mate-
rials nonindigenous to ecosystems (toxic substances, ionizing radiation,
organic substances which are not of recent biological origin, e.g., petro-
chemicals) leads to a decrease in the number of pathways for energy
flow and thus upsets the community structure. The ecological effects
caused by such materials or agents follow the same general pattern known
from other types of disturbances. Woodwell (21), in generalizing on
pollution, has concentrated on some of the most gross changes in the
plant communities of terrestrial ecosystems and has illustrated lucidly
that changes in ecosystems caused by many different types of disturb-
ances are similar and predictable. A similarity of response has been
documented for either chronic irradiation, fire, exposure to sulfur dioxide,
or pollution by herbicides and pesticides. In the cases reported (21), the
loss of structure typically involved a shift away from complex arrange-
ments of specialized species toward the generalists; away from forests
toward shrubs; away from diversity in birds, plants, and fish toward
monotony; away from tight nutrient cycles toward loose ones, with terres-
trial systems becoming depleted and with aquatic systems becoming
overloaded; away from stability toward instability.

Pollution by Petrochemicals. Oil and petrochemical wastes are
quite refractory when introduced into natural waters; they foul up
beaches, kill water birds, and become incorporated into the food chain,
thus possibly imparting odor, tastes, and toxicity to the water and
its food products. It is, perhaps, not sufficiently recognized that such
substances might also adversely affect ecological interactions between
organisms. As shown recently by Blumer (36) and coworkers for aquatic
organisms, behavioral patterns such as food finding, avoidance of injury,
choosing of a habitat or host, social communications, sexual behavior,
and migration or recognition of territory appear to be controlled sensi-
tively and specifically by chemical cues. Pollution products that often
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differ structurally from these signaling substances may blur chemotactic
stimuli or may mislead by mimicking signals. This example illustrates
that pollution cannot be fully characterized by simple yardsticks.

Water Pollution Control

Concepts have to be converted into practice. While our ultimate
goal is to stabilize the ecosystems of our environment, we find ourselves
caught in a conflict between resource exploitation and pollution control.
There is a need to feed the human population and a desire to maintain a
culturally advanced civilization and a high quality of life. Hence, we
have to continue to utilize energy, exploit the earth’s crust for fuels and
minerals, manipulate the land, and establish monocultures for high agri-
cultural productivity. Despite technological advances, we lack scientific
knowledge and understanding of how to resolve this conflict and how
to decide which ecological balance is most desirable for man. As pointed
out by Dubos (37), “technological fixes are of course needed to alleviate
critical situations, but generally they have only temporary usefulness.
More lasting solutions must be based on ecological knowledge of the
physiochemical and biological factors that maintain the human organiza-
tion in a viable relationship with the environment.”

The Pollutants. Figure 9 gives a diagram of the exponential growth
of the human population, of energy consumption, and of fertilizer pro-
duction (38). Basically, it is this growth which causes progressively
rising levels of ecological disorder. Pollution is inextricably interrelated
with the use that is made of energy resources (39).

Most of the conscious and reasonably successful efforts of environ-
mental and sanitary engineers have been and will continue to be directed
toward the reduction of organic carbon of biological wastes. For many
natural waters, however, other pollutants are ecologically more harmful
and may become even more so in the future. Inorganic fertilizing ele-
ments are often more serious pollutants than biological wastes for most
of our lakes, estuaries and near-shore oceanic waters. While biological
wastes and inorganic fertilizers cannot yet cause substantial alterations
(besides local and temporal transients) in the composition and biology
of the oceans, the invasion of the oceans by petrochemical wastes (fossil
carbon compounds) may cause substantial modification of ecological
interrelations in the ocean. Conventional biological waste treatment
efficiently reduces those organic compounds that would be eliminated
anyhow by the forces of self-purification. It is relatively inefficient with
regard to strange organic chemicals. For many inland waters, more
emphasis upon the elimination of refractory carbon compounds is neces-
sary. The instability of some rivers during episodic shocks of a toxic



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch001

24 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

Fertilizers /

yeor e -
b / 4
4
3 // <
' L
0" (3220 miien |
L pulation Growth 7’ .
e
07
toms £
08
tons :
r Production of Fertilizers 1
5 NY e
30!
1900 1950

R Vollonwolder Techmcal Report
tion for E
and Development, Paris

Figure 9. Exponential growth of population, energy
utilization, and fertilizer production (Ref. 38)

substance is frequently an indication that the river has lost its diversity.
While many refractory chemicals, at the low concentrations encountered,
do not impair the dissolved oxygen balance and do not interfere with the
apparent health and survival of fish, they may prevent some fish from
returning to their streams of birth for breeding (31). While one need
not be exceedingly concerned about the disappearance of a species—
i.e., a salmon in a particular stream—such a disappearance signals an
environmental stress and a decrease in community metabolism.

Because of the continuous increase in energy supply, heat will be-
come one of the most relevant water pollutants of the future. Using
ecological criteria, more knowledge has to be developed on how and
where to dispose of heat intelligently.
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Practical Problems. As we have seen, many different types of dis-
turbances cause changes in ecosystems that are similar and in broad
outline predictable. What has been called (8) the “strategy of ecosystem
development” provides a most important basis to anticipate the ecological
effects of pollution and to evaluate measures of water quality control.
Table II lists some examples of measures and how they grossly affect
water quality. This brief list illustrates that water pollution control

Table II. Some Measures of Water Quality Control

Reducing Ecological Stability Promoting Ecological Stability

P-R Balance Restoration

by reducing waste input

by harvesting or washing out of
biomass

by reducing relative residence time
or by trapping of nutrients

by mixing (bringing P and R to-
gether

by fish management

by aeration

Increase of Energy Flow
by disposing nutrients for
heterotrophs and autotrophs
by mixing (destratifying, sediment
dredging, etc.)
by heat disposal
by imposing turbulance

Exploitation of Adjacent Soil Conservative Land Management
by crop growing, seeding, weeding, by reforestation
and grazing by restricting monoculture
by fertilizing and irrigating productivity
by deforestation by zoning (maintaining zones
by converting grass land into adjacent to open waters which

cropland are kept free of fertilizers and
by applying herbicides and of low net productivity)
pesticides by controlling erosion

by using detritus agriculture

Reduction of Structure Enhancement of Biological

Complexity

by using algicides

by destruction of niches (removal
of reeds)

by episodical physical pertur-
bations (flushouts, temperature
discharges, shock loadings)

by excessive harvesting

by disposal of strange chemicals

by interfering with chemostasis

by establishment of ecological
niches (zones, waterfront
development)

by seedingdiverse populations and
recirculating certain organisms

by maintaining relatively high
biomass compatible with energy
flow

by maintining stratification

by selective havesting

by maintaining high chemical
buffer intensity (weathering of
rocks)
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consists not only of waste treatment; many other physical and biological
means of stream management need consideration. Especially important
is the realization that the coexistence, side by side, of a highly productive
agriculture and of a nonproductive surface water is not possible. The
activities necessary to maintain a soil monoculture (plowing, seeding,
weeding, fertilizing, irrigating, controlling pests, etc.) are incompatible
with and counteract measures designed to keep lakes and bays in a non-
polluted and oligotrophic state. Quite typically, less than half of the
nutrients introduced into a lake originate from municipal wastes (2I).
Zoning of land in the watershed—specifically, the restriction of use of
land in the corridor adjoining the surface waters with preference to
diversified ecosystems of long food chain—is among the most powerful
measures for water pollution control.

Some of the measures listed in Table II have dual or multiple effects
and have to be assessed depending on the circumstances. For example,
mixing a body of water—i.e., destratifying a lake—has a variety of effects
and thus may either decrease or increase the lake’s ecological stability.
Mixing destroys ecological niches, reduces activity gradients, and shortens
the food chain; hence, the lake becomes more dynamic, with an increased
energy flow per biomass reflected in higher gross productivity and respira-
tion. On the other hand, mixing brings P and R activities into closer con-
tact and better balance, thus reducing net productivity (Figure 10).

P=R
P
P>R
T> t2
3 B8 = [ (P-R)dt
o~
‘g 10 1
E
g
o
R>P
1
10 R

gram m? doy"

Figure 10. Mixing of lake may de-
crease net productivity

Mixing the top layers (photosynthetic functions; P > R) with the bottom
layers (heterotrophic functions; R > P) increases P and R but may
decrease the standing biomass B. Furthermore, the effective relative
residence time of the nutrients in the lake is reduced, thus decreasing the
total nutrient reserve of the lake. Reducing the residence time of a
nutrient to one half is equivalent to a 50% reduction in the nutrient
input into the lake.
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EutropHicATION. In stratified waters, the continuous sequence of
nutrient assimilation and mineralization of organic matter accompanied
by the physical cycle of circulation and stagnation leads to a progressive
retention of fertilizing constituents and in turn to a progressive increase
in productivity. This aging process from low to high production is often
referred to as eutrophication. How does this developmental process
enhanced by human influence fit into the pattern of ecological succession?
Evolutionary succession in a hypothetical lake to which input of nutrients
were curtailed to zero would be in the direction of oligotrophy. Accord-
ingly, as pointed out by Margalef (17), oligotrophy as a more mature
state should succeed eutrophy, not precede it. The development from
an oligotrophic to a eutrophic state—i.e., to a state of lower species
diversity and lower maturity—is caused by nutrients that are continuously
discharged into these waters by runoff from land and by pollution. This
inflow of nutrients into a eutrophic lake keeps it in a state of low maturity.

There is documentation that, in a few instances, lakes that apparently
have become sufficiently insulated from nutrient supply have spontane-
ously developed in the direction of oligotrophy. For example, it is evi-
denced by the “memory” stored in sediments that Lake Zurich has gone
through eutrophic episodes (40), a thousand or more years ago, as a
result of events not yet known (erosion, deforestation, etc.) from which
the lake could recover. This lake has, since the turn of the century,
undergone extensive cultural eutrophication (40). Hutchinson (41)
describes the development of a small crater lake between Rome and
Siena (Lago di Monterosi). In this case, cultural eutrophication was initi-
ated 2000 years ago not by artificial liberation of nutrients into the water,
but by a subtle change in hydrographic regime. Later the lake became
rather less eutrophic. Such case histories, together with the changes
observed in Lake Washington after sewage had been diverted completely
from the lake (42), provide important lessons.

Final Remarks

In the last hundred years, man has attempted to master his environ-
ment by applying ever increasing power, despite a lack of understanding.
Appreciation of the various physical, chemical, and biological factors that
regulate the composition of natural waters provides a basis for a more
general formulation of pollution. In view of man’s inability to adapt to
major environmental changes, pollution may be equated with disturbance
in ecological balance and loss of stability. Because various kinds of
disturbances cause similar and reasonably predictable changes in aquatic
ecosystems, various means of water pollution control beyond those of
waste treatment can be outlined.
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The stress imposed upon the environment results primarily from the
fact that the western way of life is dependent on high energy utilization;
but continued unlimited growth in energy dissipation is incompatible
with maintenance of ecological stability and high quality of life. The
ecological constraints demand the alteration of human, social, and eco-
nomic systems toward a stationary state, where resources and materials
have to be recycled as much as possible.
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Time to Chemical Steady-States in
Lakes and Ocean

ABRAHAM LERMAN
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.

In natural systems of large dimensions—bodies of water, sediments,
atmosphere—many chemical processes are controlled by the transport
of reacting species through the system. The distribution of chemical
species in natural systems is only too often not homogeneous; concentra-
tion gradients and more or less abrupt changes in abundance from one
part of an environment to another are commonplace. In general, the
nonhomogeneous distributions of chemical species are a combination of
(i) the geometry of the environment: its shape and location of the
“sources” and “sinks” of the chemical species; (i) physics: mechanisms
of transport of matter through the system; and (iii) chemistry: the nature
and rates of the chemical reactions in which the species enter.
Knowledge of these three facets of a natural system is indispensable
when we need to understand its present chemical state and also to predict
quantitatively the changes in the chemical state and their duration, as
would occur when the present characteristics of the system change.
In order to visualize the significance of the geometric, physical, and
~hemical factors, one might consider a system consisting of a sediment
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and a water column above it. The geometric factors in this case are the
location of the sources of the chemical species—for example, at the
sediment-water interface, within the sediment, or distributed throughout
the water column—and its sinks, such as removal by a chemical or bio-
chemical reaction occurring throughout the system, removal in outflow,
or evaporation.

The relevant chemical aspects of such a system are the concentration
or rate of production of the chemical species at the source and the nature
and rates of the reactions involving the species. Biological production
and consumption of a dissolved substance can in certain cases be treated
(1) as if it were a chemical reaction of a simple order.

The transport mechanisms include dispersal by diffusional processes,
water flow (advection), settling of biological or detrital particles through
the water column, and accumulation of sediment on the floor. In view of
the primary significance of diffusion in the transport of dissolved matter
in a water column, this mechanism and its bearing on a number of
chemical processes will be discussed in detail in this paper.

Different diffusional processes and the magnitude of the characteris-
tic diffusion coefficients are identified in Figure 1. With reference to
vertical migration of chemical species through water-filled sediments and
water column of lakes and ocean, the relevant diffusional processes are
the molecular and eddy diffusivity, respectively. The difference of several
orders of magnitude between the molecular and eddy diffusion coefficients
reflects the much more rapid dispersal by turbulent eddies in natural
bodies of water. The much higher values of the eddy diffusivities in sur-
face waters are owing to the greater effect of the wind-generated turbu-
lence, as compared with the deeper parts of the basin. The values of the
diffusion coefficients within a particular type of environment (such as
porous media or thermocline layers) may vary by several orders of magni-
tude, and there is some overlap between different environments (Figure
1). The large variation in the values of the diffusion coefficients reported
in the literature for different chemical species in different environments
and the laboriousness of their determination in natural environments make
it difficult in many cases to obtain accurate estimates of the time required
for a certain chemical process to go to completion. However, when the
diffusivities are not well known, it is still possible in some systems to
choose “reasonable” lower and upper limits of the diffusion coefficients
and thereby to bracket the model in short and long time estimates.

The effects of the magnitude of eddy diffusivity on the transport of
a dissolved species in a stratified body of water are discussed in some
simplified lake models and an example from a real lake in the next two
sections.
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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

An idealized picture of a stratified body of water is a well-mixed
layer at the surface, a layer with a more or less pronounced density gradi-
ent (pycnocline) below it, and a well-mixed layer below the pycnocline.
In many fresh water lakes, the density stratification is thermal in origin,
and the concentrations of major dissolved solids are the same in the
lighter and denser layer. A difference in concentrations between two
layers might arise, for example, when a large influx of warmer water
raises the lake level appreciably. A certain amount of mixing is likely
to occur in the initial stages of flooding, with the result that a chemical
species distributed homogeneously in the original lake retains its homo-
geneous distribution in the deeper layer, but a concentration gradient
comes into being in the mixed layer. Such cases of flooding of a saline
layer by a layer of lighter water have been discussed for some Antarctic,
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Arctic, and Pacific Coast lakes (17, 18, 19). This is shown diagrammati-
cally in the inset of Figure 2; the initial concentration in the upper layer
(C:°) is nil. Another possible application of the model is when a dis-
solved species has been introduced into one of the mixed layers. Dif-
fusion through the pycnocline subsequently establishes a concentration
gradient, and the material reaching the other mixed layer is uniformly
dispersed within it. The model may apply from the early stages of such
a process, after some material has crossed the middle layer, provided the
concentration gradient is approximately linear. When a three-layer sys-
tem remains closed and the dimensions of the water layers do not change,
a conservative chemical species in one of the mixed layers would re-
distribute itself between the two layers because of the diffusional flux
down the concentration gradient from one mixed layer into the other.
For a case of transport from the lower into the upper mixed layer,
change in the concentration in the upper layer (C.) as a function of time

©
~
o~
©
c3=0
h, | 'CZ'C'H -o)
Ah
h, I(f-O)
¢
1 1 1 1 1 1
(o] 10 20 30
TIME (years)

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

Rate of change in concentration (Cz) in layer ha. C1° and
Cs° are initial concentrations in layers hy and hg identified
in the inset. Upper and lower layer assumed well mixed;
linear concentration 5radient in middle layer. Equation 10,
with Equations 7 and 9. Thickness of water layers: hy = hs
= 25 m, Ah = 10 m. Concentration—time curves were com-
puted for the following diffusion coefficients, from left to
right: K =58 X 102, 1 X 102 and 5 X 103 cm? - sec’l.
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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is shown in Figure 2; the curves have been calculated for a 60-m-deep
water column (lower layer h; = 25 m, pycnocline Ah = 10 m, and upper
layer h, — 25 m) for three different eddy diffusion coefficients in the
pycnocline (5 X 102, 1 X 102, and 5 X 102 cm? - sec?). These values
of the eddy diffusion coefficient are in the range reported for pycnoclines

t (years)

0.8 -—————mmmm I Attt i i

Ky/K, 210

(=]
L oat —
10 —T
|LIMITT=0.5 Cy
v
i (t=0)
1 -
c— ¢,
[=60m 1.0
o.l K,=|0.1 cm2/sec _|
h=30m 0.0l

K, = 0.1cm2/sec

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.

C. is initial concentration in the lower layer (h). Ki and K3 are eddy

diffusion coefficients in the lower and upper layer, identified in the
inset. Equation 17.

in stratified lakes (Figure 1). The curves in Figure 2 for the rate of
increase in concentration show that the concentrations in the two layers
would equalize in a relatively short time (10-40 years). The time re-
quired to attain equal concentration in such a model lake depends on
the eddy diffusivity in the pycnocline and on the vertical dimensions of
the individual layers.

Concentration-time curves for a two-layer water column of some-
what different physical characteristics are shown in Figure 3. In this
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model, the two water layers (each 30 m thick, shown in the inset of Fig-
ure 3) are not well mixed; each is characterized by a different value of
the eddy diffusion coefficient. As in the previous example, the values of
the eddy diffusion coefficients were taken to represent the range reported
for stratified lakes. Initially, a conservative species (inset of Figure 3)
is homogeneously distributed within the lower layer, its concentration
being C,. Migration across the boundary between the two layers and
subsequent dispersal within the upper layer would eventually equalize
the concentrations. At the limit, the concentration of the species would
be homogeneous throughout the two layers and equal to C,h/L

The conclusion which may be drawn from the curves in Figure 3 is
essentially the same as for the three-layer system discussed earlier: the
time required to attain equal concentrations is relatively short, 1-20 years.

The preceding discussion of the two simple models suggests that in
closed lakes with stationary stratification of the water column, a change
in the chemical composition of one of the layers is a transient phenome-
non of relatively short duration. In order to maintain a steady concentra-
tion gradient in a lake water column, the lake must be open, such that
the input of solute is balanced by its removal. Some examples of such
cases have been discussed by Hutchinson (7, p. 480 and ff.).

Calculation of Concentration-Time Curves for a Three-Layer Model
(Figure 2). The simplest way to estimate how long it would take for the
concentrations in the lower and upper layer to become equal is to assume
that the flux across the pycnocline is at all times proportional to the con-
centration difference between the upper and lower layer

F =k(C— () 0y

where F is the flux of dissolved species (gram - cm™ - sec™), k is a con-
stant proportionality factor of dimensions cm - sec™, and C, and C, are
the concentrations in the lower and upper layer, respectively (gram -
cm’3).

From the two following equations, C; and C» may be evaluated.

Rate of concentration change in lower layer: % = — ;% (C,—Cy) (2)
1
Mass balance: Q. = Cihy + Cahy + (C1 + Cy)AR/2 3)

where Q, is the total amount of the chemical species (gram - cm) in the
lake. Q, may be expressed in terms of the initial concentrations in the
two mixed layers and the mean concentration in the pycnocline:

Qo = C1°hy + Co°hy + (C1° + C,°)AR/2 4)
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Substitution from Equation 3 into Equation 2 and integration give

C, = ﬁz [1 — e~a+okt] 4 (O L +arkt (5)
C, = __Q“___ [1 — e—+akt] 4 (C,C—+aIkt (6)
hy + ke + AR
where hy + Ah/2 @)

* = (ks + ARJ2)

Constant k may be evaluated as follows. When the flux (F) through the
pycnocline is eddy diffusional in nature and the concentration gradient
is linear, then

AC K
F=Kg=73;C-0C) ®
where K is the eddy diffusion coefficient in the pycnocline layer (cm? -
sec?) and AC is the difference between the concentrations at the pycno-
cline boundaries. For the case when eddy diffusivity in the pycnocline is
constant, comparing Equations 8 and 1 gives

k = K/Ah 9)

A similar derivation has been given in Ref. 20.

For the model shown in Figure 2, the thickness of the pycnocline
Ah = 10 m, and eddy diffusion coefficient in the pycnocline was given the
values of K =5 X 103, 1 X 102 and 5 X 102 cm? - sec’l. From Equa-
tion 9, the values of k are 1.58, 3.16, and 15.8 m - yr'\, When the initial
concentration in the upper layer C.° = 0, Equation 6 can be written in
the following form.

Cy _ hy+ Ah/2

C_1° = m [1 — e—(l+a)kt] (10)

The concentration-time curves shown in Figure 2 were calculated using
Relationship 10 with the values of the layers’ thickness by = h; = 25 m,
Ah = 10 m, and the values of k derived as explained above.

Constant k defined in Equation 2 is identical with the concept of
entrainment velocity (U,) which has been studied by Turner (2I) in
experiments on the transport of salt and heat across the interface of a
density-stratified two-layer water column. The definition of k in this sec-
tion also applies to a two-layer model with a stationary interface; in a
two-layer water column, Ah — 0 in Equations 3-7. Then, however, the
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relationship between k and the eddy diffusion coefficient K in Equation 9
becomes invalid.

Calculation of Concentration=Time Curves for a Two-Layer Model
(Figure 3). In a two-layer system, when the diffusion coefficients in the
two layers are equal, the concentration of a dissolved substance origi-
nally confined to one layer is given by the following relationship (22,
p.15)

_ = h+2nl — 2 h—2nl 4+ 2
C = %Coﬁz_m{erf &S + erf Vool } (11)

where C, is the initial concentration in one layer (0 < z < h), h and [
are the boundaries of the two layers (shown in the inset of Figure 3), and
z is the vertical dimension (0 < z < l). The significance of the functions
erf x (error function) and erfc x (error function complement) which
appear in many of the solutions in the text is discussed in the Appendix.
The nature of the functions and methods of evaluation, with references,
are also summarized in the Appendix.

For the case when the diffusion coefficients in the two layers are not
equal, derivation of a closed-form relationship for C is difficult. As an
alternative, a simpler method has been used which gives the mean con-
centration (C) as a function of time in the upper layer into which the
substance diffuses from the lower layer. The method for computing the
mean concentration is based on the following: First, it is assumed that
the upper layer is semi-infinite, extending from z = h upwards; second,
the amount of dissolved matter transported from the lower layer across
the plane z — h is evaluated as a function of time; third, the amount of
matter transported from the lower into the upper (semi-infinite) layer
up to some time ¢ is divided by the height of the upper layer, I — h, to
obtain the mean concentration (C) in the upper layer. The mean con-
centrations computed by this method are within a few percent of the
values obtainable by the use of a complete expression for C, such as
Relationship 11 (23).

The concentration within a semi-infinite medium (C.) into which
the substance diffuses out of the lower layer (initial concentration C,)
may be calculated by the following relationship (24, p. 91; coordinates
were changed to conform to the coordinates of the model discussed here)

) E( —p)t -

C, = l/zco{—(l pert 2L

K)

z—h nh
ert [2\/(K_2t> + m]} (12)
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where K, is the diffusion coefficient in the lower layer (0 < z < h), Ky is

the diffusion coefficient in the upper layer (z > h), and p is a parameter
dependent on the densities, specific heats, and diffusion coefficients of the

two layers.
( 161 ‘/K> ( Plcl E) (13)
P2C2 P2C2 2

In aqueous solutions that are not highly concentrated brines, the
product pc is close to 1 and varies only slightly with concentration. Thus,
Equation 13 may be simplified to

p =01 - VEJ/K)/N + V(EK/K)] (14)

The flux across the plane z = h may be derived from Equation 12.

aC,
Fh T K2< >
9z
e fBli-r-a-mE e (-0} 09

The amount of matter which has crossed the plane z = h up to time ¢ is
obtained by integration of Equation 15.

M= ["rar= COI/K{{l —p—(—p) -
0

S Vet _nh®\ _ nhvm nh ]}
& o [ow (- K0) - o viwwls 00

Erfc is the error function complement, defined as erfc x = 1 — erf x. On
the computation of erfc, see the Appendix. To obtain the mean concen-
tration within the upper layer of thickness | — h, the value of M, (in
grams - cm™2) in Relationship 16 is divided by I — h.

C, =

lC;h Kzt{l—P—(l—p’)nil( p)t .

_ k) _ naves nh ]
[exp( K1t> merfc (Klt)} a7
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Relationships 15-17 are physically meaningful for all values of ¢ up to
the value at which the mean concentrations in the lower and upper layer
become equal and the process of transport across the interface ends. At
the end of the process, the concentration of the diffusing substance is the
same in the two layers.

C = C.h/l (18)

This end value of C is labelled “limit of C” in the inset of Figure 3. The
concentration—-time curves for the upper layer in a two-layer model in
Figure 3 were calculated using Relationship 17 with the values of h =
30m, (Il —h) =30m, K; = 0.1 cm? - sec’!, and K; = 0.01, 0.1, and
1.0 cm? - sec™ as shown.

Three-Layer Lake

Diffusion Coefficients in the Pycnocline. Intuitive considerations sug-
gest that in a three-layer lake (well-mixed upper layer, pycnocline, and
well-mixed lower layer) the eddy diffusivity in the middle layer should
to some extent depend on the steepness of the density gradient in it.
When the density gradient is strong, the degree of turbulence and, hence,
the magnitude of eddy diffusivity in the pycnocline may be expected to
be low, or the gradient would be destroyed by turbulent eddies. The
steepness of the density gradient within a water layer determines the
stability of stratification: the greater the density gradient, the more stable
is the stratification. This relationship between the density gradient and
the degree of stability of stratification is commonly expressed in the
quantity known as the Brunt-Viisili stability frequency (25), N

N=—g (19)

O |
D
N"()

where ¢ is the acceleration due to gravity, p is density, and the depth z
is scaled such that increasing depth corresponds to larger negative num-
bers. On such a scale, the density increasing with depth results in a
negative density gradient and N? positive. The dimension of N is sec™.
Relationship 19 is valid for a water column up to several hundred meters
deep, where the effect of adiabatic compressibility on the density gradient
within the water column may be ignored. For a deeper water column, an
additional adiabatic term is included in Equation 19. Eckart (25) has
discussed the derivation and physical significance of the concept of sta-
bility frequency, N. The name stability frequency is borrowed from a
mechanical analog of an “isolated” small parcel of water displaced from
its hydrostatic equilibrium position in the density gradient. When dis-
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Figure 4. Eddy diffusion coefficients (K) and the
Viisild 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.

placed up, the parcel would move down under the force of gravity past
its equilibrium position; buoyant force would then displace the parcel
upwards, out of the denser liquid and past its equilibrium position. Such
mechanical oscillations are mathematically analogous to the concept of
stability frequency.

When the density stratification is thermal in nature, the Viisild
stability frequency in Equation 19 may be written in terms of the tem-
perature gradient

N = - gae (20)

where « is the coefficient of thermal expansion [« = (1/p) dp/8T]. The
values of N2 are easily calculable from the measured temperature— and/or
salinity—depth profiles.

Variation in the stability frequency (N) and eddy diffusion coeffi-
cient (K) with depth, determined for one stratified lake (Lake Tiberias),
is shown in Figure 4. In the near surface layer of the lake (epilimnion),
the turbulence is high and the thermal gradient is very poorly developed;
this is reflected in the high value of the eddy diffusion coefficient and
low stability frequency. In the thermocline region (depths 15-25 m),
the thermal gradient is fairly strong, the stability frequency is high, and
the eddy diffusion coefficient is low. The picture reverses itself below the
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thermocline region where the density gradient is appreciably smaller than
in the thermocline; relatively high eddy diffusivity and low stability fre-
quency characterize the deeper region of the water column.

The reciprocal relationship between N and K is apparent from the
data plotted in Figure 5: N correlates positively with log 1/K (correlation
coefficient r — 0.71, significant at 0.01 level). The least-squares fit to the
26 points plotted gives

log K = — 0.749 — 24.235N (21)
K = 0.178 exp (— 55.803N) (22)

The constant coefficient 0.178 in Equation 22 does not imply that
the eddy diffusion coefficient approaches the constant value of 0.178
cm? - sec! when the stability frequency N tends to zero. The factor 0.178

I/K

N x102 (sec™')

| [oX} 0.0

K(cm?sec™)

Figure 5. Correlation between

eddy diffusion coefficients (K) and

stability frequency (N) in the ther-

mocline region of Lake Tiberias
(depth 15-25 m)

Solid line: linear least squares fit to
the data, Equation 21 in the text.
Dashed lines: one standard deviation
(£0.168) of the intercept (0.749) of
loi 1/K. Calculated from April-Oc-
tober 1966, temperature~depth profiles
in Lake Tiberias. Sources of data and
computation meth%ds discussed in Ref.
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is the result of the straight-line fit to the data. In fact, as the stratification
is gradually destroyed and the density gradient decreases, the eddy
diffusional mixing in the water column is likely to become stronger, until
in the absence of a density gradient the eddy diffusion coefficient may
become two or more orders of magnitude greater than 0.178 cm? - sec™

It is not to be expected that the straight-line Equation 21 would
apply to the thermocline layers of other lakes. Both N and K were calcu-
lated from temperature profiles the shape of which depends in a complex
manner on the climate of the area, thermal regime, depth, and volume of
the lake. It seems, however, that by arguments presented earlier in this
section, an inverse relationship between the stability frequency and eddy
diffusion coefficient would, in general, hold in the pycnocline layers of
lakes. If such a relationship is established, it would be possible to obtain
estimates of K from the values of the stability frequency N, which are
much easier to compute.

The highly empirical nature of the correlation between N and K,
such as the one shown in Figure 5, is underscored by the theoretical and
experimental analysis of the rates of transport across pycnocline which
have been reported as dependent on the rate of dissipation of energy in
the upper well-mixed layer (21, 26, 27). At present, however, it is diffi-
cult to relate the energy dissipation and transport rates in the pycnocline
of a real lake.

Thus, with reference to a three-layer lake model in which the eddy
diffusion coefficient in the middle layer depends on the concentration (or
density) gradient, the eddy diffusion coefficient may be estimated by a
relationship of the type of Equation 22 for different values of the gradient
and concentration difference between the well-mixed top and bottom
layer. A case in which this model might apply is transport of dissolved
salts from a saline brine layer on the bottom into a more dilute layer
above, when the concentration of total dissolved solids in the pycnocline
and surface layer changes continuously in the process. Use of this model
to estimate the length of time to a complete mixing of a stratified brine
lake, the Dead Sea, will be demonstrated.

Time of Mixing: The Dead Sea. Although it has been stressed earlier
that the relationship between N and K established for one lake may not
hold for another lake, in the present case the relationship between N and
K derived for the thermocline of Lake Tiberias is the only one available
and the only one which may be applied to estimate the eddy diffusion
coefficients in the pycnocline of the Dead Sea. Implicit is an assumption
that the eddy diffusivity of dissolved salts is equal to that of heat.

Both Lake Tiberias and the Dead Sea are located within one rift
valley, striking approximately north-south, at a distance of about 100
miles from one another. The stratification of the water column and
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bottom morphometry of the Dead Sea are shown diagrammatically in
Figure 6. The major inflow into the lighter upper water mass is from the
River Jordan in the north, two small streams in the east, and a number
of springs around the lake. There is no surface outflow from the lake.
Calculations of the water budget of the Dead Sea (29) show that the
inflow and precipitation are nearly balanced by evaporation from the
lake surface. This suggests that there are no other important mechanisms
of water removal from the lake, such as underground seepage of brine
out of the lake through the sediments. The first record of the chemical

DISSOLVED SOLIDS (g/1)

o 100 200 300
0 T ; j ! ) j j Dead Sea
L Lo \:/" k?kessm
E 1ol INITIAL =
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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.

stratification of the Dead Sea dates back to 1864 (references in Ref. 23),
although the stratification is likely to be much older. The stratification,
however, cannot be permanent; in a stratified brine lake without outflow,
when the lake volume is nearly constant, the dissolved salts brought by
the inflow into the upper layer and by transport across the pycnocline
continuously increase the concentration in the upper layer so that the
concentration eventually becomes homogeneous throughout the water
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column. A similar, but simpler, process has been discussed for two- and
three-layer models in the preceding section.

In order to estimate how long would it take for the Dead Sea water
column to become homogeneous, beginning with its present concentration
difference between the upper and lower layer, it is necessary to know how
the volume of the individual brine layers and rate of salt input vary with
time. As these relationships are not known, the following assumptions
will be made:

(i) The volume of the Dead Sea and its individual brine layers re-
mains constant.

(ii) The rate at which salts are being added by the inflow remains
constant.

(iii) The concentration of salts in the denser lower water mass is
constant.

(iv) The relationship between the density gradient in the pycnocline
and eddy diffusion coefficient, as in Equations 21 and 22, holds for the
Dead Sea pycnocline.

In support of assumption (i), the shore-line records of the Dead Sea
(28) indicate that the lake volume did not vary by more than 5% during
the last 2000 years. For assumption (iii), a salt layer (NaCl) is exposed
on the lake floor, below 40-m depth contour line (28); the lower brine
layer is saturated with respect to halite (23), and there are virtually no
concentration gradients in it (Figure 6). Thus, if dilution of the lower wa-
ter mass occurs, the NaCl concentration in the brine would tend to be re-
stored by dissolution of halite on the lake floor until an equilibrium has
been reestablished. With regard to assumption (iv), the density gradient
in the middle brine layer of the Dead Sea is steeper than in the seasonal
pycnocline of the fresh water Lake Tiberias. Hence, the stability fre-
quencies in the present pycnocline of the Dead Sea are higher than the
maximum values in Lake Tiberias, as shown in Figures 4 and 5.

The preceding reasoning on the “life expectancy” of the stratification
in the Dead Sea may also be applied to its past history, and the length of
time needed to attain the present concentration difference starting from
some state in the past may be worked out. For this, however, the initial
concentration difference between the two layers must be known.

An initial state in the past was assumed as the total dissolved solids
concentration in the lower water mass C, — 327 grams/liter, as at present;
in the upper water mass it was taken as C, = 100 grams/liter. The time
from the initial state to a complete homogenization of the water column
was computed as follows.

The rate of concentration increase in the upper water mass owing
to eddy diffusional flux across the pycnocline and inflow is (this and
subsequent equations are given in the finite difference rather than dif-
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ferential form, insofar as the final working equation arrived at is
nonlinear)

AAC;“ = 5_,, + C, (grams - cm—3 - sec™") (23)

where C, is the concentration in the upper water mass (grams - cm™),
F is the eddy diffusional flux from the lower into upper water mass
(grams - cm™ - sec™), V, is the thickness of the upper water mass (cm? -
cm2), assumed constant, and C;’ is the rate of salt addition to the upper
water mass by surface inflow per unit volume. C, is determined by mul-
tiplying the concentration in the inflow (C,, grams - cm™) by the rate of
inflow (qs, cm® - sec!) and dividing the product by the volume of the
upper water mass V,: C/ = C,q,/V, (grams - cm™ - sec™).
The eddy diffusional flux across the pycnocline is

c,-0C,
Az

F=K (grams - cm™—2 - sec™) (24)

where K is the eddy diffusion coefficient (cm? - sec™), C; and C, are the
concentrations in the lower and upper water mass, and Az is the thickness
of the pycnocline layer.

The eddy diffusion coefficient K is, by Relationship 22,

K = 0.178 exp (— 55.803N) (cm?- sec™) (25)

and the Viisili stability frequency N, from Equation 19, written in finite
difference form is

29(p1 — ¢u) _
N = - v 1 26
Azlor F ou (sec™) (26)
The subscripts ! and u denote the density of the lower and upper water
mass.

The dependence of the density of the upper water mass on concen-
tration was taken as

eu = 1.0057 + 0.6956C, (grams - cm—3) (27)

which was derived from the density—concentration data for the Dead Sea
brines in Neev and Emery (28).
By consecutive substitution from Equation 27 through Equation 23,
we obtain
salt from eddy diffusional flux

AC, = [w X salt from
Vulz inflow

29(o: — 1.0057 — 0.6956C.) ,
exp <—55.803 l/Az(pz T1.0057 T 0.6956C.) At + C,/At (28)
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In Equation 28, AC, (grams - cm™) is the concentration increment
in the upper water mass caused by the eddy diffusional transport across
the pycnocline in time interval At (first term on the right-hand-side of
Equation 28) and addition of salt by inflow in time interval At (second
term on the right-hand-side).

The constant terms in Equation 28 are the following:

C, = 0.327 grams - ecm™3
V.=3.5 X 10° cm? -cm™?
Az = 4.0 X 10 cm
g = 980 cm - sec™?
p: = 1.233 grams - em™—3
C; = 7.7878 X 10~ grams - cm~2 - yr~! (computed from the data on mean

concentration of dissolved solids
and inflow of the River Jordan, as
given in Ref. 28)

Substitution of the constant parameters into Equation 28 and multi-
plication of the diffusional flux term by 3.156 X 107 sec - yr™! gives

AC, = [0.40125 (0327 - C.) X

011138 — 034087C. »
exp ("55'803 ‘/2.23870 ¥ 0.69565Cu):|At +7.7878 X 1074t (29)

where At is in years.

Using Equation 29 with some initial value assigned to C., the con-
centration increment AC, can be computed for some short time interval
At. This value of AC, is added to the initial value of C,, giving a new
concentration C,. Using the latter value of C, in Equation 29, the next
increment AC, is computed for the next time interval At. The entire pro-
cedure is repeated until the concentration in the upper water mass equals
that in the lower mass, 0.327 grams - cm™®. The time required to attain
such a state is the sum of the At increments.

In order to minimize the deviations from nonlinearity in the compu-
tation of AC, by this method of finite differences, the time interval At
must be short, such that each successive concentration increment always
amounts to no more than a few percent of the concentration in the upper
layer C,. The relative increment AC,/C, (in percent) as a function of the
dissolved solids concentration in the upper mass C, is shown in Figure 7
for time increments At = 100 yr and At = 50 yr. For the concentration
of the upper water mass in the range from 80 to 327 grams/liter, the
concentration increments computed for 50-year time intervals are always
under 10% of the concentration in the upper mass. For 100-year inter-
vals, the corresponding increments are twice as large. The slight increase

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch002

2. LERMAN Time to Chemical Steady-States 47

75 ]

50 .

25

RELATIVE INCREMENT AC/C x100(percent)

| 1
100 200

|
300
DISSOLVED SOUDS c(g/1)

Figure 7. Relative increase in the concentra-
tion in the upper brine layer (AC/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).

in the relative increment AC,/C, at high concentration, when the upper
and lower water mass are nearly of equal density, is accounted for by the
exponential dependence of K in Equation 25 on the density difference
between the upper and lower mass.

The concentration in the upper water mass obtained by solving
Equation 29 is shown as a function of time in Figure 8. The concentra-
tion—time curves were computed for three different values of the inflow
term: C, as taken for the present mean annual contribution of the River
Jordan, 2C,’, and 4C/’.

The curves in Figure 8 may be read as follows: from some stage in
the past when the concentration of dissolved solids in the upper water
mass was 100 grams/liter, it would have taken 1700 years to attain the
present concentration of 290 grams/liter. In approximately 110 years from
the present, the concentrations in the upper and lower mass would be-
come equal. If the rate of addition of salts from the surface inflow were
twice the present value, then the present concentration difference between
the water masses would have been attained in approximately 1000 years,
and there would be 70 years left for the concentrations to become equal.
Similar reasoning applies to the curve labelled 4C,’.
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The calculations and reasoning presented are based on an assumption
that all the processes were continuous and characterized by the rate
values discussed earlier in this section. If, for example, the salt concen-
tration in the inflow were much lower than at present, the length of
time to attain the present concentration in the upper mass would have
been correspondingly longer. An opposite effect might have been pro-
nounced if the volume of the upper water mass fluctuated, as in the years
when evaporation exceeds inflow. The net effect of such fluctuations
would accelerate the rate of the concentration increase in the upper
layer. The dissolved solids remain in the brine when more water evapo-
rates, and subsequent flooding introduces additional amounts of dissolved
matter. Likewise, possibly stronger evaporation in the shallow southern-
most section of the Dead Sea (shown in Figure 6) might have resulted
in a concentrated brine flow down the slope and its subsequent mixing
with the pycnocline or lower waters. Such a process would also accelerate
the destruction of the lake stratification.

Using Equation 29, it is possible to calculate the fraction of the con-
centration increment in the upper layer resulting from eddy diffusional
transport from below, in each 50-year time step.

l~—— DEAD SEA L.WM. 1
e / / /
—— DEAD SEA UW.M.

(Ca. 1960)

200

DISSOLVED SOLIDS (g/1)

1 4

" L 1 L " " 1 I
1000 1500
YEARS

Figure 8. Concentration of dissolved solids in the upper brine layer
(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 Cy' for concentration and discharge as the present mean River Jordan,

and curves for twice and four times tlga present rate of salt input. Equation
29.
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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 [‘or three different values

of the surface salt input as identified in
Figure 8

AC, — C,/At

Fractional increase owing to diffusion =
The values of the diffusional transport fraction (in percent) obtained
from Equation 30 were plotted against time in Figure 9. At 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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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 Lunction of the shape of concentration-

depth profile: K plotted against the Ra-226 concen-

tration at pycnocline midpoint (55 m). Mean error in

Ra-226 analyses shows the resulting error in K. K

computed from Equation 31 for different values of
Ra-226 at pycnocline midpoint.

life span of a stratified lake. Calculations of the kind presented in this
section are likely to be more reliable for shorter periods of time and for
lakes of better known behavior.

Reliability of Eddy Diffusion Coefficients. A method for evaluation
of the eddy diffusion coefficients in the thermoclines and deeper regions
of lakes, based on temperature-depth—time profiles or on the rate of heat-
ing of a lake, was originally developed by McEwen (30) and further
developed and popularized by Hutchinson (7). Although in this method
routine temperature—depth profiles recorded at short time intervals (sev-
eral days apart) are fairly convenient to obtain and manipulate, the error
in the eddy diffusion coefficients derived from such thermal data is large.
It has been shown (9) that for a random error in the temperature read-
ings |AT| = 0.05°C, an error of 25-50% is associated with the eddy
diffusion coefficients (K) in the range 0.05-0.1 cm? - sec™®, and it increases
with increasing K to approximately 300% when K is in the vicinity of 1.5
cm? - sec™.
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When concentration—depth profiles of some dissolved chemical spe-
cies are used to evaluate the eddy diffusion coefficients of the water
column, the rates of reactions removing the species from the water must
be known accurately. This knowledge is lacking for most of the common
chemical species which are being removed through inorganic or biological
reactions in natural waters. The exceptions are those radioactive nuclides
which are being removed from the water by radioactive decay only; the
decay constants are in general well known.

The nature and accuracy of the chemical data required in order to
obtain eddy diffusion coefficients with an accuracy of a factor of 2 may
be illustrated in the following example taken from the Ra-226 profile in
the Dead Sea (31). In Figure 10a is shown the concentration of Ra-226
(in picocurie/liter) at five depths: the concentration in the upper mixed
layer (64 pc/liter) is higher than in the lower water mass below the
pycnocline. The decrease in the concentration near the bottom suggests
that Ra-226 may be migrating from the water column into the sediment.
No Ra-226 measurements were taken in the pycnocline (depths 35-75 m).
When the transport of Ra-226 from the surface layer down through the
pycnocline is effected by eddy diffusion only (i.e., there is neither a ver-
tical nor horizontal flow in the pycnocline), the shape of the Ra-226
concentration—depth profile in the pycnocline is maintained by eddy dif-
fusion and natural decay of the isotope. The limiting shapes of the Ra-226
profile in the pycnocline are (i) a linear profile, when the concentration
decreases linearly from 64 pc/liter in the upper layer to 50 pc/liter in
the lower layer, as shown in Figure 10a, and (ii) a strongly curved profile,
in which the concentration at the midpoint of the pycnocline (55 m) is
equal to that of the lower brine layer, shown near the indicating arrow
on the left in Figure 10a. At steady-state, the constant concentration at
the pycnocline midpoint and boundaries depends on the eddy diffusion
coefficient, decay constant, and the pycnocline thickness by the following
relationship (32, p. 139)

Q%__Coca = cosh g l/)i—{ (31)
where C, is the Ra-226 concentration at the upper pycnocline boundary
(C, = 64 pc/liter), C; is Ra-226 concentration at the lower boundary
(Cy = 50 pc/liter), C. is the concentration at pycnocline midpoint taken
at 55-m depth, h is the pycnocline layer thickness (4 X 10° cm), A is the
Ra-226 decay constant (1.355 X 107! sec!), and K is the eddy diffusion
coefficient in the pycnocline. By Relationship 31, K may be evaluated for
different values of C., the limiting values of which for the case of eddy
diffusional transport are 50 pc/liter and (64 4 50)/2 = 57 pc/liter, as
explained earlier in this section. The eddy diffusion coefficients calculated
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by Equation 31 are shown in Figure 10b. At the lower limit of C,, the
eddy diffusion coefficient is low, K = 2 X 10 cm? - sec’’. As C; increases
and the concentration profile becomes less curved, K also increases. At
the upper limit of C,, when the concentration gradient in the pycnocline
is linear, the eddy diffusion coefficient is infinitely large.

The mean error in Ra-226 concentrations plotted in Figure 10a is
*+5%. Comparing this error with the curve of K values in Figure 10b
shows that the error in K computed from some value of C. can be as high
as several orders of magnitude. The estimates of K are very sensitive to
the value of C., as may be observed in Figure 10b and in the two profiles
close to one another shown in Figure 10a, the one giving K = 1.5 X 1073
cm? - sec”! and the other K — .

Approach to Chemical Steady-States

The previous sections dealt with transient and steady chemical states
in systems whose geometry was constant and independent of time. In
fresh water lakes, however, undergoing periodic seasonal changes from
stratification in the summer to complete mixing in the winter, the distri-
bution of the chemical species is greatly affected by the changes in the
structure of the water column. A steady-state distribution of a chemical
species which has been established during the period of stratification is
destroyed when the lake turnover occurs; subsequently, the concentrations
in the water column change and tend to a new steady-state which may
be established under the new physical conditions.

When there is a constant source of a reacting chemical species in
the water column or at its boundaries (e.g., water-air and/or water—
sediment interface) then, by a rule of thumb, a steady-state may be at-
tained within a period of time equal to “a few” half-lives of the species.
In detail, a steady-state concentration is attained after “infinitely long”
time. The time required for the concentration to come close to the
steady-state value at any point in the water column depends on its dis-
tance from the source, transport properties of the medium (i.e., its diffu-
sivity and distribution of advective velocities), and the rates of the
reactions removing the species from the water. A concentration of 95%
of a steady-state value may be arbitrarily taken as sufficiently close to a
steady-state and indicating that the transient state has effectively come
to an end. The time required to attain this concentration level (ie.,
when C = 0.95C,,) at some point of a concentration—depth profile will
be referred to as the time to steady-state. By way of generalization, a
chemical species with a constant half-life would attain a steady-state
concentration at any point in the water column sooner when the distance
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from the source is small and the dispersal within the water column is fast
(i.e., eddy diffusion coeflicient is large).

If the half-life of a chemical species is much longer than several
months, then on the time scale of seasonal turnovers of the lake, the
species may be regarded as conservative, and the question whether it
may attain a steady-state distribution in the water column depends only
on its source and the transport characteristics of the medium.

While in the ocean transient states of chemical species are primarily
characteristic of the surface waters where seasonal variations in biological
productivity greatly affect the concentrations of dissolved nutrients (33),
in lakes subject to seasonal turnovers transient concentrations are prob-
ably a rule. The effects exerted by the physical characteristics of the
environment on the chances of a reacting chemical species to attain a
steady-state concentration profile will be discussed for a lake, ocean, and
sediment column.

Lake. A homogeneous water column of height h and eddy diffusion
coefficient K will be considered. A chemical species is being continuously
introduced into the water column owing to its constant concentration
(C,) at one boundary (z — h), and it is being removed by a first-order
reaction (reaction rate constant A) occurring throughout the water col-
umn. This model may, with some imagination, be compared with a case
of a chemical species forming at the sediment-water interface and trans-
ported upwards by eddy diffusion; the upper boundary of the water
column at z — 0 (e.g., the water—air interface) is impermeable to the
dissolved species, such that its only sink is the chemical reaction.

The concentration (C) as a function of time (¢) and position (z) in
the water column is given by the following differential equation.

aC a°C
FT K 2 2 (32)

The initial and boundary conditions of this model are

Initial conditions:at ¢t = 0:C = 0inz > 0 (33)
Boundary conditions: at ¢t > 0: C = C,atz = h (34)
dC _ _
a = Qatz=0 (35)

The last condition of the zero concentration gradient at the upper bound-
ary z — 0 defines its impermeability. The solution is (the Appendix con-
tains a note on the methods of solution of this and similar equations
discussed in the text):
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=& E -nr {CXP (=[@n + Dh — 2] VO/K))

2 &
(2n + Dh — 2z :l
X erfe [————2 Vi) vl +

2n + 1h — 2z
+ exp ([((2n + Dh — 2] V(W/K)) X erfe I:——W + \/()\t)] +

+exp (=[(2n 4+ Dk + 2] VOV/E)) X erfc [(—2"—2";/??’;)"’5 - \/(u)] +

+ exp ((@n + Dh + 2V K)) X erfc [(2—”;’\/—1()%;—2 + \/_w)]} (36)

A relationship for the stationary concentration C,, may be determined
either by substituting dC /3t — 0 into Equation 32 and solving the right-
hand side or by evaluating the limit of C in Equation 36 when ¢ tends to
infinity. The steady-state solution is

C o[el\/(TK) + 6—:\/ (N—K)]

Co = VN | o=tV (87)
or
C. = C, cosh Z‘/L/K) (38)
cosh kv (A /K)

Considering the shape of the stationary concentration—depth profile
given by Equation 37 or 38, at the source boundary (z = h) C,, = C,,
whereas at the other boundary (z = 0), the concentration is

C
Ces = (39)
cosh hv/ (\/K)

The latter relationship shows that when the eddy diffusion coefficient K
is large and the cosh term consequently tends to 1, the steady-state con-
centration is close to C, throughout the water column.

A concentration at some point of the water column equal to 95%
of the steady-state concentration may be regarded as a value reasonably
close to, and indicative of, the steady-state attained: C = 0.95C,,. As the
concentration C given by Relationship 36 depends jointly on h, z, A, K,
and ¢, a somewhat simpler form is obtained by considering the concentra-
tion change at the boundary z = 0.

The concentration at z = 0 is, from Equation 36
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Como = €0 35 (=1 {emp (= 20 + DIV X
erfc [(2n + Db _ \/m] + exp [(2n + DDAV (M/K)] X

2K
erfe [%-{_I%l] + m]} (40)

Additional simplification of Equation 40 may be achieved by writing
A and t in terms of the half-life () of the reacting species

A = 0.693/= (41)
t =j= (42)

where j is the number of half-lives. Substitution of Equations 41 and 42
into Equation 40 gives:

©

Como=Co, X (—1)" {exp [— 0.833 (2n + DRV (K] X

erfc [%% - 0.833\/3] + exp [0.833 (2n 4+ 1)h/V(K=)] X
rfc [M‘ + 0.833\/3]} (43)
2V (K <))

In Equation 43, the terms C,, h, K, and r are constants for each par-
ticular case, and the only independent variable is the number of half-lives,
j. Therefore, when h, K, and r are taken as a dimensionless parameter
h/~/ (Kr), it follows from Equation 43 that for any value of h/ v/ (Kr)
there is only one value of j which gives the concentration equal to the
95% of the steady-state concentration (i.e., C — 0.95C,,). The values of
time when C — 0.95C,, were computed for different values of the parame-
ter h/+/ (Kr) and plotted in Figure 11; the larger is the value of h/
A/ (Kr), the longer it takes to attain the 95% level of the steady-state
concentration. The quotient h/+/ (Kr) is large when the water column
is deep (large h), eddy diffusional transport is slow (small eddy diffusion
coefficient K), and the half-life of the reacting species is short. Under
such conditions, it would take longer to attain a steady-state concentration
than in a shallow water column, or when the eddy diffusivity is large, or
when the half-life of the species is long.

As an example of estimating the time required for the concentration
to attain the value of 95% of the steady-state concentration, one might
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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,) at
one boundary (z="h). Transport through the water column
by eddy diffusion (K), and removal by first order reaction
(half-life 7). 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/ N/ (Kr). Equations 39, 43.

consider a water column 30 m deep (h — 3 X 10° cm), characterized by
a mean eddy diffusion coefficient K — 1 cm? - sec’®, through which a dis-
solved species of half-life - — 2 months (= 5.184 X 10° sec) is being
dispersed, when the concentration at one of the boundaries is constant.
In this case h/+/(Kr) = 1318, and from the curve in Figure 11, the
time to steady-state is approximately ¢ — 1.5 half-lives or 3 months. Thus,
if the water column retains its characteristics for longer than 3 months, a
stationary concentration may become established.

Extending the analogy to lakes which are mixed during four or five
months of the year, steady-state concentrations may become established
in the water column only in those cases when the value of h/+/(Kr),
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characteristic of the water column and chemical species, gives the time to
steady-state, as read off the curve in Figure 11, which is less than the
length of time the lake water column remains homogeneously mixed.

Ocean. Despite the fact that no changes in the chemical composition
of the ocean water have been established in recent time, it is instructive
to consider the transient behavior of reacting chemical species in the
oceanic water column. The case of the nuclear fallout products trans-
ported through the surface and thermocline layer of the ocean is the
best known, although not yet completely understood, case of a transient
chemical event on a world-wide scale (34, 35, 36, 37).

The distribution of a number of dissolved species (O, C-14, Ra-226,
salinity) in the Central Pacific water column, at depths between 1 and 4
km, has been shown (11) to be consistent with a steady-state model of
the water column in which the concentration—depth profiles are sta-
tionary and the concentrations at the boundaries 1 and 4 km are stipulated
at their present values. The physical model of the water column is based
on two transport mechanisms: vertical eddy diffusion (eddy diffusion
coefficient K = 1.3 cm? - sec’') and upwelling of deep water (advection
velocity U = 1.4 X 107 cm - sec™, or approximately 1 cm per day) (11).

For a water column of such physical characteristics, the ratio K/U,
the scale height, is approximately 900 m. For distances much greater
than the scale height, the transport resulting from flow is much more
important than the transport by eddy diffusional dispersal. Conversely,
for distances much shorter than the scale height, the eddy diffusional
mode is the main mechanism of transport. In such a water column, the
time required for the concentration to attain a steady-state will be calcu-
lated for chemical species reacting by two different mechanisms:
(i) zero-order reaction, when the rate of change in concentration (dc/dt)
is constant and independent of the concentration of the species, and
(#i) first-order reaction, when dc/at is proportional to the concentration.
Dissolved oxygen consumed in the oxidation of organic matter will be
considered as an example of a zero-order reaction, and radioactive decay
will be discussed as an example of a first-order reaction.

OxyceN. The O, concentration in the oceanic water column at inter-
mediate depths decreases upwards to the layer of oxygen minimum. The
concentration—depth profile for the Central Pacific, shown diagrammati-
cally in Figure 12, is considered stationary and maintained by the supply
of oxygen in the upwelling water and its removal in the course of oxida-
tion of the organic matter settling through the water column (11, 38).
The rate of oxygen consumption in the process of oxidation of organic
matter has been reported as approximately constant and independent of
the oxygen concentration in the water; the reported values of the con-
sumption rate (v) are in the range 0.0027-0.0053 ml - liter! - yr! (11).
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Exponential decrease with depth in the oxygen consumption rate has been
considered in a steady-state distribution by Wyrtki (39).

A good fit of the measured oxygen concentrations by a curve calcu-
lated from the eddy diffusion-advection model has been obtained by

3

Z(km)

C(mi/1)

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
—1 and —4 km). Vertical dimension z =
depth + 4 km. Profiles computed for K
=12 cm? - sec!, U= *14 cm - sec’.
Note the g(ﬁﬂerence between profile
shapes for advection up (U > 0) and
down (U < 0). Equations 47, 51.

Munk (11) using the rate of oxygen consumption v = 0.0027 ml. - liter™-
yr}, eddy diffusion coefficient K — 1.3 cm? - sec?, and upwelling velocity
U = 14 X 10% cm - sec’. The oxygen concentration values at the
boundaries are stipulated as constant: 3.5 ml/liter at the lower boundary
(2 =0) and 0.6 ml/liter at the upper bundary (z = h = 3 km). The
concentration—depth profile is given by the following relationship (11)

_ _ vh exp (Uz/K) — 1 w2
C=C+ (C‘ Cot T/) Xep O =1~ T W

which is a solution of the differential equation

2,
*C _ yoC _

K 022 dz

yv=20 (45)

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch002

2. LERMAN Time to Chemical Steady-States 59

describing the change in concentration as a function of depth (z), with
the boundary conditions C = C, at z — 0 and C, at z = h.

In order to be able to consider the rate of change in the oxygen con-
centration and the rate of its approach to a steady-state, new concentra-

TIME (yr)—

—TIME—

/
=/

7,
7

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

Computed as explained in the text using initial stationary concentra-
tion (C,_,) 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,_o = 0.95(C,_, — C,_,)-
C from Equation 50.
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tions at the boundaries of the water column must be stipulated. It will
be assumed that the oxygen concentration at the lower boundary (z = 0)
has increased “instantaneously” to 5.0 ml/liter, whereas the concentration
at the upper boundary remains unchanged at 0.6 ml/liter. For such new
boundary conditions, the time-dependent oxygen concentrations may be
evaluated by solving the following differential equation

aC 3C aC
E—Ka U——v (46)

with the following initial and boundary conditions.
Initial conditions: att¢ = 0:

_ _ vh exp (Uz/K) =1
C—Ct-0=Co+<Cl_Co+T]>Xexp(Uh/K)_l U (47)

Boundary conditions:att > 0:C = C,atz =0 (48)
C=Czatz=nh (49)

The solution is:

C=Cwo+ KB (C,—-C,) i {exp (=Uhn/K) X
n=0
2nh + 2z gVZ]
rfc[z\/m ol & +

exp [U(nh + 2)/K] X erfc [%—hg + %‘/IL{] -

2V/ (Kt)
- B (2n + 2k —z _ ‘/]
exp {—U[(n + 1)h — 2]/K} X erfc[ N KD R
(2n + 2)h — 2 _‘/ :I}
exp [Uh(n 4+ 1)/K] X erfc[ 2\/(Kt) R

15— C) X {exp (=Ul(n + Dh — 2/K) X

e [(2n+l)h—z_ ‘/ ]
2V (KY) K

exp (Ukn/K) X erfe [(Zn + Dh -z _‘/K]

2V/ (K1)
2n + 1)h + 2
exp (= Uh(n + 1)/K) X erfc[ o _VK]
exp (U(nh + 2)/K) X erfc [(2" + (l;{ht)"’ 2 —‘/ K]} (50)
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In Equation 50, the term C;_, is the initial steady-state concentra-
tion—depth profile given in Equation 47 and shown in curves 1 and 3 in
Figure 12 for two values, positive and negative, of advection velocity U.
The infinite series in Equation 50 converge rapidly when the values of
U, K, h, and z used are those discussed later in this section.

All the time-dependent terms in Equation 50 assembled between
the braces are independent of the oxygen consumption rate, v. This
means that the rate at which the concentration C at any depth approaches
a steady-state value (9C/dt) is independent of the zero order reaction
rate constant. The time-dependent terms contain, however, the eddy
diffusion coefficient and advection velocity, and the rate of approach to
steady-state is therefore dependent on these two physical characteristics
of the environment.

A new steady-state profile with the boundary conditions of Equations
48 and 49 is established when ¢ tends to infinity.

_ _ vh exp (Uz/K) — 1 v
Ct-m = C2 + (CS CZ + U) X exp (Uh/K) _ l U (51)

The time to steady-state was calculated for the oxygen concentration
change at z = 1 km (i.e., depth 3 km; see Figure 12) as the time when
the concentration referred to the initial steady-state (C — C;—o) has
attained the value of 95% of the new steady-state, Equation 51, referred
to the same initial point: (C;—.. — Ci—y).

The problem thus is: what is t when C — Ci;—¢ = 0.95(Ci=» —
Ci—o) atz=1km?

The values of ¢ were calculated for different diffusion coefficients
and advective velocities by substitution of successively increasing values
of t into Equation 50 and using Equations 47 and 51 until the value of
(C — Ci=0)/(Ct=w — Ct—o) = 0.95 sought was obtained by interpo-
lation between two numbers close to 0.95. The value of the oxygen con-
sumption rate used in the computation of C;—_o and C;_ , was v = 0.0027
ml - liter'? - yr'’, Calculation of the time needed to attain 95% of the
steady-state concentration was done for the eddy diffusion coefficient
(K) in the range 0.2-2.0 cm? - sec’! and advective velocity (U) in the
range from +2.4 to —2.4 cm - sec’’. The results are plotted in a three-
dimensional diagram in Figure 13. The time to steady-state shown in
Figure 13 is symmetrical with respect to the positive and negative advec-
tive velocities because the concentration at both the lower and upper
boundary have been stipulated. The symmetry of the time values means
that the time required to attain a steady-state concentration depends on
the absolute value of the advective velocity but not on its sign; the same
length of time is obtained for upward and downward flow. The concen-

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch002

62 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

tration values, however, at any depth very much depend on the direction
of flow, as shown in the concentration—depth profiles in Figure 12 drawn
for the positive (up) and negative (down) velocity. The time-velocity—
diffusivity surface in Figure 13 shows that when the eddy diffusion coeffi-
cient of the water column is large, the advective velocity has very little
effect on the time it takes to attain a steady-state: for K = 2.0 cm? - sec™,
the time to steady-state is between 300 and 400 years for all the values of
U shown. Conversely, in a water column of low eddy diffusivity, the
advective velocity is the main controlling factor of the length of time
needed to reach a steady-state. For K = 0.2 cm? - sec’!, the time to
steady-state is 4000 years when the advective velocity is near 0, and it
decreases to 300 years when the advective velocity approaches +2.4 X
1075 cm - sec™™.

Under present conditions (K = 1.3 cm? - sec™!, U = 1.4 X 10 cm -
sec™!), it would take approximately 500 years for the oxygen concentration
at z = 1 km to attain a new steady-state, as can be read off Figure 13.
This estimate of time to steady-state in a model layer with the concentra-
tions at the boundaries maintained constant may be compared with the
time estimate obtained from a different model.

For the same physical conditions, the same initial concentration—-
depth profile (Figure 12, curve 1), and the same new concentration at
the lower boundary z — 0 (5.0 ml/liter), transient concentration—depth
profiles have been computed for a semi-infinite water layer extending
upwards from z — 0 (40). Although the computations were done for a
semi-infinite layer model, the oxygen concentrations were considered
only within the 3-km-thick layer between z = 0 and z = 3. In the semi-
infinite layer model, the oxygen concentration at z = 1 km attains the
95% value of the steady-state concentration after approximately 1000
years. After 500 years, the concentration is only 88% of the steady-state
value. The difference between the estimates of time to steady-state from
the two models is understandably accounted for by a faster approach to
steady-state in a water layer the two boundaries of which are maintained
at constant concentrations.

Raprum-226 1N WATER. Ra-226 will be considered as an example of
a chemical species which is being removed from the oceanic water column
by a first-order chemical reaction, radioactive decay. Other possible
mechanisms of removal, such as uptake by detrital silicates and organisms,
will not be discussed. The supply of Ra-226, however, from organic
matter decomposing in the water column will be considered.

The source of Ra-226 in the deep ocean is the flux of Ra-226 from
the ocean floor sediments where it forms by the decay of ionium (Th-230)
(5, 41) and the decomposition of organic matter sinking through the
water column (42, 43). The present concentration of Ra-226 at inter-
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06 08 1.0
C [10™®g/s]

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 km) decreases from bottom up, and the concentra-
tion—depth profile has been explained as maintained by upwelling, eddy
diffusivity, and radioactive decay (11). The concentration of Ra-226 in
Central Pacific decreases from 0.93 X 10713 grams/liter at 4-km depth
to 0.63 X 10* grams/liter at 1-km depth (Figure 14). A reasonable
compatibility between the observed concentration values and a diffusion—
advection model has been obtained by Munk (11) using the eddy diffu-
sion coefficient K — 1.3 cm? - sec™ and upwelling velocity U = 1.4 X 107
cm - sec™?, as in the case of the oxygen profile. The Ra-226 concentration
between the depths 4 and 1 km is given by the relationship (11)

_ Cy— C,exp (R:h)
C= exp (Rih) — exp (R:h) exp (Ry2) +

C,exp (Rih) —
exp (Rih) — exp (R h)

exp (Rs2)

(52)
where R, and R; are constants.

Uz U U
R, 2K+‘/4K2 tx Bk~ VirTEK
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C, is the concentration at the lower boundary (z = 0), and C, is the
concentration at the upper boundary (z = h = 3 km). Equation 52 is
the solution of the following differential equation describing the con-
centration change at steady-state

K%C—Uﬁ]—m_o (53)

with the boundary conditions: at z = 0, C = C,, and at z = h, C = C..
X is the decay constant of Ra-226 (A = 4.279 X 107 yr'!).

A time-dependent concentration of Ra-226 within the same layer of
water, when the concentrations at the lower and upper boundary have
been stipulated, may be obtained by solving the following differential
equation

ac . 8%C aC

=K -Uz - (54)

with the initial conditions: at t =0in 0 < z <h

C, — C, exp (R:h)
exp (Rih) — exp (Rsh)

C, exp (R:h) —
exp (Rih) — exp (R h)

C=Cwro= exp (Ri2) +

exp (Rs2) (55)

where the constants R; and R. were defined under Equation 52 and the
boundary conditions

att > 0:C =Cratz=0 (56)
C=Czatz=nh (57)

The solution of Equation 54 with the initial and boundary conditions of
Equations 55-57 is

C =Ciwo+ 1 (C, — C,) exp (Uz/2K) X
= U? A 2nh + 2
nz_:o{exp(—(2nh+z)‘/4—K2 )X erfe [ '—(K) ‘/(4K+l>:|+
exp <(2nh +2) ‘/4%: + I—g) X erfe [3’\’;’(%_; + l/ 4K + x)t]

exp (‘[(Zn +2)h — 2] ‘/E) % erfe [(QL;-/%—Z _
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‘/(% + x)t] — exp ([<2n + 2)h — 2] ‘/% + %) x
e YTy«

15 (Cs — Cy) exp (U(z — h)/2K) X
- A @n+Dh—2
Z{exp( [Cn+1) R — z]l/4K2 )X erfe [ N KD
‘/(%2{ + x)t] + exp ([(2n Ty z]‘/‘% + %) X
erfe [(2"21'/8{:; L ‘/( ] — exp (—[(2n +1)h+2
Uz A (2n+l)h+z_‘/£2 ]_
‘/41(2 + K) X erfe [——2\/@ (4K + x)t
T
exp ([0 + 1) b + 2] Vg + %) ¥

v oaid (G RR
—_— — + A 58
o[ S 21 )/ (ix + (58)
The term C;_, is the initial steady-state concentration given by
Relationship 55.

In Equation 58, the time-dependent terms between the braces con-
tain the decay constant A. Therefore, the rate of change in Ra-226 concen-
tration at any depth (dC/dt) depends on the decay rate constant. Thus,
in the case of a first-order reaction (radioactive decay), the rate of change
in concentration depends on the reaction rate constant, whereas it has
been shown in the preceding section that for a zero-order reaction (oxy-
gen consumption ), the rate of change in concentration (8C/dt) is inde-
pendent of its rate constant.

A new steady-state concentration (C;—.) will be attained when ¢
tends to infinity in the time-dependent terms of Equation 58.
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_ C; - Cz exp (th)
" exp (Rih) — exp (R:h)

Cz exp (th) - C3
exp (R h) — exp (R2h)

Ct-cn

exp (Ry2) +

exp (R22) (59)

The constants R, and R, were defined under Equation 52.

The time it takes the Ra-226 concentration to build up to a steady-
state may be considered, as before, the time when the concentration has
attained the 95% value of the difference between the old and new
steady-state concentrations:

C—=Cuo=1095Cie — Cizp) (60)

— TIME —>

TIME (yr) —»

Figure 15. Time to steady-state of Ra-226 concentration at z = 1 km.
Notation as in Figure 13. C from Equation 58.
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The values of time which satisfy Equation 60 were calculated for
different values of the eddy diffusion coefficient (range 0.2-2.0 cm?® -
sec!) and advective velocity (range from +2.4 X 10 to —2.4 X 107
cm - sec!) and plotted in the t~K-U graph in Figure 15. The curves
in Figure 15 are symmetrical about U = 0, indicating that the direction
of flow (up or down) has no effect on the time it takes to reach a steady-
state concentration. When the turbulence in the water column is rela-
tively high (K in the vicinity of 2.0 cm? - sec’), the advection has little
effect on the time to steady-state; the time values are in the range 300—
400 years. When turbulence is low (low values of K), then advection
dominates the picture. The time to steady-state decreases from approxi-
mately 2000 years when U is near 0 to 300 years when the absolute value
of U is high.

There are indications that release of Ra-226 by decomposing organic
matter is a mechanism of some significance in maintaining the Ra-226
concentrations in ocean water (42, 43). If this additional supply of
Ra-226 is expressed as a constant production rate Q (grams - liter -
yr'l), then a steady-state concentration—-depth profile may be obtained
from the differential equation

9C ac . _
the solution of which for constant boundary concentrations (C, at z = 0
and C;atz=h) is

c. =9

, _Q Cy — C,exp (R:h) — [1 — exp (R:1)]Q/
ss = )\

exp (Rih) — exp (R:h)

C,exp (Rih) — Cy + [1 — exp (R:A)]Q/
exp (R1h) — exp (R2h)

+ exp (Ri2) +

exp (R2) (62)

The constants R, and R> were defined under Equation 52.

For new concentrations at the boundaries of the water column, C- at
z = 0 and C; at z — h, transient concentrations may be evaluated from
the following equation

C=Ciro+ ¥ (Cy — C,) exp (Uz/2K) X [summation terms from
equation 58]

+ 15 (Cs — Cy) exp [U(z — k)/2K] X [summation terms from Equation 58]
(63)
where the initial distribution C;_, is given by Equation 62. At the new

steady-state, the concentrations are given by Equation 62 with C; replac-
ing C, and C: replacing C,.
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Estimates of the production rate of Ra-226 at intermediate depths in
the Pacific are in the range 1 X 10718-50 X 1078 grams - liter™ - yr! (43).
Two steady-state profiles computed from Equation 62 using Q = 21 X
10" grams - liter? - yr'! are shown in Figure 14 (dashed curves). The
differences between the concentrations shown by the solid curves 1 and 2
in Figure 14 (no production, Q = 0) and the corresponding dashed
curves are 10% or less. The small difference between the two models
shows that the sampling and analytical accuracy must be high if the
differences in the Ra-226 production in the water column are to be
inferred from observations.

o

(cm)

DEPTH

30

40 fl 1 1 1 1 1 1 1 1 1

[ K 16
06 10 cre,

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 K = 1 X 1079 cm? - sec!, sedimentation rate U = 9.5 X 10712 cm - sec™!

(3 mm/1000 yr; (5)). Concentration scale normalized to the value of initial Ra-226

at the sediment-water interface C, — 1. New concentration at the interface C; =

1.6C,. Profiles at 100 and 1000 years after the change in boundary concentration

computed from Equation 70. New steady-state (t = o) from Equation 71. Con-
stant Th-230 concentration at the interface taken as Cr° = 100C..

Ra-226 1N SEDIMENT. Migration of Ra-226 in the sediment column in
deep ocean has been inferred from the disequilibrium of Ra-226 and its
parent ionium (Th-230) detected in a number of sediment cores (5).
Whereas Th-230 taken up by the sediment particles from the sea water
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shows no tendency to migrate nor redistribute itself in the sediment (35,
44), Ra-226 migrates, and this process results in the flux of Ra-226 from
the sediment into water column. A generalized concentration—depth
profile of Ra-226 in the sediment, adopted from the Indian Ocean data,
is shown in Figure 16, labelled ¢t — 0. The concentration profile, consid-
ered stationary, is maintained by a balance between the supply of Ra-226
from the decay of the parent Th-230 (which is being added to the sedi-
ment at a constant rate and constant concentration) and the decay of
Ra-226 and its migration through the sediment column. From the steady-
state profile of Ra-226 in the Indian Ocean, the diffusion coefficient for
Ra-226 in the sediment has been estimated as 1 X 107 cm? - sec (5).
This value is approximately three orders of magnitude lower than the
values of the diffusion coefficients of ionic solutes in aqueous solutions,
and it is also much too low to be accounted for by the tortuosity of the
pore space in the sediment. Chemical interaction of Ra-226 with the
sediment may be the reason for the low value of the diffusion coefficient
obtained (5). A stationary concentration-depth profile of a chemical
species in the sediment may be perturbed by any combination of such
factors as a change in the rate of deposition, change in the rate of supply,
and change in the concentration at the sediment—water interface resulting
from external causes.

Such changes, disturbing the existing chemical steady-state, would
cause the concentration of the species to vary as a function of time until
a new steady-state has been established. The time required to attain a
new steady-state for Ra-226 in the sediment will be evaluated for a
simple, but hypothetical, case of the Ra-226 concentration at the sedi-
ment-water interface increasing by a factor of 1.6. Such an increase
would keep the Ra-226/Th-230 atom ratio at the sediment-water inter-
face at the value of 1.6/100, which is still below the equilibrium value
of approximately 2/100; the present-day ratio is near 1/100.

The present (¢ — 0) Ra-226 profile in Figure 16 is given by the
following relationship describing a steady-state distribution of a decaying
species

e
C = Aexp[—2rr/U] + (C, — A) exp [(2% - ‘/4%{2 + %)Z] (64)
where A is a constant.

)\TCTO

A== Kip?/ U2

(65)

Ar is the decay constant of Th-230, C,° is Th-230 concentration at
the sediment—water interface, Ap is the decay constant of Ra-226, C, is
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the Ra-226 concentration at the sediment-water interface, U is the rate
of sedimentation, and K is the diffusion coefficient of Ra-226 in the
sediment.

A relationship for a non-steady-state concentration of Ra-226 may
be obtained by solving the following differential equation

g—tC = ArCr° exp (—2Ar/U) + K a—C -U a—C — AeC (66)
where the term ArCr°® exp ( —Arz/U) is the rate of production of Ra-226
(grams - cm™@ - yr'!) in the sediment owing to decay of Th-230. The
concentrations at the interface, rate of sedimentation, and diffusion co-
efficient are considered constant. Equation 66 is to be solved with the
following conditions.

Initial conditions: at t = 0:

v 2—
C = Cio = A exp [—2a2/U] + (Co — A) exp [(g;—( - ‘/ZUfz + %H

(67)
Boundary conditions: at ¢t > 0: C = Cyatz =0 (68)
C=0atz= o (69)

The solution of Equation 66 is

C = Cio+ 1% (C1 — C.) exp [<2L17< ‘/4% + %)z] X
- VG-

U |
exp [2z ‘/ + ] X erfe [ + ‘/ t]}
4K* K 2/ (K1) (70)
When a new steady-state has been attained, the Ra-226 concentration
as a function of depth becomes

Cow = A exp [—2hr/U] + (C1 — A) exp [(% - I/‘% + %)z] 1)

which is analogous to Relationship 64 for the initial steady-state. The
concentration—depth profile for a new steady-state, with the Ra-226 con-
centration at the sediment—-water interface taken as C; = 1.6C,, is shown
in Figure 16 in the curve labelled t = . Two curves for transient con-
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centrations at 100 and 1000 years after the change in the boundary con-
centration, computed using Equation 70, are also in Figure 16. After a
time as short as 1000 years, the concentration—-depth profile is already
very close to the new steady-state profile; the differences in concentration
between the two curves are 7% and less. In the initial profile, the Ra-226
concentration increases from the sediment-water interface down. Such a
concentration gradient is a prerequisite condition for maintaining dif-
fusional flux of Ra-226 from the sediment into the overlying water. At
the new steady-state, however, the concentration decreases from the
interface down, which indicates that there would be no Ra-226 flux out
of the sediment. The new steady-state profile would be attained in ap-
proximately 3000 years; concentration curve for ¢ = 3000 is within 1%
of the steady-state concentration. The time is obviously short when
viewed in perspective of the history of oceanic sediments. It may be
verified from Equation 70 for transient concentrations that, in general,
rapid rates of sedimentation (large U) or high diffusivities within the
sediment (large K) would result in a more rapid attainment of a steady-
state. The half-life of the chemical species (1620 yr in the case of
Ra-226) has relatively little effect on the length of time it takes to estab-
lish a new steady-state. Even when the migrating species is a stable
nuclide (A, = 0 in Equations 64, 70, and 71), it would take less than
10,000 years for its concentration to come to within 5% of the steady-state
value in the upper 10-20 cm cf the sediment. The generality of the argu-
ments may be stressed by pointing out that the time to steady-state
depends on how fast the time-dependent terms (those between the braces
in Equation 70) tend to their limiting values of 2 and 0 as ¢ tends to
infinity. These terms depend on U, K, and A, but not on the chemical
nature of the parent species (i.e., neither on its concentration C7° nor its
decay constant Ar).

The shortness of time for transition from one stationary concentration
profile to another demonstrates that even in the slowly deposited deep
oceanic sediments it might be difficult to detect near the sediment—water
interface any changes (if such occurred) in the past chemical history of
the ocean.

Appendix

The second-order partial differential equations given in the text of
the paper contain time derivatives of concentration (9C/dt) and terms
containing dC/9z and C. The solutions of these equations, unless referred
to a literature source, were obtained by the method of Laplace transfor-
mation with the aid of standard tables of Laplace transforms. Good
working summaries of the Laplace transformation method as applied to
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solution of problems in heat flow and diffusion are in References 22 and
32. Tables of Laplace transforms in References 22, 32, and 45 are given
in the form which is particularly convenient for solving equations with
constant coefficients, of the type used in this paper.

The functions erf (error function) and erfc (error function com-
plement) appear in many of the solutions given in the paper. These func-
tions appear in the process of integration of terms containing e (y is
some function of K, U, A, t, and z) and in the process of inverting (with
the aid of the tables) the transformed concentration variable C back to
the original concentration C, to be given in the solution as a function of
z and ¢ (and the constants). Discussion and mathematical definitions
of the error function are given in many texts and, among those listed in
the references of this paper, in the Handbook of Mathematical Functions
(46), Carslaw and Jaeger (32), and Crank (22). The error function is
defined as

x
erf z = % fO ey (72)

where y is integration variable, and it may be a function of x. The error
function complement is defined as

2 ®
erffcr = — evdy (73)
-/,

Erf x and erfe x are interrelated,
effcx =1 —erfzx (74)
For negative argument,
erf (—2) = —erfzx (75)
effc (—z) =1+ erfzx

=2 —erfcx
(76)
In many of the solutions given in the paper, the limiting values of
concentration C when either z or ¢ approach 0 or infinity may be verified
by substitution of the appropriate values of the functions erf and erfc.
The values of these functions when the argument is zero, plus- or minus-
infinity are:

erf (0) =0 erfc (0) = 1
erf (=) = 1 erfec (=) = 0
erf (—w) = — 1 erfe (—=) = 2
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Erfc x is a rapidly decreasing function of x. When x increases in-
definitely, erfc x tends to zero faster than ¢** tends to infinity. Owing to
this, the product e** erfc x and, consequently, the product e®erfc x tend
to zero as x increases indefinitely. Products of exponentials and error
functions appear in some of the solutions discussed in the paper.

Tables of erf x are available for values of x between 0 and 2.00, in
steps of 0.01 (46). Erf x, erfc x, and several related functions have been
tabulated for values of x between 0 and 3.0, in steps of 0.05 and 0.1 (22,
32). References to older tables are in Carslaw and Jaeger (32, p. 482).

In this paper, the values of erf x and erfc x were computed from an
approximation for erf x given in Ref. 47 for 0 << x < 3.

erfex = 1/(1 4+ aix + as2? + ax® + aa* + as7%)® (77)

where a; = 0.14112821 a; = — 0.00039446
a, = 0.08864027 as = 0.00328975
a; = 0.02743349

For values of x = 3, the following series was used (32).

2
e (1 1 3 15 105 945 , 10365
G-m ) @

erfez = 7= tom T T o T T T o

Relationships 77 and 78 are easily programmable for use in a digital
computer. In combination with Relationships 75 and 76, they allow
computation of erfc x between the limits minus- and plus-infinity.

Other forms of series expansion, rational approximations, and meth-
ods of interpolation from tables of erf x and erfc x are given in the
Handbook of Mathematical 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.

Ageneral reference base for irreversible processes is provided by en-
tropy production which serves as a unifying concept relating changes
in both physical and chemical energy. Distribution of entropy production
provides an integrating variable for use in evaluating the relative impor-
tance of physical and chemical processes at points within a system or
between two hydrologic systems.

Because the concept of entropy is generally not familiar to hydrolo-
gists, a brief introduction is probably in order. A thorough and rigorous
explanation can be obtained from standard works such as those by Fast
(1), Fitts (2), Katchalsky and Curran (3), Klotz (4), Lewis and Ran-
dall (5), and Prigogine (6). A statement of the second law of thermo-
dynamics is generally used as a definition of entropy of a system as
follows: dS = DQ/T, where dS is an infinitesimal change in entropy for
an infinitesimal part of a process carried out reversibly, DQ is the heat
absorbed, and T is the absolute temperature at which the heat is ab-
sorbed. In one sense, entropy is a mathematical function for the term
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DQ/T, which is an exact differential, whereas DQ alone cannot be inte-
grated without having a path specified (4, p. 101). That is, DQ/T is both
an extensive variable and a thermodynamic function and merits a symbol
and name—i.e., entropy, which comes from the Greek word meaning
“evolution.”

The second law of thermodynamics is often stated to be the law of
dissipation or degradation of energy; however, this can lead to confusion
because it seems to violate the first law of thermodynamics, a statement
of conservation of energy. When the second law is stated in the above
form, it is really referring to the degradation of the “useable” energy of a
system. Entropy is therefore an indication of the degradation of a system
or an index of the exhaustion of a system (4, p. 130).

It follows logically that the combination of all spontaneous reactions
within a natural system will tend to increase the entropy of that system,
and this is the basis for the statement that entropy of the universe is
striving toward a maximum. Although energy and entropy are expressed
in somewhat similar units, calories per mole for energy and calories per
mole per degree for entropy, confusion arises if they are thought of as
having similar attributes or characteristics. As Klotz (4, p. 129) points
out, one can think of energy as being a kind of material fluid, and hence
it flows from one area to another and is conserved. Entropy, on the other
hand, must be viewed as an index of condition or character rather than
as the measure of content of some imaginary fluid and is the index of
capacity for spontaneous change. Entropy summarizes in a concise form
the possible ways in which the variables of temperature, pressure, and
composition may change in natural processes.

One of the fundamental tasks required to achieve the ultimate goal
of hydrogeology is to understand the controls on energy distribution and
transformation within an aquifer system. If this is accepted, it then be-
comes the hydrologists’ role to bring together into one concept the fluxes
and forces of the chemical reactions, of the hydrodynamic flow paths,
and of heat. This idea was clearly articulated and developed by G. B.
Maxey (7, p. 145), who stated in part:

“Aquifer systems have been studied by three separate methods of
analysis: (1) hydrodynamic, utilizing a distributed potential system; (2)
hydrochemical, using parameters of water quality; and (3) hydrothermal,
using distribution andp gradients of temperature. The various approaches
have been dictated largely by the specialized training and experience of
the individual research worker. However, the complexity of present
hydrologic problems now requires bringing together the various aspects
into a single concept of a functioning system.”

It follows that one of the fundamental objectives of hydrogeochem-
istry is to evaluate the relative significance of various processes that
control the total energy distribution and energy dissipation within a hy-
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drologic system. Classical “thermostatics” can provide only a partial
description of the functioning of a hydrogeochemical system, and it is
necessary to apply the principles of irreversible or nonequilibrium ther-
modynamics.

In the functioning of a carbonate aquifer, rainfall infiltrates through
the soil zone, becomes charged with carbon dioxide, moves to the water
table, dissolves soluble minerals of the aquifer, increases in chemical
concentration, and continues to move to deeper parts of the aquifer, even-
tually to discharge to the ocean. All of these chemical and physical proc-
esses are irreversible reactions and can be thoroughly understood only
by the application of principles of irreversible thermodynamics. The
processes and reactions could be formulated and expressed in energy
terms, but it intuitively appeared more simple to us to bring together
the products of these processes through the concept of entropy rather
than through an energy function.
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major recharge (after Ref. 9, plate 12)



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch003

80 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

Hydrogeology

Certain principles of irreversible thermodynamics can be applied by
considering the interrelations between geology, ground-water flow pat-
tern, and chemical character of water in the Floridian peninsula. The
principal artesian aquifer of Florida consists chiefly of Tertiary limestone,
with minor amounts of dolomite, and ranges in age from middle Eocene
to middle Miocene. It is one of the most extensive limestone aquifers
in the United States. The Tertiary limestones crop out in north-central
Florida and in a broad belt extending from western Florida through
southeastern Alabama, Georgia, and southeastern Carolina, approximately
paralleling the Fall Line. The Ocala Limestone of late Eocene age is one
of the most productive water-bearing formations of the principal aquifer
(8, p. 31).

Figure 1 shows the height of the energy surface in meters above sea
level. Two mounds tend to dominate the ground-water flow of central
Florida: one near the center of the map that is 40 meters above sea level
and another smaller one to the west that is about 25 meters above sea
level. The general pattern of flow is primarily down the potentiometric
gradient and perpendicular to the contours.

Also shown is the area of principal recharge. North of the two
mounds, the overlying sediments that form the confining bed are thin to
nonexistent, and because of exposed limestone in this area, a large amount
of recharge occurs; however, the potentiometric surface is low owing to
rapid discharge of the water. This is a region in which a great deal of
water is discharged through many springs, such as Silver and Rainbow
Springs, that exist in the area of the ground-water saddle formed by the
central mound and a potentiometric high north of the study area.

Although the potentiometric surface has essentially the same gradient
and shape north and south of the mounds, less recharge occurs in south-
ern parts of the elongated dome than in the northern part because of a
thicker confining bed and lower transmissivity of the aquifer to the south.
Water that flows southward discharges upward through the confining
bed and also to the ocean and gulf. The maximum gradient of the po-
tentiometric surface of central Florida is about 2.5 meters per kilometer
with an average gradient of about 1 meter per kilometer.

The ground water of central Florida comprises one major hydrologic
system, and it has recently been shown that a geochemical system is
coexistent with the hydrologic system (10, 11). Depths of wells sampled
during this study range from about 100 to 500 meters. A body of salt
water that underlies the entire Florida peninsula ranges in depth from
near sea level at parts of the shoreline to about 700 meters in central
Florida. The interface between the fresh water and salt water forms one
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of the boundaries of the fresh-water system. Geochemical mapping, in-
cluding distribution of chloride, sulfate, calcium, magnesium, and car-
bon-14 concentrations, shows a systematic pattern of increase downgra-
dient. It was concluded that, although the wells have a range of total
depths and open intervals, they are sampling parts of the same hydro-
logically-connected geochemical system (11).
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Figure 2. Principal artesian aquifer, showing areas of undersaturation of
ground water with respect to calcite and dolomite

Chemical Reactions

In the carbonate aquifer system of central Florida, two major controls
on the chemical character of the water are solution of calcite and of
dolomite. One way to evaluate the significance of these reactions as
chemical controls is to determine the departure from equilibrium of the
water with respect to each of the minerals. To calculate departure from
equilibrium, solubility products of 1083 and 2 X 107" were used for
calcite and dolomite, respectively. The departure from equilibrium with
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respect to calcite is shown in Figure 2. The area of undersaturation coin-
cides closely with the area of major recharge (Figure 1). The equilibrium
boundary outlines the elongated dome on the potentiometric map, which
indicates that some water is recharged into the aquifer along the top of
the dome and is thereby lowering the amount of saturation in this area.

A preliminary map of departure from equilibrium with respect to
dolomite is also shown in Figure 2. The area of undersaturation is larger
for dolomite than for calcite. Because the dolomite value is exactly one
half that of calcite, it follows that in order for a water that is in equi-
librium with calcite to become saturated with respect to dolomite, it is
only necessary for the magnesium concentration to equal the calcium
concentration (12, 13, 14). The area of recharge and the area of highest
potentiometric surface show that the water is undersaturated with respect
to dolomite; downgradient, it progressively attains equilibrium with
dolomite and eventually becomes supersaturated.

In making thermodynamic calculations to determine departure from
equilibrium, thermodynamic data for pure stoichiometric calcite and
dolomite were used. However, mineralogic and x-ray examination of
aquifer material has shown that the calcite may have several mole percent
magnesium; the dolomite that occurs in the system is generally calcium-
rich (13). Therefore, both of these minerals in the natural state have a
higher free energy and hence a somewhat higher solubility than the pure
minerals. Thus, part of the supersaturation that we have calculated
may be more apparent than real.

Rates of Flow and Chemical Reactions

For the past several years, we have been working to evaluate the
radiocarbon technique for dating ground water; that is, to determine the
amount of time the water has been out of contact with the atmosphere
(15, 16, 17). This is done by means of the carbon-14 activity of the dis-
solved carbonate species. Results of part of this work give the age of
water as a function of position in the aquifer system. In the recharge
area, there are waters of mixed origin, and the age varies according to
the amount of mixing of exceedingly young water with somewhat older
water. However, downgradient from the area of principal recharge, the
age of the water increases in a systematic manner. Thus, by combining
results from radiocarbon concentration with changes in the chemical and
physical parameters of the system, rates of chemical and physical proc-
esses which occur within a system may be derived. Within the recharge
area, the maximum apparent age of the mixed water is approximately
5000 years. Downgradient from the recharge area, the water increases
to approximately 30,000 years before present, which is the oldest age
found in that part of the aquifer system.
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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

The values on the flow lines in Figure 3 were calculated from radio-
carbon dates and indicate velocities in meters per year for various seg-
ments along particular flow paths, which are shown by the heavy lines
with arrows. The average values for the entire path range from about
2.5 meters per year to 6.5 meters per year. Along short reaches, the range
of velocities is about 1.5 to 8.5 meters per year.

In addition to estimating velocity of ground-water flow, carbon-14
concentrations permit estimation of the rate of solution and precipitation
of carbonate minerals. The aquifer is composed of approximately 2/3
calcite and 1/3 dolomite distributed throughout the section. Saturation
with respect to calcite occurs rather rapidly, and it is only in areas of
principal recharge that undersaturated waters are generally found (Fig-
ures 1 and 2). However, the kinetics of dolomite formation and dissolu-
tion are quite slow, and the area of undersaturation extends farther
downgradient than does the area of calcite undersaturation. By com-
bining age of water from Figure 3 with saturation boundaries of calcite
and dolomite from Figure 2, an approximation can be obtained for the
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time required for water to become saturated with these minerals. The
results show that water attains equilibrium with respect to calcite in
about 4000 carbon-14 years and with respect to dolomite in about 15,000
carbon-14 years.

Rate of Entropy Production

Thus far in this discussion, these fluid-filled formations of Florida
have been considered as part of a geologic system, a hydrologic system,
and as a coexisting geochemical system. It would seem desirable to com-
bine the results of the various natural processes into one unifying concept.

The input to the combined system occurs on the potentiometric highs
in the form of rainfall containing minor amounts of total dissolved solids.
Initial changes in water chemistry occur within the soil zone where the
water is charged with large amounts of CO, gas. This CO.-rich water
percolates into the ground-water system where the CO, attacks the car-
bonate minerals. This is an irreversible chemical process whereby the
CO; in the water reacts with the minerals and brings them into solution.

Likewise, simple gravitational movement of water from potentio-
metric highs to oceanic base level is an irreversible physical process which
produces a loss of potential energy. The basis for evaluating energy dis-
tribution of a ground-water system is the potential theory best explained
in a classical paper by Hubbert (8). Potential is composed of the sum
of two terms, a gravitational potential energy and a pressure energy. Po-
tential is equal to the work required to transform a unit of mass of fluid
from an arbitrarily chosen standard state to the state at the point under
consideration (18, p. 797-8). For the standard state, it is convenient to
use an elevation of zero, a pressure of 1 atm, and a velocity of zero. Po-
tential, ¢, for ground water can be expressed as follows (19, p. 1959)

¢=gz+1,—D 1

where g is acceleration owing to gravity, z is elevation, P is gage pressure,
and p is density. In almost all instances, the kinetic energy of flowing
ground water is negligible because of the low velocities of flow. “Total
head” as used by hydrologists is related to “potential” by the expression
¢ — gh, where h is head. Although it may intuitively seem that the total
potential could include terms other than gravity and pressure to reflect
chemical and thermal energy changes, Hubbert’s potential concept is
restricted to mechanical energy only and is so used in this paper.

Head is an intensive state variable and is independent of the process
that produces a change in head. Thus, to calculate energy loss from flow,
a known reversible process can replace the unknown irreversible process.
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Head loss thus represents useable energy lost from the system and may
be thought of as a measure of change in entropy. Likewise, the irrevers-
ible process of dissolving minerals in the aquifer system has an entropy
change associated with it. One way in which the physical and chemical
processes within such a system can be compared is through use of entropy
concepts.

Because none of the potential energy of a ground-water system is
converted to kinetic energy, all the energy is transformed to heat which
is absorbed by the system. Therefore, changes in entropy owing to head
loss, which can be treated as a reversible process, are obtained by cal-
culating the changes in potential energy associated with flow through
the system. This provides a determination of minimum entropy produc-
tion caused by change in altitude. When it becomes possible to separate
all sources of heat to the system (earth heat flow, solar radiation, heats of
solution and precipitation, and frictional heat production), the additional
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entropy production can be combined with the minimum to obtain total
entropy produced from physical processes.

Kilogram-meters can be converted readily to millicalories (mcal) per
kilogram as follows

1 kg-meter = 2.34 X 10° mcal (2)
To convert to entropy between any two points

Ah[meters] X 2.34 X 10% mcal
kg-meters
°K

Entropy [mcal/kg/°K] = 3)
where Ah is loss in head between two points. The temperature of ground
water in this system ranges from about 23°C in the recharge area to a
maximum of about 28°C in the deepest part of the system. A simple
sensitivity test can be made as follows: If T — 298.16° = 2°K and head
= 30 m, then for T = 296.16°K (23°C), the calculated entropy is 237.0
mcal; for T = 298.16°K (25°C), the calculated entropy is 235.5 mcal;
and for T = 300.16°K (27°C), the calculated entropy is 234.0 mcal.
This suggests that over the narrow range of observed temperatures, the
entire system may be approximated by assuming an isothermal system at
25°C. For this preliminary study, the assumption of an isothermal system
permits neglecting thermal energy transfer from sources mentioned above.
This topic will be rigorously evaluated in a subsequent study.

The results of calculating entropy production from head values rang-
ing between elevations of 40 meters to about sea level are shown on
Figure 4. Note that the high point on the potentiometric surface is desig-
nated as having a zero entropy level. This is the input boundary of the
system, and by our definition, the entropy of the water attributed to
position is zero at this point. Therefore in order to depict the entropy
increase attributed to downgradient flow, the equation was modified to

3
Change in entropy = (hmax — hs) g.{)‘él_xo___ll{()nwal 4)

As the water flows down the potentiometric surface, entropy is progres-
sively produced by this physical process to about 300 mcal/kg/°K.

The mineralogy of the Floridian aquifer consists of approximately
65% calcite and 34% dolomite, with minor amounts of gypsum scattered
through the formation. Gypsum may be locally abundant in some parts
of the aquifer system. Therefore, only three chemical reactions need be
considered to describe the major chemical changes in this system. First
is the solution of calcite by means of water and soil CO. gas; second is
the solution of dolomite, also by means of water and soil CO. gas; and
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Table I. Standard Entropy Values®

o

Cal/°K/Mole

Ca’ aq. —13.2
Mg?t aq. —28.2
HCO;~ 22.7
CO; aq. 29.0
H,0 16.716
8042_ 4.1
CaCOj; [caleite] 22.2
CaMg(COs), [dolomite] 37.09°
CaS0, -2H,0 [gypsum] 46.36

2Values from Rossini et al. (20) except where noted.
%Value for dolomite from Stout et al. (21).

third is solution of gypsum (CaSOj - 2H,0) to form calcium ions, sul-
fate ions, and water. Although sulfate reduction occurs within the system,
the simplifying assumption has been made that the decrease in sulfate
concentration is not significant for these calculations. In order to deter-
mine the chemical entropy production of the system, the entropy of each
of these three reactions was calculated using values in Table I as follows:

Calcite
CaCO; + H,0 + CO,,, = Ca? 4+ 2HCO;- 5)
AS:eaction = — 35.7 cal/°K/mole
Dolomite
CaMg(COs); + 2H,0 + 2CO,,, = Ca** 4+ Mg** + 4HCO;~ (6)
AS:eaction = — 79.9 cal/°K/mole
Gypsum
CaSO, + 2H,0 = Ca** + SO + 2H,0 )
AS enction = — 22.1 cal/°K/mole

The change in entropy at any point, i, in the system owing to the
above three equations is given by the following relationships

ASicatcite = ASR.calcite [Mca — (Mue + Msol)] 8
ASidotomite = ASR.dolomite X Mg 9
ASigypsum = ASRgypsum X Mso, (10)
ASchem = AScatcite + ASdotomite + ASgypsum (11)

where AS is change of entropy, m is molality, subscript i is at any site,
subscript R is for reactions identified by subscripts calcite, dolomite, and
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within the aquifer

gypsum, AS.n is total entropy change resulting from the chemical reac-
tions studied, and

ASre:w',ion = ASpl'oduct,s - ASre:unnnts (12)

These calculations are based on the approximation that the amount of
entropy produced per mole of substance dissolved is linear for concen-
trations ranging from infinite dilution to saturation with respect to these
three phases.

The change in entropy owing to the solution of calcite is given by
Equation 8. For these calculations, entropy of the reaction was multi-
plied by molality of calcium ion less molality of magnesium and sulfate
ions. The reason for this subtraction is that, assuming no other source
for magnesium, the total amount of dolomite that has gone into solution
may be approximated by the amount of magnesium at any point within
the aquifer. Therefore, because congruent solution of stoichiometric
dolomite means that the amount of magnesium from dolomite equals the
amount of calcium from dolomite, the contribution of calcium from dolo-
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mite solution can be determined by subtracting magnesium in Equation 8.
For nonstoichiometric dolomites, an error is introduced in this calcula-
tion equal to the percentage that the dolomite is magnesium-rich or mag-
nesium-deficient. Likewise, the amount of gypsum going into solution
may be approximated by the amount of sulfate; subtracting sulfate is
equivalent to accounting for the calcium contributed to the aqueous phase
by the dissolution of gypsum.

In areas where supersaturation of carbonate minerals exists, it was
found that the total amount of magnesium plus sulfate was greater than
the amount of calcium. In that case, we concluded that calcite was
precipitating, and this equivalent amount of entropy change was added
to the total chemical entropy production.

The essence of the above discussion is that, because the change of
entropy of a reaction is based on mole concentrations, it is necessary only
to determine what fraction of a mole of a particular mineral has dissolved
in order to estimate the entropy change for that reaction at any given
site. Another point that needs clarification is that the negative entropy
change for these reactions would appear to violate the second law in
that a natural spontaneous reaction is not tending to maximize entropy.
However, the second law refers to the universe, or at least to a total
system, and not to a single reaction or process. Therefore, it is acceptable
for any individual reaction or process to have a negative entropy change.

In addition, every reaction which produces entropy generates dis-
order within the reacting substances. In the case under consideration,
the entropy change is in the H,O, in the small number of iuns in solu-
tion, and in the interactions between H.O and the ions. H.O is the
dominant component, and because it has a high degree of disorder, solu-
tion of carbonate minerals tends to order the H,O, primarily by hydration
of carbonate and calcium ions, thereby providing for a decrease in entropy
in that part of the system.

The results of these calculations and their distribution are shown in
Figure 5. The change in entropy levels arising from chemical reactions
ranges from about —30 to —200 mcal/liter/°K. The spatial distribution
of the changes in chemical entropy and mechanical entropy is in excellent
agreement, and surprisingly, the values are nearly equal but with oppo-
site signs. The negative sign on the entropy change resulting from chem-
ical reactions indicates that part of the heat absorbed from energy
transformation resulting from ground-water flow is available to dissolve
carbonate minerals and thereby may be converted to chemical energy.

A summation of the entropy produced from chemical and physical
processes is shown in Figure 6 to range from 0 to 200 mcal/kg/°K. In
the recharge area, the entropy production from head loss is greater than
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the negative entropy change resulting from chemical reactions. Far down-
gradient where the flow is less vigorous and the water is supersaturated
with respect to carbonate minerals, the values are equal and produce a
“total” entropy of zero or even of negative values. The negative values
indicate an additional source of energy not accounted for in these pre-
liminary calculations. Possibilities include various thermal sources and
sinks and inadequate accounting for precipitation of carbonate minerals,
which would provide for positive entropy change.

In Figure 7, the hydroisochrones determined from carbon-14 dating
(8) and the entropy map (Figure 6) are combined, which permits the
calculation of rates of entropy production along particular flow paths
within the hydrogeochemical system. The rate of entropy production, in
units of mcal/kg/1000 years, ranges from —11 to 25 for various segments
and from —2 to 7 for flow-line averages.
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Figure 6. Distribution of entropy change resulting from combination of
physical and chemical processes
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Concluding Remarks

We think that the approach discussed here will provide a greater
understanding of the combined physical and chemical functioning of an
aquifer system and hopefully will have transfer value to other natural
systems. We expect that further application and refinement of methods
to study the distribution of entropy production will provide an integrating
variable for use in evaluating the relative importance of physical and
chemical processes at points within a system or between two hydrologic
systems. The next step is to develop techniques that will provide a method
for predicting chemical as well as physical changes resulting from nat-
ural and artificial stresses imposed on an aquifer system. Our working
hypothesis is that our data represent the solution to a set of simultaneous
transport equations. The next task is to formulate the transport equations
in a manner compatible with field- and laboratory-measured parameters
as a verification of the model provided by irreversible thermodynamics.
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Silica Variation in Stream Water with Time

and Discharge

VANCE C. KENNEDY
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.

Silica comprises a significant fraction of the dissolved solids in stream
waters; however, there is relatively little detailed information on the
variations in silica concentration with time and stream discharge, and
few attempts have been made to explain such time-dependent variations
as have been observed. The concentration of most dissolved constituents
in stream water decreases with increasing discharge but, as Davis (1)
has pointed out, the silica content is less variable than that of any other
of the major dissolved constituents. This means that the proportion of
silica in the dissolved solids becomes greater with increasing discharge
and implies that the rate of silica release from soils increases more rapidly
than that of the other dissolved solids during storm runoff. The fact that
silica shows little or no correlation with discharge or specific conductance
suggests that the controls of silica concentration in stream water are
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complex. Chemical-equilibrium models appear inadequate to explain the
behavior of silica in natural waters during storm periods.

This report presents detailed information on the variation of silica
with time, changes in stream discharge, and specific conductance in the
water of the Mattole River of northern California and gives results of soil
leaching studies that help in understanding the silica variations in the
Mattole River. These results and data from other streams indicate that
silica variations during the wet season may be related to varying rates
of chemical reactions in the soil zone. Silica concentration in subsurface
runoff waters is related to the length of time of contact with the soil, the
soil:water ratio, and the rainfall history prior to the time of sampling.

Previous Work. Information pertinent to this investigation has been
drawn from three types of data: the large body of published stream-water
analyses, the basic work on solubilities of crystalline and amorphous silica
and of various silicates, and a group of recent reports on dissolved silica
in soil waters.

Palmer (2) thought that the more alkaline waters favored the reten-
tion of silica in solution in streams of the Piedmont Plateau and Gulf
Coast. He also noted that the proportion of silica in the dissolved solids
was helpful in comparing the chemistry of various stream waters. Hend-
rickson and Krieger (3) concluded that silica and specific conductance
were poorly related for several streams in Kentucky. Davis (1) made a
comprehensive study of silica in ground and surface waters, using many
hundreds of published analyses. From these he concluded that silica in
ground water—and, hence, that in stream water at low stages—is pri-
marily related to the rocks and minerals contacting the water. He found
no marked influence of pH, salinity, climatic regions, vegetation, or
temperature on silica concentration. Storm runoff appeared to acquire
most of its silica within a few days. Evidence for this was the fact that
silica concentrations in stream water remained relatively constant during
periods of high discharge despite the decrease in dissolved solids. He
mentions several possible explanations for this, one of which was that
water travelling through the upper part of the soil profile might contain
appreciable silica leached from the soil and comprise much of the runoff
during and shortly after storms. However, he felt that this method of
obtaining silica required that silica be leached from the soil while other
constituents were dissolved less rapidly. An explanation of this process
posed difficulties. In a later study, Davis (4) found that surface runoff
from rain can acquire 1-3 mg/liter silica during the first few minutes
after rain contacts the soil. Feth and others (5) also showed that silica
is released rapidly (that is, in a few days or so) to percolating, slightly
acidic, snowmelt waters which supply ephemeral springs in the high
Sierra Nevada.
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One approach to interpreting the silica content of natural waters is
to determine the rate of solution and solubility of various minerals which
might be the source of the dissolved silica. Krauskopf (6) summarized
previous work and pointed out that silicic acid (silica) is virtually undis-
sociated below pH 9 and that silica in natural waters is predominantly
in true solution as H,SiO,, monomeric silicic acid. In addition, he per-
formed new experiments which indicated that the solubility of amorphous
silica in distilled water and sea water is on the order of 120 mg/liter at
25°C. Time for equilibration was approximately 40 days for silica gel or
colloidal silica but was greater than two months for opal. Siever (7)
confirmed Krauskopf's work on solubility of amorphous silica as being
120-140 mg/liter and estimated from higher-temperature data that quartz
solubility was about 10.8 mg/liter at 25°C, although, experimentally,
quartz samples showed no measurable dissolution at 25°C after three
years. Morey et al. (8) reported quartz solubility at 25°C as 6 mg/liter.
Stober (9) studied the solubility of various forms of silica and concluded
that after initial release of silica from the solid, a layer of adsorbed silica
forms and controls the final concentration of silica in solution.

Work has also been done on the rate of release of silica from silicate
minerals and on equilibrium concentrations of silica in solutions in con-
tact with naturally-occurring silicates. Garrels and Christ (10) have
indicated that, considering the pH and aluminum concentrations present,
the silica concentrations in most ground and stream waters (6-60 mg/
liter) are in the range that might be expected from equilibrium with
kaolinite. Polzer and Hem (11) found that silica concentrations were
still increasing after two years in a dilute suspension of impure kaolinite
at pH 3.3-3.7. At the end of the experiments, the silica concentration
was 8-10 mg/liter. Part of the dissolved silica was attributed to solution
of a free silica impurity. Mackenzie and Garrels (12) and Mackenzie
et al. (13) showed that appreciable amounts of silica were released to sea
water from various clay minerals within a 10-day period and concluded
that the silica release was governed by an aluminous residue on the
minerals. Correns and von Engelhardt (14), Nash and Marshall (15),
and Garrels and Howard (16) in studying release of K from K-feldspars
all visualize the development of a reaction film on the grain surface which
is depleted in K (hence, relatively high in silica) and through which K
ions must diffuse as they go from the mineral into solution. Wollast (17)
studied the kinetics of silica release from K-feldspar and stated that “the
weathering of feldspar under natural conditions can be described as a
diffusion mechanism of H,SiO, through a residual layer, constituted by
slightly soluble Al( OH); and subsequent reaction of these two substances
to form a hydrated alumino-silicate.” Luce (I8) found solid-state dif-
fusion to be the rate-controlling step for both silica and magnesium during
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early stages of leaching of magnesium silicates. In summarizing controls
on silica concentration in soil waters, Kittrick (19) listed the following
factors: rate of dissolution of unstable silicates, rate of precipitation of
stable silicates, rate of movement of silica-bearing solutions out of the
system, and rate of plant uptake.

Soil-leaching studies indicate that some silica is released from soil
rather rapidly. McKeague and Cline (20) have shown that in soil-water
mixtures at 100% water saturation, the silica in solution after 5 minutes
was approximately half as great as that after 10 days. After the first day
or two the silica concentration increased very slowly. They also demon-
strated that pH has a marked effect on silica concentrations in soil solu-
tions (21). These authors attributed the control of silica concentration
to pH-dependent adsorption and indicated that, of the common soil
minerals, iron and aluminum oxides have appreciable adsorption capacity.
Jones and Handreck (22, 23) studied the effects of iron and aluminum
oxides on silica concentrations in soil solutions and concluded that both
caused a significant reduction in dissolved silica, with aluminum oxides
being most effective. Minimum silica concentrations occurred at pH
9-10 in solutions in contact with iron and aluminum oxides. Harder and
Flehmig (24) reported that the hydroxides of iron, aluminum, and other
elements could remove silica from solutions containing as little as 0.5
mg/liter SiOa.

Bricker and Godfrey (25) found that only a few hours to a few days
were needed for the silica concentration to achieve a constant value in
water recycled through a soil column. The same silica concentration was
attained starting with water containing either more or less silica than
that at “equilibrium.” Similar conclusions regarding the stabilizing effect
of soil on dissolved silica were reached by Miller (26).

The work described above shows that silica can be released or taken
up rapidly—that is, within a few minutes or hours—and that the mecha-
nism is not simply one of solubility.

Methods of Sample Treatment and Amnalysis

Water samples obtained in this study were collected near midstream
in polyethylene bottles and filtered through 0.45-micron membrane filters
as soon as possible after collection using compressed air. Normally,
samples of 4-8 liters were passed through a 4-inch (10.16-cm) diameter
filter, and the first 1-1.5 liters were discarded. Except under conditions
of unusually clear water, the filter was partially clogged by sediment
before any filtrate was retained, so the effective pore size of the filter
was probably less than 0.2 micron for most samples and less than 0.1
micron for samples collected during larger flows when sediment concen-
trations were high. When samples containing more than 5000 mg/liter
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of suspended sediment were filtered, the time for filtration occasionally
exceeded 6 hours but commonly 2—4 hours were required. After filtration,
4 ml of reagent grade concentrated HNO; was added to each gallon of
filtrate, which was stored in a polyethylene bottle until it was analyzed
for major constituents.

Suspended-sediment samples were obtained at low flow by com-
positing water samples collected at three points in the cross section.
Under higher flow conditions, sampling was done at five points equally
spaced in the cross section. The sampling device, a DH-59 hand sampler
(27), was passed through the water column at the same rate at each
sampling point so that the water collected represented the integrated
effect of stream velocity and depth. Thus, all five samples could be
composited to represent the average sediment concentration in the stream
as a whole. Under very high flow conditions, when water velocities near
the surface approached 15 feet (4.5 meters) per second (28), only sam-
ples of the upper 2 feet (0.5 meter) of flow could be obtained. However,
the extreme turbulence under such conditions should have caused suffi-
cient vertical mixing that the samples truly represented the average con-
centration of transported sediment of medium sand size and finer. The
sizeable load of coarse sand and gravel moving near the streambed was
not sampled. Suspended-sediment samples were always taken within
15-20 minutes of the collection of water samples.

Silica analyses were made on an automatic analyzer using a modifi-
cation of the method of Mullin and Riley (29). Chloride analyses were
also made on the automatic analyzer, using the method of O’Brien (30).
Conductivity measurements usually were made on the pressure-filtered

EXPLANATION

SAMPLING SITES
@ MATTOLE RIVER
@ CONKLIN CREEK

Figure 1. Index map of Mattole
River Basin
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samples. Enough determinations were made to establish that no change
in conductivity could be detected between filtered and unfiltered samples.
The specific conductance was used as an index of the concentration of
dissolved electrolytes in the water and was determined for every sample
collected. Ca, Mg, Na, and K were determined using an atomic absorp-
tion spectrophotometer.

Mattole Drainage Basin

The Mattole basin is in northern California (Figure 1), and an area
of about 240 square miles lies upstream from the sampling point used in
this study. Ranching and timber sales have been the major source of
income but a little farming is done on suitable areas along the river. The
towns generally consist of just a few rather old buildings with some other
homes in the vicinity. Average population is probably less than two
persons per square mile.

Topography and Geology. Topography is mature with a maximum
relief of approximately 3500 feet and an average relief of perhaps 1500
feet. The rocks in the basin are mainly folded graywacke, shale, and
conglomerate (31). A northwest strike of the folded and faulted sedi-
mentary rocks causes the northwest trend of the stream basin. The
downstream half of the basin is characterized in part by steep grassy
slopes with shrubs and second growth trees located along some drainage
lines and covering some whole tributary basins (Figure 2). The upstream
half of the basin contains large areas of second-growth timber with
scattered grasslands in an area of somewhat gentler topography.

Soils and Sediments. Soils in the Mattole basin range from gravelly
to clay loam (32) and are acid with a pH generally in the range 4.6-6.0.
In one 9-foot profile of upland soil sampled in this study, the pH ranged
from 4.8-52. Where relatively little recent erosion has occurred, the
soils are 10 feet or more in depth. However, in the last 20 years there has
been extensive logging and road-building activity, and this has been a
factor in the disturbance and resulting erosion of the soil. At present,
erosion in the basin is rapid, and along drainage lines on some of the
slopes the soil has been completely removed to bedrock. This erosion
has caused aggradation of the river bed, and suspended-sediment con-
centrations in the river now exceed 10,000 mg/liter during high flows.

X-ray diffraction analyses of the < 2-micron size fraction of suspended
sediment and soils from the Mattole basin indicate that kaolinite, ver-
miculite, and aluminum-interlayered vermiculite comprise the main clay
minerals. Much smaller amounts of illite commonly are present. Chlorite
is detectable in a few suspended-sediment samples.
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<.

Figure 2. View of lower Mattole River basin showing bridge from which
sampling was done

Vermiculite identification is based upon the presence of a mineral
having a 14-A d-spacing with Mg saturation and glycol solvation which
collapses to 10.5 A with K saturation and air drying (33). There is little
expansion above 14 A when magnesium-saturated clay is solvated with
ethylene glycol, which indicates that little, if any, montmorillonite is
present. When heated to 550°C, only clay with about a 10-A d-spacing
remains in most samples, but a small amount of chlorite in a few sediment
samples is indicated by the presence of 14-A spacing (34). Evidence for
aluminum-interlayered vermiculite (or possibly aluminum-interlayered
montmorillonite ) is the presence of a 14-A mineral in Mg-saturated sam-
ples which fails to collapse to about 10 A on K saturation (35) but which
is neither montmorillonite nor chlorite, based on glycollation or heating
to 550°C.

Precipitation. Rainfall averages 92 inches per year for the basin as
a whole but within the basin ranges from about 50 to 110 inches. Of this,
76% appears as runoff (36). The bulk of the annual rainfall occurs in the
months of November through March, with intense downpours associated
with some storms. Normally, little or no rain falls from late May until
late October.

The average composition of precipitation falling in the Mattole
River basin is shown in Table 1. Samples were collected near Petrolia,
Honeydew, Ettersburg, and Thorn during part of the 1966-67 rainy
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Table I. Composition of Atmospheric Precipitation
in the Mattole River Basin

Weighted Average Values (mg/liter)

January-May October—April

Constituent 1967 196869
Ca? 5.5 2.2
Mg+ 0.4 0.3
Na*t 1.1 0.9
K+ 0.1 0.1
SO~ 6.4 4.7
Cl- 1.6 1.7
SiO, 0.1 <0.1

season and for all of the 1968-69 rainy season. In calculating an average
composition, the analyses were weighted according to the amount of rain
falling during a sampling period and also according to the areal variation
of rainfall within the basin. A total of 40 samples were collected.

Calcium and sulfate showed a definite tendency to be higher in
concentration during periods of low rainfall, presumably because of dry
fallout. Calcium concentrations were commonly less than 1 mg/liter
and sulfate less than 2 mg/liter during periods of high rainfall.

Chemical Composition of Stream Water. Streams in the Mattole
River basin contain relatively low concentrations of dissolved salts, as
might be expected because of the high rainfall. Representative analyses
of the river water are presented in Table II. Calcium, magnesium, and
sodium are the major cations, and bicarbonate and sulfate are the major
anions. Mean discharge for a 20-year period (1912-13, 1951-68) was
1331 ft® sec? (37.69 m® sec!) and mean annual discharge was 1.189 X
10°m?3 (37).

Silica vs. Time and Discharge in the Mattole

Diurnal Variation During Low Flow. The silica concentration in
the Mattole River shows small but consistent diurnal changes, as do pH
and specific conductance (Figure 3). Silica concentration reaches a
maximum in the late afternoon along with pH, whereas specific con-
ductance is at a minimum then. A minimum in silica occurs between
8 and 11 a.m. Both silica and specific conductance show about a 4%
diurnal variation.

Samples taken the evening of October 5 at 1730 and at 0800 on
October 6, 1968 showed a variation in silica, pH, and specific conductance
similar to that observed on October 1-2 and shown in Figure 3. However,
samples collected at 1730 on September 23 and at 0730 on September 24,
1969 showed the following results, respectively: pH, 8.8, 7.9; specific con-

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch004

102 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

300 9 ne

(%]
[=3 14
: - 1 ¢
2 PH 3
S 280 8 b (Y
b3 w
F3 a
- B < «»
Y SPEC. COND. =
2 - | :
5 260 § 7| L £ L qroe §

o -
3 L 8 H 8 J 2
z z =] 2 s
3 [ = 1

| z
o 240 6 <104 =
w SILICA <
2 °
& i 2
" 2]

220 5 41 L1 L 10.0
o 10 20 30 40
TIME IN HOURS

Figure 3. Diurnal variation of pH, silica,
and specific conductance on October 1-2,
1968

ductance, 241, 264; silica, 9.7, 9.2. Thus, a diurnal variation of about 5%
in silica can occur in the Mattole River.

Such a variation is not unexpected; Barnes (38) has reported diurnal
silica fluctuations of 15-20% in a stream, and Enright (39) has shown
that the diatom population is lower in the evening than the morning in
a coastal marine environment—a change which was attributed to diatom
reduction by grazing of other organisms. Thus, the observed silica varia-

Table II. Composition of Mattole River Water Collected
under Various Flow Conditions
Low Flow Medium Flow  High Flow
Date Nov. 11, 1966 May 1, 1967 Dec. 4, 1966
Discharge (cfs) 66 3500 41,150
Specific conductance
(field meas., micromhos
at 25°C) 286 109 80
Dissolved solids
(mg/liter)® 172 70 53
pH (field meas.) 8.3 74 7.7
Si0, (mg/liter) 7.3 11.6 8.2
Electrolyte concentration
(mg/liter) ®
Ca?t 40 14 8.5
Mg+ 6.7 24 14
Na+ 8.7 5.1 4.0
K+ 1.1 0.7 1.0
HCO;- 127 49 36
S0~ 35 9.0 6.0
Cl- 4.9 2.7 2.

s Calculated from relation between specific conductance and dissolved solids for the
Mattole River reported in U.S. Geological Survey Bublications.
b Analyses under supervision of J. W. Helms, U.S. Geological Survey.

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch004

4. KENNEDY Silica Variation in Stream Water 103

tions in the Mattole River may result from diatom reproduction and
growth during the night and early morning hours (40) and loss of
diatoms during the day through consumption by other organisms.

The possibility exists that evaporation from the stream or transpira-
tion through plants along the river bank may account for part or all of
the increase in silica concentration during the daylight hours. However,
replicate analyses of morning and evening samples for sodium and
chloride indicate less than 1% difference, and a stream gage on the
Mattole capable of detecting a 3% change in discharge showed no evi-
dence of diurnal variation. Hence, the silica increase is believed owing
to processes other than evaporation.

Variations for a Single Storm Event. An intensive study of one
small stream rise was made during the period November 7-15, 1969 for
the Mattole River and Conklin Creek (Figure 4). Conklin Creek is a
tributary to the Mattole River which enters from the north about 2 miles
upstream from the main sampling site on the Mattole. Its drainage area
is 5-6 square miles.
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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 WSW Station,
California, on November 7-8, 1969

Accumulated Rainfall on

Ravnfall,® Nov. 7,2

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 (Nov. 8) 1.9 4.5

B ¢ Information from recording rain gage provided by K. E. Morgan, U.S. Weather
ureau.

After the summer dry period, two small storms had occurred, causing
significant runoff. One storm causing about a 2-foot rise in stage on the
Mattole River- was on October 15 and 16. A second storm resulted in 3.7
inches of rain at the Honeydew weather station about 12 miles upriver
from the sampling site during the evening of November 4th and caused
a river rise of about three feet. The river flow was still decreasing from
this last storm when the intensive study began.

A little more than 0.1 inch of rain fell on the 5th and 6th of Novem-
ber. Light rain continued falling on the 7th, and 0.3 inch had accumu-
lated by 1300. Table III presents data from the Honeydew recording
rain gage for November 7 up until 2200 when the recording gage became
inoperable. By combining information from a nonrecording rain gage at
Honeydew and the available data from the recording gage, it appears
that a total of about 4.5 inches of rain fell on November 7 and the first
six hours on the 8th. Of the 1.8 inches that fell between 2200 on the 7th
and 0600 on the 8th, almost all fell before 0200 on the 8th. This is on
the basis of visual observation and the timing of the stream rise on Conklin
Creek, which crested at 0300 on the 8th. Therefore, about 2.4 inches of
rain fell in a 5-hour period at Honeydew between 2100 on the 7th and
0200 on the 8th. Normally, more rain falls at Honeydew than at the
sampling point on the Mattole near Petrolia. An unofficial rain gage near
our sampling point indicated 3.6 inches of rain for the storm, and this is
probably a better value for the precipitation in the Conklin Creek
drainage.

Although light rain fell the morning and early afternoon of Novem-
ber 7, the discharge of Conklin Creek continued to decrease following the
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previous storm, and specific conductance and pH increased. As rainfall
increased during the late afternoon and evening and runoff from the acid
soils began, the pH of the water dropped rapidly from 8.0 and reached
a minimum of 7.4 at about the time of maximum discharge. A similar
pattern of pH variation occurred on the Mattole (Figure 5). For both
streams, the increase in pH after peak discharge was much slower than
the decrease during rising discharge.
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Figure 5. Variation in discharge and chemical compo-
sition of the Mattole River, November 7-15, 1969

The ratio silica to specific conductance (SiO.:Spec. Cond.) is quite
useful in showing changes in the relative rate of release of silica as com-
pared to the major electrolytes, Ca2*, Mg?*, Na*, HCO;", SO*, and CI".
In Conklin Creek, as discharge began to rise, both the silica concentration
and specific conductance (in this stream, a measure mainly of the amount
of calcium and bicarbonate in solution) decreased at a rate such that the
ratio SiO.:Spec. Cond. remained relatively constant (Figure 4). When
gage height was less than halfway to the maximum, the rate of silica
decrease diminished compared with that of specific conductance. The
result was a sharp increase in the SiO.:Spec. Cond. ratio. This continued
while silica concentration and then specific conductance reached a mini-
mum. As specific conductance increased along with silica, the ratio
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tended to level off. After silica reached a maximum about 18 hours after
peak discharge, specific conductance continued to increase, and the
SiO.:Spec. Cond. ratio decreased gradually. A similar trend in silica,
specific conductance, and the ratio SiO»:Spec. Cond. is apparent in Figure
5 for the Mattole River.

The decrease in silica concentration during rising discharge, rapid
rise in silica near the discharge peak, and leveling off in silica concentra-
tion 18-24 hours after peak discharge are easily seen in the case of an
isolated runoff event. However, when one storm follows another in rapid
succession, the pattern of variation in silica and the ratio SiO.:Spec.
Cond. with time becomes complex. Nevertheless, if one keeps in mind
the basic pattern outlined above, the reasons for the observed silica con-
centrations become evident.

Variations During a Complex Series of Storms. Changes of water
chemistry and sediment concentration were monitored in detail for the
Mattole River during the 1966-67 rainy season. Periodic samples were
taken also during the following dry season. In Figure 6, water-quality
variations are shown for the period November 24 to December 19, 1966.
The first storm sequence of the rainy season ended on November 22, so
the period November 24-27 represents a time of decreasing discharge and
silica concentration but of increasing specific conductance. If one exam-
ines the changes in silica concentration and specific conductance with
discharge during the rainy period November 28—-December 13, the same
relation between these parameters is seen as for the storm of November
7-8, 1969. Rainfall shown for each day on Figure 6 is the total reported
for a 24-hour period ending at 0800. However, before discharge had
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Figure 6. Water quality variation with discharge of the Mattole River,
November 24 to December 19, 1966
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Figure 7. Water quality variation with discharge of the Mattole River,
January 14 to February 3, 1967

declined very much after one rise, another storm arrived, the normal
pattern of chemical changes was interrupted, and a new cycle begun.
For example, on December 1 a sharp rise in discharge occurred, and
silica concentration decreased by about 25%. As peak discharge was
reached and flow began to decline, silica concentration showed a greater
percentage rebound than did specific conductance, and this is reflected
in the increase of the SiO.:Spec. Cond. ratio. However, before discharge
had declined very much, a new storm arrived early on December 2, and
another peak in discharge resulted. Although little change in specific
conductance was observed during and after the rise, silica followed its
usual pattern of decreasing on the rise and rebounding rapidly soon after
peak discharge.

Moderate rainfall continued on December 2 and gradually increased
in intensity through December 3. During the day and early evening of
December 4, about 5 inches of rain fell on soil that was already saturated.
The result was a gradual but large rise in discharge. While flow increased
on December 3 and 4, both silica and specific conductance declined at
about the same rate, as shown by the relatively constant SiO-:Spec. Cond.
ratio, but, after the discharge peak, silica once again increased faster than
specific conductance and then leveled off.

Sediment concentration and silica concentration show a consistent
inverse relation during periods of storm runoff, and silica minima com-
monly tend to precede peak discharge by 2-4 hours, depending on how
fast a rise occurs. Sediment concentration varies much more than does
any of the dissolved constituents.
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After more than a month of dry weather, heavy rains fell again
beginning on January 19, 1967, and rain fell intermittently until February
1. The same patterns of sediment concentration, silica, specific con-
ductance, and SiO.:Spec. Cond. ratio are seen as for the other rainy
periods described above (Figure 7).

Relation of Silica and the Ratio SiO::Spec. Cond. to Discharge.
Silica concentration shows no correlation with discharge of the Mattole
River (Figure 8). In Figure 9, the ratio of SiO.:Spec. Cond. is plotted
against log discharge. The ratio for samples collected more than four
days after a peak in water discharge shows a rather well-defined positive
correlation with log discharge. Samples collected during a rising stage
tend to have a ratio which plots lower than those collected on a falling
stage. This would be expected from the information presented in Figures
4-7. Points representing the first four days after peak discharge plot on,
or somewhat lower than, the line of samples taken more than four days
after peak discharge.

Seasonal Trends in Silica Concentration. The mean silica concentra-
tion (discharge weighted) for each month of the 1967 water year (Oct.
1966-Sept. 1967) is shown in Figure 10, along with the mean discharge.
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Figure 9. Variation of the ratio silica:specific conductance
with discharge in the Mattole River, Humboldt County,
California

At the end of the 1966 dry season, discharge was low and so was silica
concentration. When the rainy season began in mid-November, the sur-
face runoff contained more silica than the ground water, so the average
silica concentration in the river water increased. As the rains continued,
the concentration of silica in runoff waters gradually increased. When
average water discharge was decreasing during the period March to
early July, silica concentrations remained relatively high. However,
between early July and late August, the silica concentration decreased
25% from 12 to about 9 mg/liter.

Rates of Silica Release by Soils and Sediment

Silica Release in Suspensions with a High Solid:Liquid Ratio. Be-
cause silica variations with discharge suggested that silica was released
by the soil at a rapid rate, some leaching studies were made of soils
which had been collected from the Mattole River basin near the end of
the summer dry period. Particles larger than 0.18 mm in diameter were
separated by sieving and rejected. One composite sample representing
several forest soils (0—2-inch depth) was mixed in a 1:1 ratio by weight
with deionized water, stirred, let stand, sampled, and then occasionally
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stirred again with periodic sampling during a total period of four days.
Aliquots were centrifuged, the supernatant tested for conductivity, and
then filtered through a 0.1-micron membrane filter. A composite of
grassland soils were subsequently treated the same way except that the
mixture was stirred continuously at a slow rate using a magnetic stirring
bar. The mixtures of water and soil were covered with a thin plastic
sheet while standing to reduce evaporation.

The chemistry of the water in contact with the soil composites is
shown in Figures 11 and 12. In the case of the forest-soil composite,
there was little evidence of evaporation, either as condensation on the
plastic container cover or as increased chloride content with time. In the
case of the grassland-soil composite, the stirring equipment increased the
temperature of the slurry 2-3°C above room temperature, and consid-
erable condensation was noted on the loose-fitting plastic cover. Also, the
chloride concentration gradually increased with time, suggesting evapo-
rative losses. Because other leaching studies of chloride in Mattole basin
soils had shown that almost all the chloride in a sample was soluble
within a few hours’ time, the increase in chloride was taken as a measure
of evaporative losses. If specific conductance and silica concentration had
been corrected accordingly in Figure 12, the silica concentrations and
specific conductance would show a slight decrease on the fourth day.

The compositional patterns of the solutes were quite different for
the forest- and the grassland-soil composites. Although both showed a
rapid release of silica and other solutes from the soil during the first day,
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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 12. Composition of the solution vs. time for a 1:1 mix-
ture of water and grassland soil

the silica concentration in the forest-soil solution reached a maximum 16
hours after the experiment began and then decreased, slowly at first,
and then more rapidly. In the grassland-soil solution, the silica concen-
tration continued to rise slowly for about three days and may have de-
creased slightly on the fourth day. A surprising pattern was found in the
specific conductance variation of the forest-soil solution with time. It
increased in almost a linear relation with time for about a day and a half
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and then decreased again. The grassland-soil solution, on the other hand,
showed very little indication of such a drop in conductance. The
SiO,:Spec. Cond. ratio showed an initial rise during the first 8 hours and
then a gradual decrease for the forest soil. The grassland soil also showed
a sharp increase in the ratio in the first 8 hours, and then this leveled off
after almost three days. It is apparent, therefore, that these two types of
soil displayed quite different responses to prolonged contact with water.

In another experiment, three soil composites, each representing about
10 surface soils from the southwestern part of the Mattole basin, were
sieved to remove particles larger than 0.18 mm and then leached with
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Figure 13. Composition of sequential leaching solu-
tions in a 2:1 mixture of water and composite soil A

successive volumes of deionized water. Soil composite A was composed
primarily of forest soils, with an organic carbon content of 9.6%. Soil
composite B was in part from grassland and in part from brushland and
contained 2.6% organic carbon. Soil composite C represented soils from
brushland and areas of second-growth timber. Its content of organic
carbon was 6.4%. In each case, duplicate 75-gram quantities of the
air-dried samples were mixed with 150 ml of deionized water, stirred
thoroughly, centrifuged, and the supernatant filtered through 0.2-micron
membrane filters. Immediately after the supernatant was decanted, more
water (110-115 ml) was added to bring the water—sediment mixture back
to its original weight, the mixture was stirred, and centrifuged again.
This procedure was repeated seven times, taking 40-65 minutes per leach.
Beginning with the eighth leach, the water-sediment mixture was per-
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mitted to stand after stirring for longer and longer periods before cen-
trifugation was started.

The average composition of the duplicate leachates from composite
soil A is shown in Figure 13. Because interstitial water left behind from
one leach is mixed with the next leach in a ratio of about 1:3, very sharp
changes from leach to leach cannot be expected. However, the trends in
the various constituents are instructive. Highly-soluble electrolytes are
removed rapidly, as is some readily-leached silica, but with continued
leaching the ratio of SiO,:Spec. Cond. climbs, indicating that the rate of
silica release increases more rapidly than that of the electrolytes. As the
leaching period increases, there is more opportunity for silica to reach a
“plateau” concentration and for the less soluble materials to release
electrolytes. Thus, when the time interval between leaches was 24-30
hours, the SiO.:Spec. Cond. ratio reached a maximum, indicating that
silica and electrolytes were being leached temporarily in a constant ratio.
After a 3-day contact period, the silica concentration was increasing more
slowly than that of the electrolytes. The pH of the supernatant was 4.5,
5.0, and 5.8 after the first, seventh, and last leach, respectively.

A very similar pattern of release of silica and electrolytes was ob-
served when the two other soil composites from the Mattole basin were
leached, so it appears that the type of variation seen in Figure 13 is
representative of at least three areas in the Mattole basin.

The data presented regarding the silica content of water contacting
Mattole basin soils are compatible with information found in the litera-
ture. For example, McKeague and Cline (20) showed (see Figure 14)
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Figure 14. Concentration of silica vs. time for some soil-water mixtures
at different ratios; from McKeague and Cline (20)
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Figure 15. Silica concentration vs. (time)'/?
in 10,000 mg/liter suspensions of soil in
deionized water

that in a 1:1 soil-to-water slurry, two different soils displayed a rapid
increase in dissolved silica during the first two days and then silica de-
creased, rapidly at first, then slowly with time. Slurries with soil-to-water
ratios lower than 1:4 did not show this pattern.

Silica Release in Suspension with a Low Solid:Liquid Ratio. The
possibility exists that a significant fraction of the silica in stream water
may have been derived from solution of suspended sediment during
stream transport. To establish an order-of-magnitude value for this leach-
ing during transport, samples of soil and suspended sediment of less than
0.25-mm particle size were washed at least five times with deionized
water in rapid succession to remove easily-soluble material and then
given a final wash with ethyl alcohol to help speed the drying process. A
10,000-mg/liter suspension of three air-dried samples was prepared in
deionized water and stirred vigorously and continuously for about 31
hours and a 6000-mg/liter suspension of a fourth sample was stirred for
21 hours. Aliquots of the suspensions were removed periodically and
filtered immediately; that is, solids were separated from liquids within
4-5 minutes. The filtrates were then analyzed for silica content.

Silica concentration was plotted vs. the square root of time to test
for possible diffusion control (17, 18) in the release of silica. An allow-
ance was made for filtering time. Soil composite A displayed a release
pattern which suggested diffusion control at one rate for the first 8 hours
(Figure 15), and then the slope changed to a rate similar to that seen in
soil composite B. A break in slope in the line for soil B apparently
occurred at the third aliquot collected.

The 1966 sediment sample (Figure 16) was representative of the
suspended sediment in transport during a high-flow period. It probably
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contained appreciably more clay-size material than the 1964 sample, and
this may account for the greater amount of silica released per unit weight.
The silica release shows a linear relation to the square root of time. The
1964 sediment was a sample of the fine material that settled out as river
water passed through a flooded building during a period of very high
flow in December 1964. It consisted mainly of silt with some clay and
very fine sand. Presumably, most of the clay was carried away with the
water. Just as in the case of the soil A (Figure 15), there appears to be
a break in the slope of the line of silica concentration after 8-9 hours, but
the linear relation between silica and the square root of time is still
evident for the first 8 hours. This relationship suggests that the rate of
solution of silica from both sediments and soil particles is controlled by a
diffusion process, even though both soils and sediments are composed of
a complex mixture of siliceous material.

Separate splits of the 1966 sample of suspended sediment were
stirred with deionized water at concentrations of 2000 and 14,000 mg/liter
for 31 hours, and the water was then removed and analyzed. After 31
hours, the silica in solution corresponded to 0.63, 1.80 (from extrapola-
tion, Figure 16), and 2.84 mg/liter for the 2000, 6000, and 14,000 mg/liter
suspensions, respectively. Silica in solution per 1000 mg/liter suspended
sediment was 0.31, 0.30, and 0.20 for the 2000, 6000, and 14,000 mg/liter
suspensions, respectively. Above about 6000 mg/liter, therefore, a linear
relation between sediment concentration and silica released may not exist.
This is not surprising if there is a back reaction owing to uptake of
silica on mineral surfaces, as suggested by Wollast (17) and others.

In considering the probable effect of suspended sediment on silica in
solution, one must take into account not only the concentration of the
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Figure 16. Silica concentration vs. (time)'/?
in suspensions of stream sediment in deion-
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sediment but also the contact time and concentration of silica already in
solution. During high-flow periods when sediment concentrations may
exceed 10,000 mg/liter, the water velocity in the stream is high, and the
average elapsed time from actual rainfall until surface runoff arrives at
the sampling point is about 5-6 hours. When rainfall results in only
moderate runoff, sediment concentrations may be in the range 1000-3000
mg/liter, and water striking the land surface can take 10-12 hours on
the average to reach the sampling point because of lower stream veloci-
ties. If 2-4 hours is allowed after sample collection for filtration, then
total contact time of the sediment with the water would range from 7-16
hours.

The concentration of dissolved silica in the 6000 mg/liter suspension
at the end of 10 hours was about 1 mg/liter. A reasonable estimate of
silica concentration in the stream is 10 mg/liter when suspended sediment
is 6000 mg/liter. Thus, a maximum of 10% of the dissolved silica in
stream water might possibly have been derived from suspended sediment
during transport. However, this would mean that 9 mg/liter of silica
was already in solution when the sediment-bearing water entered a rivulet
on the hillside. Such a silica concentration would be expected to slow
the release of more silica from the sediment. Therefore, 6000 mg/liter
suspended sediment probably contributes much less than 10% of the
dissolved silica found in the Mattole River under moderately high flow
conditions. Under more intense rainfall and higher flow conditions,
greater concentrations of suspended sediment occur, and more rapid
runoff offers less time for contact between soil and storm runoff. The net
result of the higher sediment concentrations but shorter contact time
would probably be lower total silica in solution in the stream water, but
a greater proportion of the total dissolved silica would be attributable to
release from suspended sediment. Even then, the silica derived from
suspended sediment probably would not exceed 10% of the total in
solution.

If wet soil at the land surface is thought of as simply a very concen-
trated suspension of sediment in water, the sediment concentration would
be on the order of 1,600,000 mg/liter. If the rate of silica release into
solution were related to total solid surface exposed per unit volume of
water and thus proportional to the sediment concentration, it would take
3-4 minutes contact time to increase the silica concentration to 12 mg/
liter based upon the data for soil A (Figure 15).

In fact, it is evident that back reactions would become increasingly
significant as the silica concentration increased in the pore water. The
soil suspensions shown in Figures 11 and 12 had effective sediment con-
centrations of about 730,000 mg/liter, and dissolved-silica concentration
reached 12 mg/liter in 4 hours for the grassland-soil composite and in
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less than an hour for the forest-soil composite. Readily-soluble silica in
both the grassland and forest soils undoubtedly contributed greatly to
the rapid rise in silica concentration, but the fact remains that the very
high solid-to-liquid ratio in wetted surface soil, even where leached by
prior rain, would result in relatively rapid increase in the silica content
of soil water. Thus, an hour or two of contact time with the soil can
account for almost all of the dissolved silica found in Mattole river water
during high flow. There is little need of, or evidence for, assuming that
more than 10% of the dissolved silica is derived from suspended
sediment.

Silicon—Cation Ratios in Solids and Stream Water. During low-flow
periods of the Mattole river, the ratio of silicon (equivalents/liter) to
alkalis plus alkaline earths (equivalents/liter) in solution is approximately
0.15-0.2, and following high flows it is in the range 0.8-0.9. These ratios
can be compared with those in various common rock-forming minerals,
as listed in Table IV.

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®

Mineral (Equivalents: Equivalents)

Biotite 2-10
Chlorite 1-14
Montmorillonite 32-48
Muscovite 10-12
Vermiculite 2-14
K-feldspars 12

Plagioclases 4-12

@ Calculated from data in Dana, (41) and Grim (34).

It is apparent even during high-flow periods, when most silica is
carried away in solution, that the ratio of silicon:alkalis plus alkaline
earths in stream water is much lower than that in the primary minerals.
Hence, the fraction of the silicon contained in clay minerals, micas, and
feldspars which is removed in solution in stream water must be small.

Factors Controlling Silica Concentration in the Mattole River

Silica concentration in the Mattole River displays a consistent pat-
tern with respect to stream flow, specific conductance, and sediment con-
centration. However, the silica variation is “out of phase” with respect to
both discharge and dissolved electrolytes, and silica varies inversely with
sediment concentration. Any explanation of the silica variation must
account for these facts.
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When rain begins after a dry period, the water enters the pore spaces
in the soil easily. This water dissolves readily-soluble materials and, as
rain continues, the initial rainfall will be carried downward into the soil
along with the readily-soluble salts. If rainfall increases in intensity or
the soils have low permeability, the pores of the surface soil become
saturated, and water flows over the land surface to produce “overland
flow” (42, 43). A part of this overland flow infiltrates the soil farther
downslope, and a part continues on to join rivulets and become part of a
larger stream. Some of the water which entered the soil moves laterally
down gradient through the upper soil horizons and emerges to join the
overland flow. This “subsurface runoff” or “subsurface flow” can be
expected to transport some of the readily-soluble soil materials initially
and, as time of contact increases, some of the less readily-soluble mate-
rials will also go into solution and be carried along. With continuing rain-
fall, an increasing amount of subsurface runoff will join the overland flow
to form the storm runoff. Subsurface runoff which has moved laterally
through only a few inches of soil may rejoin surface flow within an hour
or less (44), and it is probably this water which causes the initial increase
in silica concentration observed during a stream rise. In many streams,
the proportion of ground water in stream flow is very small during periods
of storm runoff, so the stream chemistry is largely controlled at such
times by chemical reactions at the land surface. This is probably the
case for the Mattole River.

As rainfall decreases, overland flow also decreases, but subsurface
runoff continues for several days after the storm as water gradually drains
from the soil. This explanation assumes that three water sources of differ-
ing chemical characteristics contribute to stream flow, in contrast to the
assumption of two water sources made by other authors, for example,
Pinder and Jones (45).

The silica variation with time and discharge of the Mattole River and
Conklin Creek is compatible with the sequence of events described above.
This can be observed from the information shown in Figures 4 and 5.
Although almost an inch of rain fell before 1700 hours on November 7,
1969, there was no evidence of increased flow in the Mattole River result-
ing from that rain. In fact, stream discharge was decreasing. The rain
apparently infiltrated the soil as it fell. As rainfall became more intense,
storm runoff entered the stream and discharge increased. Although the
concentration of both silica and dissolved electrolytes decreased with
increasing discharge, the decrease in concentration was much less than
would result from dilution of groundwater inflow to the streams by
rainfall alone. Thus, an appreciable amount of both silica and electro-
lytes must have been derived from surface soils as water passed over or
through them.
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The SiO,:Spec. Cond. ratio of the stream water decreased slightly
in the Mattole River and increased slightly in Conklin Creek during the
initial stream rise, indicating that, on the average, the ratio of these
constituents in the dissolved solids removed from surface soils was not
greatly different from that of the dissolved solids present in the stream
before the storm began. However, before stream discharge had increased
halfway to its maximum and before silica reached a minimum, the SiO.:
Spec. Cond. ratio began to rise rapidly. This increase in the ratio is
attributed to the influx of water to the stream from surface soils which
had been leached of highly-soluble salts. Such water is characterized by
a relatively high ratio of silica to electrolytes (see Figure 13).

Following the upturn in the SiO.:Spec. Cond. ratio, the silica con-
centration continued to decrease for about 2.5 hours in the case of
Conklin Creek and 5 hours in the case of the Mattole River before reach-
ing a minimum. This minimum silica concentration, in turn, preceded
maximum stream discharge by 3—4 hours in both Conklin Creek and the
Mattole River. The increase in silica concentration while discharge was
still rising is attributed to an increasing proportion of subsurface runoff
in the stream flow and to an increasing concentration of silica in that
subsurface runoff because of greater contact time with the soil.
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Both silica concentration and the ratio SiO,:Spec. Cond. continued
to increase after peak stream discharge until the silica concentration
began to level off while dissolved electrolytes continued to increase. At
that point, the ratio reached a maximum and began to decline. The
leveling off in silica concentration coincides with a change in slope of the
discharge curve, suggesting that this marks the end of overland flow.
The plateau silica concentration, then, indicates the “steady state” value
for dissolved silica in soil water shortly after the storm.

The fact that the pattern of silica variation in Conklin Creek is very
similar to that in the Mattole River, even though the stream basins are
different by a factor of about 40 in size, indicates that the observed
variation in the Mattole basin is not owing to travel time effects.

Silica Variation in Other Streams

The only data on other streams which are sufficiently detailed for
comparison purposes are those obtained by Steele (46) on Pescadero
Creek, San Mateo County, California. This stream has a drainage area
of 45 square miles and the average annual rainfall in the basin is approxi-
mately 40 inches. As in the case of the Mattole basin, much of the rainfall
occurs between November and March.

There is little correlation between silica concentration and discharge
of Pescadero Creek (Figure 17). When the silica concentration, the ratio
of SiO,:Spec. Cond., and water discharge are plotted against time for a
storm period (Figure 18), one can see that the silica variation and the
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ratio SiO.:Spec. Cond. show the same relation to discharge as was ob-
served in the Mattole River. This is true despite the fact that specific
conductance and silica concentrations are appreciably higher in Pescadero
Creek than in the Mattole River. As in the case of the Mattole River,
samples taken on a rising stage tend to have a somewhat lower ratio of
SiO.:Spec. Cond. than average (Figure 19). Three of the four samples
which plot low in Figure 19 and are underlined were taken within 2
hours after peak discharge and the fourth within 5 hours, so they were
obtained just after a rise was completed.
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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 collected to be representative
of all flow conditions, a plot of the ratio SiO.:Spec. Cond. against dis-
charge for a stream can be used to determine whether silica concentra-
tions are relatively low during a rising stage and relatively high on a
falling stage. Commonly, the period of sharply rising stage is short
compared with the time of falling stage, so most samples are obtained on
a falling stage. This is especially true for small streams.

A search of Water-Supply Papers of the U.S. Geological Survey was
made to find streams for which there existed several years’ record of
instantaneous samples and for which determinations of silica, specific
conductance, and instantaneous discharge had been made. The silica
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concentration and ratio SiO.:Spec. Cond. were plotted against log dis-
charge to determine trends. Records of mean daily discharge were
examined to learn which samples were collected on a day on which a
stream rise occurred and which were collected at a time of falling dis-
charge. Results are shown in Table V. It appears that the ratio SiO.:
Spec. Cond. consistently increases with rising discharge although silica
concentration itself may rise, fall, or show no trend. In most instances,
the SiO,: Spec. Cond. ratio is lower than normal for samples collected on
days on which a rise occurred but, in the case of two streams, there were
insufficient samples taken on a rise to establish a trend. These data pro-
vide good evidence that the rate at which silica is released from soils
increases more rapidly than that of the electrolytes during storm runoff,
just as in the Mattole River and Pescadero Creek.

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

Ratio Si0,: Spec.

Change in Change in  Cond. Relatively
Stream Silica Ratio S10,: Low on Rising
Name Concentration  Spec. Cond.  Discharge?
Delaware R. Increases Increases Yes
at Montague, N.J.
Cape Fear R. Increases Increases Yes
at Lillington, N.C.
Pigeon R. near Decreases Increases Yes
Hepco, N.C.
French Broad R. Decreases Increases Yes
at Blantyre, N.C.
Green R. near Trend uncertain Increases Yes
Greensburg, Ky.
Licking R. at Trend uncertain Increases Uncertain
McKinneysburg, Ky.
Little Blue R. Decreases Increases Yes
near Deweese, Neb.
Goose Cr. below Trend uncertain Increases Uncertain

Sheridan, Wyo.

A plot of the data for the Cape Fear River at Lillington, N. C. is
shown in Figure 20 as an example of the general relations described
above. Some of the samples collected on the day of a stream rise show a
normal SiO.:Spec. Cond. ratio. This may result from collection of the
sample on that day before the stream rise began. Nevertheless, the rela-
tively low SiO,:Spec. Cond. ratios commonly observed on rises suggest
that the silica release pattern seen on the Mattole River is present also
in the Cape Fear River, despite its much larger drainage area (3440
square miles).

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch004

4. KENNEDY Silica Variation in Stream Water 123

Discussion

Mattole soils are acid, and water removed from a 1:1 soil-water
mixture commonly has a pH in the range 4.5-5.5. This means that sub-
surface runoff from such soils should have a relatively low pH and sug-
gests that the pH of the stream water should drop considerably when
runoff is high. Figures 4 and 5 show that some decrease in pH occurs
with increasing stream discharge, but much less than one might expect
from the relatively large volume of storm runoff in the stream compared
with ground water at the time of peak discharge. The excess H* must
be lost rapidly, perhaps by reactions with soil minerals.

In attempting to understand the chemistry of Mattole stream water,
the relative constancy of the SiO.:Spec. Cond. ratio during the early part
of a rise, regardless of the absolute level of the ratio before the rise began,
needs to be considered further. If the rapid increase in the ratio ob-
served in Figure 13 were indicative of what happened when storm runoff
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began, the ratio might be expected to increase in the Mattole River as
soon as discharge increased. Examination of Figures 4-5 shows that this
is not the case. One might call upon straight dilution of the stream water
by rain water to cause a decrease in the concentrations of silica and
electrolytes in a constant ratio, but such a mechanism would require
that the dissolved solids be diluted in proportion to the increase in stream
discharge. Such a great dilution does not occur, so an appreciable amount
of dissolved solids must be acquired by storm runoff before it enters the
stream. The explanation for the rather constant ratio, therefore, must be
based upon the composition of the dissolved solids leached first from the
surface soils.

Examination of the SiO.:Spec. Cond. ratios in Figures 11-13 shows
that, in each case, the ratio was initially low. This must mean that the
electrolytes are released more quickly than the silica on the first contact
of dry soil with water. If this happened in soil solutions at the beginning
of a storm, the subsurface runoff contribution to stream flow might have
a SiO.:Spec. Cond. ratio which was as low as, or lower than, that present
in the stream. After a few hours’ contact time and further leaching by
rainfall, this ratio would be expected to rise in the soil water as a result
of removal of soluble salts, and this change would then be reflected in
the stream chemistry. If the soil had been wet by a previous rain and
stream flow consisted mainly of subsurface runoff when a new storm
arrived, the first water flushed from the soil might well have a SiO.:Spec.
Cond. ratio similar to that in the stream. But with continued leaching,
an increase in the ratio would be expected.

Figures 4 and 5 show that the increase in the SiO;:Spec. Cond. ratio
is delayed after the stream rise begins in both Conklin Creek and the
Mattole River, but the upturn in the ratio in Conklin Creek preceeded
that in the Mattole by about 5-6 hours. This delay is attributed to travel
time effects in the river. Presumably, upstream tributaries show a pattern
similar to that in Conklin Creek, but flow from them takes longer to
arrive at the sampling site on the Mattole. The increasing ratio in Conk-
lin Creek water is obscured initially at the Mattole sampling site by the
much larger volume of flow coming from upstream.

Suspended sediment is an unlikely source for most of the silica found
in the Mattole during high flow, and the only other possible source is the
soil itself. Silica release from the soil must occur rapidly because the
time for the rain to fall, pick up silica, and travel an average of perhaps
20 miles to the sampling site may be as little as 5-6 hours. A close look
at the silica variation on and prior to December 4, 1966 (Figure 6) is
enlightening. During the period November 1 to November 27, about 25
inches of rain fell near Honeydew (47), and in the storm period Novem-
ber 28 to 0800 December 4, an additional 11.0 inches fell. Then from
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0800 on the 4th until 0800 on the 5th, 5.3 more inches fell, most of it
during the afternoon of the 4th. Therefore, surface soils were thoroughly
leached by the time of the big stream rise on the evening of the 4th.
Yet silica concentration in the Mattole River decreased only to 8 mg/liter
at peak runoff. The fact that silica concentrations reached a maximum
of 12 mg/liter several days later, when there had been plenty of time for
soil-water interactions, makes it probable that the maximum silica con-
tent in soil water during the height of the storm was less than 12 mg/liter.
Because rainwater in the Mattole basin averages less than 0.1 mg/liter
silica, and silica released from suspended sediment probably contributes
less than 1 mg/liter to dissolved silica in the river, more than 7 mg/liter
of the silica in the stream water must have been obtained during passage
through the soil. To achieve this concentration, well over half of the
water in the river at peak discharge must have been derived from sub-
surface flow. If that much subsurface flow occurs during periods of in-
tense rainfall, then an even higher percentage of the stream flow must
be attributable to subsurface runoff during periods of less intense rainfall.

Suspended-sediment concentrations increased sharply on rises and
reached a maximum at or, commonly, shortly before peak discharge
(Figures 6 and 7). Peak sediment concentrations consistently occurred
at times of minima in silica concentration. This is to be expected if
minimum silica and maximum sediment concentrations coincide with
maximum contribution of overland runoff to stream flow, for at that time
maximum dilution of silica-rich subsurface flow by direct runoff would
occur and maximum erosive capability of direct runoff would exist. If
this reasoning is correct, peak stream discharge would coincide with
peak contribution from overland flow only when rainfall was intense or
the surface soil was of very low permeability. Normally, peak direct
runoff would precede peak stream discharge because of the significant
contribution of subsurface flow at maximum stream discharge.

Because the chemistry of stream water reflects its source in the soil
profile, detailed studies of runoff chemistry from small basins should be
very useful in delineating the ways and rates at which various elements
are released in weathering. In the Mattole basin, it is apparent that
groundwater inflow to the stream at the end of the dry season has a
relatively high pH (~8), relatively high dissolved salts (Spec. Cond.
= 300), and rather low silica (7-8 mg/liter). Thus, the alkalis and alka-
line earths are preferentially removed as compared with silica from rock
minerals at or near the water table. In surface soils, however, during
storm runoff, quite different conditions prevail. The pH of the water
may at first be low (5= ), silica release is relatively rapid (8-12 mg/
liter), and alkalis and alkaline earths are removed rather slowly (Spec.
Cond. 70-150). The result is that the rate of silica removal compared
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with that of the major cations is about four times as great during storm
runoff as at low flow. Even during storm runoff, however, the ratio of
silica to alkalis and alkaline earths in solution is much less than the ratio
in primary minerals.

From the standpoint of the annual load of dissolved silica, the lack
of correlation between silica concentration and discharge, when consid-
ered on an annual basis (see Figure 8), means that silica load can be
calculated as though it varied directly with discharge. This allows use
of flow-duration curves to compute the time distribution of silica load
carried by the Mattole River. Such information was obtained from the
report of Rantz and Thompson (36), and the necessary computations
were made. These show that about 25, 60, and 90% of the annual dis-
solved silica load is carried by the Mattole in 2, 10, and 35% of the time,
respectively. Because storm runoff makes up most of the stream flow
in the Mattole during at least 20% of the year, 75% or more of the
dissolved silica transported by the Mattole River annually is derived from
near-surface soils rather than from weathering of soils and rocks at depth.

Some tentative conclusions can now be drawn regarding the way in
which silica is released from Mattole soils. The linear relation between
silica concentration and the square root of time in soil and sediment
suspensions, where dissolved silica is less than about 1 mg/liter, suggests
that a diffusion mechanism controls the release of silica from mineral
particles. Such a mechanism would be in agreement with studies by
others (14, 17, 18). Those studies suggest that in the initial release of
silica from feldspar only a diffusion mechanism would be apparent, but
as the silica concentration increased a subsequent sorption (precipita-
tion?) reaction on the altered solid surface would slow the net release
of silica until a relatively steady condition existed. This appears to be a
pattern that would explain the silica released from both low and high
concentrations of prewashed Mattole soil and sediment in water.

The following sequence for the release of silica from soils and rocks
of the Mattole basin is indicated by available data. At the end of the
summer, surface soils contain weathering products that include readily-
soluble silica. Early rains, which are too light to cause runoff, may carry
much of this soluble material into the lower A and upper B soil horizons.
But hydration of mineral surfaces encourages further weathering and the
formation of more soluble silica which is available for removal with the
first runoff. When rainfall is heavier than that required to saturate the
surface soil, overland flow and subsurface flow, the latter containing some
of the easily-soluble silica, join together to cause a stream rise. As
rainfall continues, the surface soil is leached, and silica diffuses into
solution in the soil water until it reaches a limiting concentration which
represents a balance between the flushing rate and the rate of release
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from soil materials. When rain stops, the silica concentration in soil water
increases to a new plateau level within 24 hours or less. If more rain
falls on the moist soil, the dissolved silica and some sorbed or freshly
reprecipitated silica form a reservoir of readily-available silica which can
be flushed out first. With more rain and leaching, diffusion again becomes
an important process, supplying the silica to the subsurface runoff. As
the rainy season continues, the concentration of silica in soil water slowly
increases. After the rainy season ends, water continues to drain from
superficial deposits for several months, and silica concentrations in the
river remain well above those observed at the end of the summer dry
period. As ground water containing lower concentrations of silica be-
comes an increasing part of the stream flow, silica decreases in concentra-
tion. In late October or early November, a new cycle begins.

Summary and Conclusions

Silica concentrations in the Mattole River of northern California vary
in a consistent pattern with relation to discharge and total concentration
of electrolytes, as measured by specific conductance. During the initial
part of a stream rise, both silica and electrolytes decrease in a nearly
constant ratio, but as the rise continues, the rate of silica decrease slows
relative to that of the electrolytes, causing the SiO;:Spec. Cond. ratio
to turn upward. Commonly, 2—4 hours before peak discharge, minimum
silica concentration and maximum suspended sediment concentration
occur. At peak discharge, the specific conductance is at a minimum but
both silica and the ratio SiO.:Spec. Cond. are rising and continue to do
so for another 12-18 hours. Then silica concentration becomes almost
constant while specific conductance continues to increase, causing the
ratio between them to decrease. After several days, silica begins to de-
crease slowly. This cycle is repeated with each stream rise. Enough
data from other streams are available to suggest that the pattern occurs
elsewhere.

The silica-concentration pattern observed in the Mattole explains
both the lack of high correlation between silica and discharge or specific
conductance and the relatively small changes in silica concentration with
discharge noted by investigators for other streams.

Because the minimum in silica concentration and maximum in sedi-
ment concentration normally precede peak discharge, peak overland flow
probably also precedes peak discharge. Therefore, runoff that has spent
an appreciable period of time in soil pores contributes a major part of the
stream flow at peak discharge. The rather small decrease in silica con-
centration during a stream rise supports this interpretation. Because little
silica can be obtained by interaction between water and stream sediment

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch004

128 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

during transport, the relatively high concentration of soluble silica must
result from percolation of water through the soil immediately after falling
as rain. This apparently occurs on slopes of 15°-25° that are common in
the Mattole basin.

If it can be shown that silica minima and sediment maxima mark
peak overland flow elsewhere and that the end of overland flow is marked
by a leveling off in silica concentration after peak discharge in stream
flow, then monitoring of these parameters should be very helpful in
separating storm runoff into the various components of flow.

The rapid achievement of a “constant” value of silica in soil water
demonstrates that the opportunity for equilibration exists, but the electro-
lytes do not show any signs of reaching a plateau concentration. The
electrolytes apparently do not equilibrate with the soil during or shortly
after a storm period. Thus, during storm runoff, when more than 75%
of the annual discharge occurs, there is not sufficient time for chemical
equilibrium of the electrolytes to be reached in soil water, and it appears
that reaction kinetics must be an important factor in determining the
concentrations of the electrolytes.

Work on -Mattole River water and studies of soil-water interactions
indicate that detailed investigations of changes in water chemistry during
storm runoff can be a powerful tool in obtaining a better understanding
of weathering reactions. The use of ratios between constituents can be
especially helpful because dilution is eliminated as a factor. Sampling
intervals apparently should not exceed 2 hours during a stream rise, and
1-hour intervals are preferred. As basins increase in size, travel-time
effects may obscure changes in chemistry owing to weathering reactions.
It is desirable, therefore, to work with the smallest basin that can be
considered representative of the area under study. Minor changes in
concentration trends can be seen best if samples are run in sequence,
using automatic equipment for analysis.
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A Dynamic Model of the Phytoplankton
Population in the
Sacramento-San Joaquin Delta
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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.

The quality of natural waters can be markedly influenced by the growth
and distribution of phytoplankton. Utilizing radiant energy, these
microscopic plants assimilate inorganic chemicals and convert them to
cell material which, in turn, is consumed by the various animal species
in the next tropic level. The phytoplankton, therefore, are the base of the
food chain in natural waters, and their existence is essential to all aquatic
life.

The quality of a body of water can be adversely affected if the popu-
lation of phytoplankton becomes so large as to interfere with either water
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use or the higher forms of aquatic life. In particular, high concentrations
of algal biomass cause large diurnal variations in dissolved oxygen which
can be fatal to fish life. Also, the growths can be nuisances in themselves,
especially when they decay and either settle to the bottom or accumulate
in windrows on the shoreline. Phytoplankton can cause taste and odor
problems in water supplies and, in addition, contribute to filter clogging
in the water treatment plant.

The development of large populations of phytoplankton and, in some
cases, larger aquatic plants can be accelerated by the addition of nutrients
which result from man’s activities or natural processes. The resulting
fertilization provides more than ample inorganic nutrients, with the re-
sulting development of excessive phytoplankton. This sequence of events
is commonly referred to as eutrophication.

Generally, the management of water systems subjected to accelerated
eutrophication because of waste discharges has been largely subjective.
Extensive programs of nutrient removal have been called for, with little
or no quantitative prediction of the effects of such treatment programs.
A quantitative methodology is required to estimate the effect of proposed
treatment programs that are planned to restore water quality or to predict
the effects of expected future nutrient discharges. This methodology
should include a model of the phytoplankton population which approxi-
mates the behavior of the phytoplankton in the water body of interest
and, therefore, can be used to test the effects of the various control pro-
cedures available. In this way, rational planning and water quality man-
agement can be instituted with at least some degree of confidence that
the planned results actually will be achieved.

This paper presents a phytoplankton population model in natural
waters, constructed on the basis of the principle of conservation of mass.
This is an elementary physical law which is satisfied by macroscopic
natural systems. The use of this principle is dictated primarily by the
lack of any more specific physical laws which can be applied to these
biological systems. An alternate conservation law, that of conservation
of energy, can also be used. However, the details of how mass is trans-
ferred from species to species are better understood than the correspond-
ing energy transformations. The mass interactions are related, among
other factors, to the kinetics of the populations, and it is this that the bulk
of the paper is devoted to exploring.

Conservation of mass has been successfully applied to the modeling
of the dissolved oxygen distribution in natural waters as well as the dis-
tribution of salinity and other dissolved substances. The resulting models
have proved useful in guiding engineering and management decisions
concerned with the efficient utilization of water resources and the pro-
tection of their quality. It is felt that the phytoplankton model presented
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herein can serve a similar purpose by providing a basis for predicting
the effects of nutrient control programs on the eutrophication of natural
waters.

Thus, the primary purpose of this paper is to introduce a quantitative
model of phytoplankton population dynamics in natural waters. It is
within this problem context that the simplifications, assumptions, and
generally the structure of the model is formulated. An attempt is made
to make the equations representative of the biological mechanisms while
still retaining a sufficient simplicity so that the result is tractable and
useful.

Review of Previous Models

The initial attempts to model the dynamics of a phytoplankton popu-
lation were based on a version of the law of conservation of mass in which
the hydrodynamic transport of mass is assumed to be insignificant. Let
P(t) be the concentration of phytoplankton mass at time ¢ in a suitably
chosen region of water. The principle of conservation of mass can be
expressed as a differential equation

dP

@ =5

where S is the net source or sink of phytoplankton mass within the region.
If hydrodynamic transport is not included, then the rate at which P in-
creases or decreases depends only on the internal sources and sinks of
phytoplankton in the region of interest.

The form of the internal sources and sinks of phytoplankton is dic-
tated by the mechanisms which are assumed to govern the growth and
death of phytoplankton. Fleming (1939), as described by Riley (1),
postulated that spring diatom flowering in the English Channel is de-
scribed by the equation

— =la—-0®+a)P

where P is the phytoplankton concentration, a is a constant growth rate,
and (b + ct) is a death rate resulting from the grazing of zooplankton.
The zooplankton population, which is increasing owing to its grazing,
results in an increasing death rate which is approximated by the linear
increase of the death rate as a function of time.

A less empirical model has been proposed by Riley (1946) (1) based
on the equation

dP
%—[P;.—R—G]P
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where P, is the photosynthetic growth rate, R is the endogenous respira-
tion rate of the phytoplankton, and G is the death rate owing to zooplank-
ton grazing. A major improvement in Riley’s equation is the attempt to
relate the growth rate, the respiration rate, and the grazing to more
fundamental environmental variables such as incident solar radiation,
temperature, extinction coefficient, and observed nutrient and zooplank-
ton concentration. As a consequence, the coefficients of the equations
are time-variable since the environmental parameters vary throughout
the year. This precludes an analytical solution to the equation, and nu-
merical integration methods must be used. Three separate applications
(2, 3, 4) of these equations to the near-shore ocean environment have
been made, and the resulting agreement with observed data is quite
encouraging.

A complex set of equations, proposed by Riley, Stommel, and Bumpus
(1949) (5) first introduced the spatial variation of the phytoplankton
with respect to depth into the conservation of mass equation. In addi-
tion, a conservation of mass equation for a nutrient (phosphate) was also
introduced, as well as simplified equations for the herbivorous and car-
nivorous zooplankton concentrations. The phytoplankton and nutrient
equations were applied to 20 volume elements which extended from the
surface to well below the euphotic zone. In order to simplify the calcu-
lations, a temporal steady-state was assumed to exist in each volume ele-
ment. Thus, the equations apply to those periods of the year during
which the dependent variables are not changing significantly in time.
Such conditions usually prevail during the summer months. The results
of these calculations were compared with observed data, and again the
results were encouraging.

Steele (1956) (6) found that the steady-state assumption did not
apply to the seasonal variation of the phytoplankton population. Instead,
he used two volume segments to represent the upper and lower water
levels and kept the time derivatives in the equations. Thus, both temporal
and spatial variations were considered. In addition, the differential equa-
tions for phytoplankton and zooplankton concentration were coupled so
that the interactions of the populations could be studied, as well as the
nutrient-phytoplankton dependence. The coefficients of the equations
were not functions of time, however, so that the effects of time-varying
solar radiation intensity and temperature were not included. The equa-
tions were numerically integrated and the results compared with the ob-
served distribution. Steele applied similar equations to the vertical
distribution of chlorophyll in the Gulf of Mexico (7).

The models proposed by Riley et al. and Steele are basically similar.
Each consider the primary dependent variables to be the phytoplankton,
zooplankton, and nutrient concentration. A conservation of mass equa-
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tion is written for each species, and the spatial variation is incorporated
by considering finite volume elements which interact because of vertical
eddy diffusion and downward advective transport of the phytoplankton.
Their equations differ in some details (for example, the growth coefficients
that were used and the assumptions of steady state) but the principle
is the same. In addition, these equations were appliéd by the authors to
actual marine situations and their solutions compared with observed data.
This is a crucial part of any investigation discussion wherein the assump-
tions that are made and the approximations that are used are difficult
to justify a priori.

The models of both Riley and Steele have been reviewed in greater
detail by Riley (1) in a discussion of their applicability and possible
future development. The difficulties encountered in formulating simple
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Figure 1. Interactions of environmental variables and the phyto-
plankton, zooplankton, and nutrient systems
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theoretical models of phytoplankton—-zooplankton population models were
discussed by Steele (8).

Other models have been proposed which follow the outlines of the
equations already discussed. Equations with parameters that vary as a
function of temperature, sunlight, and nutrient concentration have been
presented by Davidson and Clymer (9) and simulated by Cole (10). A
set of equations which model the population of phytoplankton, zooplank-
ton, and a species of fish in a large lake have been presented by Parker
(11). The application of the techniques of phytoplankton modeling to
the problem of eutrophication in rivers and estuaries has been proposed
by Chen (12). The interrelations between the nitrogen cycle and the
phytoplankton population in the Potomac Estuary has been investigated
using a feed-forward—feed-back model of the dependent variables, which
interact linearly following first order kinetics (13).

The formulations and equations presented in the subsequent sections
are modifications and extensions of previously presented equations which
incorporate some additional physiological information on the behavior
of phytoplankton and zooplankton populations. In contrast to the ma-
jority of the applications of phytoplankton models which have been made
previously, the equations presented in the subsequent sections are applied
to a relatively shallow reach of the San Joaquin River and the estuary
further downstream. The motivation for this application is an investiga-
tion of the possibility of excessive phytoplankton growths as environ-
mental conditions and nutrient loadings are changed in this area. Thus,
the primary thrust of this investigation is to produce an engineering tool
which can be used in the solution of engineering problems to protect the
water quality of the region of interest.

Phytoplankton System Interactions

The major obstacle to a rigorous quantitative theory of phytoplankton
population dynamics is the enormous complexity of the biological and
physical phenomena which influence the population. It is necessary, there-
fore, to idealize and simplify the conceptual model so that the result is a
manageable set of dependent systems or variables and their interrelations.
The model considered in the following sections is formulated on the basis
of three primary dependent systems: the phytoplankton population, whose
behavior is the object of concern; the herbivorous zooplankton popula-
tion, which are the predators of the phytoplankton, utilizing the available
phytoplankton as a food supply; and the nutrient system, which repre-
sents the nutrients, primarily inorganic substances, that are required by
the phytoplankton during growth. These three systems are affected not
only by their interactions, but also by external environmental variables.
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The three principal variables considered in this analysis are temperature,
which influences all biological and chemical reactions, dispersion and
advective flow, which are the primary mass transport mechanisms in a
natural body of water, and solar radiation, the energy source for the
photosynthetic growth of the phytoplankton.

In addition to these external variables, the effect of man’s activities
on the system is felt predominately in the nutrient system. Sources of the
necessary nutrients may be the result of, for example, inputs of waste-
water from municipal and industrial discharges or agricultural runoff.
The man-made waste loads are in most cases the primary control variables
which are available to affect changes in the phytoplankton and zooplank-
ton systems. A schematic representation of these systems and their inter-
relations is presented in Figure 1.

In addition to the conceptual model which isolates the major inter-
acting systems, a further idealization is required which sets the lower
and upper limits of the temporal and spatial scales being considered.
Within the context of the problem of eutrophication and its control, the
seasonal distribution of the phytoplankton is of major importance, so that
the lower limit of the temporal scale is on the order of days. The spatial
scale is set by the hydrodynamics of the water body being considered.
For example, in a tidal estuary, the spatial scale is on the order of miles
whereas in a small lake it is likely a good deal smaller. The upper limits
for the temporal and spatial extent of the model are dictated primarily
by practical considerations such as the length of time for which adequate
information is available and the size of the computer being used for the
calculations.

These simplifying assumptions are made primarily on the basis of
an intuitive assessment of the important features of the systems being
considered and the experience gained by previous attempts to address
these and related problems in natural bodies of water. The basic prin-
ciple to be applied to this conceptual model, which can then be translated
into mathematical terms, is that of conservation of mass.

Conservation of Mass

The principle of conservation of mass is the basis upon which the
mathematical development is structured. Alternate formulations, such
as those based on the conservation of energy, have been proposed. How-
ever, conservation of mass has proved a useful starting point for many
models of the natural environment.

The principle of conservation of mass simply states that the mass of
the substances being considered within an arbitrarily selected volume
must be accounted for by either mass transport into and out of the volume
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or as mass produced or removed within the volume. The transport of
mass in a natural water system arises primarily from two phenomena:
dispersion, which is caused by tidal action, density differences, turbulent
diffusion, wind action, etc.; and advection owing to a unidirectional flow
—for example, the fresh water flow in a river or estuary or the prevailing
currents in a bay or a near-shore environment. The distinction between
the two phenomena is that, over the time scale of interest, dispersive
mass transport mixes adjacent volumes of water so that a portion of the
water in adjacent volume elements is interchanged, and the mass trans-
port is proportional to the difference in concentrations of mass in adjacent
volumes. Advective transport, however, is transport in the direction of
the advective flow only. In addition to the mass transport phenomena,
mass in the volume can increase resulting from sources within the volume.
These sources represent the rate of addition or removal of mass per unit
time per unit volume by chemical and biological processes.

A mathematical expression of conservation of mass which includes
the terms to describe the mass transport phenomena and the source term
is a partial differential equation of the following form

v EVP-v QP+ 5 M
where P (x, y, z, t) is the concentration of the substance of interest—e.g.,
phytoplankton biomass—as a function of position and time; E is the
diagonal matrix of dispersion coefficients; Q is the advective flow rate
vector; Sp is the vector whose terms are the rate of mass addition by the
sources and sinks; and ¥/ is the gradient operator. This partial differen-
tial equation is too general to be solved analytically, and numerical
techniques are used in its solution.

An effective approximation to Equation 1 is obtained by segmenting
the water body of interest into n volume elements of volume V; and rep-
resenting the derivatives in Equation 1 by differences. Let V be the
n X n diagonal matrix of volumes Vj; A, the n X n matrix of dispersive
and advective transport terms; Sp, the n vector of source terms Spj, aver-
aged over the volume V;; and P, the n vector of concentrations P;, which
are the concentrations in the volumes. Then the finite difference equations
can be expressed as a vector differential equation

VB = AP + VSp 2)

where the dot denotes a time derivative. The details of the application
of this version of the dispersion advection equation to natural bodies of
water has been presented by Thomann (14) and reviewed by O’Connor
et al. (15).
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The main interest in this report is centered on the source terms Sp;
for the particular application of these equations to the phytoplankton
population in natural water bodies. It is convenient to express the source
term of phytoplankton, Sp;, as a difference between the growth rate, Gp;,
of phytoplankton and their death rate, Dp;, in the volume V;. That is

Sp; = (Gp; — Dp;)P; 3)

where Gp; and Dp; have units [day?]. The subscript P identifies the
quantities as referring to phytoplankton; the subscript j refers to the vol-
ume element being considered. The balance between the magnitude of
the growth rate and death rate determines the rate at which phytoplank-
ton mass is created or destroyed in the volume element V;. Thus, the
form of the growth and death rates as functions of environmental param-
eters and dependent variables is an important element in a successful
phytoplankton population model.

Phytoplankton Growth Rate

The growth rate of a population of phytoplankton in a natural en-
vironment is a complicated function of the species of phytoplankton
present and their differing reactions to solar radiation, temperature, and
the balance between nutrient availability and phytoplankton require-
ments. The complex and often conflicting data pertinent to this problem
have been reviewed recently by Hutchinson (1967) (16), Strickland
(1965) (17), Lund (1965) (18), and Raymont (1963) (19). The avail-
able information is not sufficiently detailed to specify the growth kinetics
for individual phytoplankton species in natural environments. Hence,
in order to accomplish the task of constructing a growth rate function, a
simplified approach is followed. The problem of different species and
their associated nutrient and environmental requirements is not addressed.
Instead, the population is characterized as a whole by a measurement of
the biomass of phytoplankton present. Typical quantities used are the
chlorophyll concentration of the population, the number of organisms per
unit volume, or the dry weight of the phytoplankton per unit volume
(20). With a choice of biomass units established, the growth rate ex-
presses the rate of production of biomass as a function of the important
environmental variables. The environmental variables to be considered
below are light, temperature, and the various nutrients which are neces-
sary for phytoplankton growth.

Light and Temperature. Consider a population of phytoplankton,
either a natural association or a single species culture, and assume that
the optimum or saturating light intensity for maximum growth rate of
biomass is present and illuminates all the cells, and further that all the
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Figure 2. Phytoplankton saturated growth rate (base e)
as a function of temperature

necessary nutrients are present in sufficient quantity so that no nutrient
is in short supply. For this condition, the growth rate that is observed
is called the maximum or saturated growth rate, K’. Measurements of K’
(base ) as a function of temperature are shown in Figure 2 and listed
in Table I. The experimental conditions under which these data were
collected appear to meet the requirements of optimum light intensity and
sufficient nutrient supply. The data presented are selected from larger
groups of reported values, and they represent the maximum of these
reported growth rates. The presumption is that these large values reflect
the maximum growth rates achievable. From an ecological point of view,
it is necessary to consider the species most able to compete, and, in terms
of growth rate, it is the species with the largest growth rate which will
predominate. A straight-line fit to this data appears to be a crude but
reasonable approximation of the data relating saturated growth rate K’
to temperature, T

K' = K\T 4)

where K, has values in the range 0.10 = 0.025 day™ °C™'. This coefficient
indicates an approximate doubling of the saturated growth rate for a
temperature change from 10° to 20°C, in accordance with the generally
reported temperature-dependence of biological growth rates. The opti-
mum temperature for algal growth appears to be in the range between
20° and 25°C, although thermopbhilic strains are known to exist (27). At
higher temperatures, there is usually a suppression of the saturated growth
rate, and the straight-line approximation is no longer valid. It should
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also be noted that the scatter in the data in Figure 2 is sufficiently large
so that the linear dependence on temperature and also the magnitude
of K’ can vary considerably in particular situations.

In the natural environment, the light intensity to which the phyto-
plankton are exposed is not uniformly at the optimum value but it varies
as a function of depth because of the natural turbidity present and as a
function of time over the day. Thus, the phytoplankton in the lower
layers are exposed to intensities below the optimum and those at the
surface may be exposed to intensities above the optimum so that their
growth rate would be inhibited. Figure 3b,c,d from Ryther (28) are
plots of the photosynthesis rate normalized by the photosynthesis rate at
the optimum or saturating light intensity vs. the light intensity, I, incident
on the populations. Figure 3a is a plot of function

F() = TI-exp [— I—I + 1] (5)

for I, = 2000 ft-candles, proposed by Steele (8) to describe the light-
dependence of the growth rate of phytoplankton.

The similarity between this function and data from Ryther is suffi-
cient to warrant the use of this expression to express the influence of
nonoptimum light intensity on the growth rate of phytoplankton. Other
workers have suggested different forms for this relationship (29, 30).

Table I. Maximum Growth Rates as a Function of Temperature

Saturated Growth Rate,

Ref. Organism Temperature, K'(Base., Day™?)
21  Chlorella ellipsoidea 25 3.14
(green alga) 15 1.2
22  Nannochloris atomus 20 2.16
(marine flagellate) 10 1.54
23  Natzschia closterium 27 1.75
(marine diatom) 19 1.55
15.5 1.19
10 0.67
5  Natural association 4 0.63
2.6 0.51
24 Chlorella pyrenoidosa 25 1.96
24 Scenedesmus quadricauda 25 2.02
25  Chlorella pyrenotdosa 25 2.15
25  Chlorella vulgaris 25 1.8
25  Scenedesmus obliquus 25 1.52
25  Chlamydomonas reinhardti 25 2.64
26 Chlorella pyrenoidosa 10 0.2
(synchronized culture) 15 1.1
(high-temperature strain) 20 2.3
25 3.
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light intensity: (a) Theoretical curve after Steele (8); (b,c,d)
Data after Ryther (28)

These variations approximately follow the shape of Equation 5 for low
light intensities but differ for the region of high light intensities, usually
by not decreasing after some optimum intensity is reached. In particular,
Tamiya et al. (21) have investigated the growth rate of Chlorella ellip-
soidea to various light and temperature regimes. The saturated growth
rates as a function of temperature are included in Figure 2. The influence
of varying light intensity fits the function

I
F(I) = T¥K/a (6)
where K’ is the saturated growth rate and « is a constant (« = 0.45 day™
kilolux™!). However, since K’ is a function of temperature, the saturating
light intensity for Equation 6 is also a function of temperature. Similar
data obtained by Sorokin et al. (26) using a high-temperature strain of

Chlorella pyrenoidosa support the temperature-dependence of the satu-
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rating light intensity for chlorella. Therefore, in using Equation 5, a
temperature-dependent light saturation intensity may be warranted.

At this point in the analysis, the effect of the natural environment
on the light available to the phytoplankton must be included. Equation 5
expresses the reduction in the growth rate caused by nonoptimum light
intensity. This expression can therefore be used to calculate the reduction
in growth rate to be expected at any intensity. However, this is too
detailed a description for conservation of mass equations which deal
with homogeneous volume elements, V;, and the growth rate within these
elements. What is required is averages of the growth rate over the vol-
ume elements.

In order to calculate the light intensity which is present in the
volume V, the light penetration at the depth of water where V; is located
must be evaluated. The rate at which light is attenuated with respect to
depth is given by the extinction coefficient, k.. That is, at a depth z, the
intensity at that depth, I(z), is related to the surface intensity, I,, by the
formula

I(z) = I, exp (— k) (7

where z = 0 is the water surface and z is positive downward. Thus, the
reduction of the saturated growth rate at any depth z resulting from the
nonoptimum light intensity present is given by Equation 7, substituted
into Equation 5.

—k,z —_ —k 2z
PIE) = 12 e [ 217 4 4] ®)
To apply this equation to the finite volume elements, within which it is
assumed that the phytoplankton concentration is uniform, it is necessary
to average this reduction factor throughout the depth of the volume
element V;. Let Hy; and H,; be the depths of the surface and bottom,
respectively, of the volume element V;. For example, if the volume ele-
ment V; extends from the water surface to the bottom of the water body,
then Hy; = 0 and H,; is the water depth at the location of V;. For the
sake of simplicity, it is assumed that this is the case. If Hy; % 0, a straight-
forward generalization of the following average is required.

In addition to an average over depth, it is also expedient to average
the phytoplankton growth rate over a time interval. Since the time scale
within which this analysis is addressed is the week-to-week change in
the population over a year, a daily average is appropriate. For simplicity,
it is assumed that the incident solar radiation as a function of time over
a day is given by the function

I,(t) =1, 0<t<f
I.t)= 0 f<t<l1 9)
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where f is the daylight fraction of the day (i.e., the photo period) and I,
is the average incident solar radiation intensity during the photo period.

Let r; be the reduction in growth rate attributed to nonoptimum
light conditions in volume V;, averaged over depth and time. Then r; is
given by

H. b
1 i1 I e~ keiz — T e Fkeiz
vt [ d [ e[ e o

where T — 1 day, the time-averaging interval, H,; = H; = the depth of
segment V;, and k,; is the extinction coefficient in V;. The result is

= _1 —%; — o—%0j 11
r,—kejH]_e i —e=%ij (11)
where
ay = 1 kot (12)
I,
Qo; = I_s

The integral given by Equation 10 is a form of an integral used by
Steeman Nielson (1952), Talling (1957), and Ryther and Yentsch
(1957), as described by Vollenweider (1958) (30), and, in particular,
Steele (8), for the purpose of relating an instantaneous rate (e.g., growth,
photosynthesis, etc.) to an average day rate and an average depth rate.

The reduction factor r; is a function of the extinction coefficient k,;
of the volume V. However, the extinction coefficient is a function of the
phytoplankton concentration present if their concentration is large. Thus,
an important feedback mechanism exists which can have a marked effect
on the growth rate of phytoplankton. As the concentration of phyto-
plankton in a volume element increases, the extinction coefficient, par-
ticularly at the green wavelengths, starts to increase. This mechanism
is called self-shading. The most straightforward approach to including
this effect into the growth rate expression is to specify the extinction
coefficient as a function of the phytoplankton concentration

kej = ki + h(P;) (13)

where k’,; is the extinction coefficient attributable to other causes and k,;
includes the phytoplankton’s contribution. The function h(P;) has been
investigated by Riley (31), who found that it can be approximated by
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h(P;) = 0.0088 P; + 0.054 P2 (14)

where P; has the units ug/liter chlorophyll, concentration and h has
units m™%. A more recent investigation (32) shows that this relationship
applies to coastal waters of Oregon for a range in chlorophyll, concen-
tration of from 0 to 5.0 mg Chl,/m3.

A theoretical basis for this relationship is the Beer-Lambert law,
which expresses the extinction coefficient in terms of the concentration of
light-absorbing material. For dense algal cultures, this law has been
experimentally verified (33). A similar relationship based on this law
has been proposed by Chen (12) from the data of Azad and Borchardt
(34)

h(P;) = 0.17 P; (15)

For h in m™ and P;, the phytoplankton concentration is mg/liter of dry
weight. This expression gives values comparable with Equation 14 for a
reasonable conversion factor for the units involved.

To summarize the analysis to this point, the saturated growth rate
K’ has been estimated from available data and its temperature depend-
ence established. The reduction to be expected from nonoptimum light
intensities has been quantified and used to calculate the reduction in
growth rate, r;, to be expected in each volume element V; as a function
of the extinction coefficient and the depth of the segment. The mechanism
of self-shading has been included by specifying the chlorophyll depend-
ence of the extinction coefficient. It remains to evaluate the effect of
nutrients on the growth rate.

Nutrients. The effects of various nutrient concentrations on the
growth of phytoplankton has been investigated and the results are quite
complex. As a first approximation to the effect of nutrient concentration
on the growth rate, it is assumed that the phytoplankton population in
question follow Monod growth kinetics with respect to the important
nutrients. That is, at an adequate level of substrate concentration, the
growth rate proceeds at the saturated rate for the temperature and light
conditions present. However, at low substrate concentration, the growth
rate becomes linearly proportional to substrate concentration. Thus, for
a nutrient with concentration N; in the j** segment, the factor by which
the saturated growth rate is in the j* segment reduced is: N;/(Kn + Nj).
The constant, K,,, which is called the Michaelis or half saturation con-
stant, is the nutrient concentration at which the growth rate is half the
saturated growth rate. There exists an increasing body of experimental
evidence to support the use of this functional form for the dependence of
the growth rate on the concentration of either phosphate (35), nitrate,
or ammonia (36) if only one of these nutrients is in short supply. An
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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, using the data from Ketchum (37), is shown
in Figure 4a for the nitrate uptake rate as a function of nitrate concentra-
tion and in Figure 4b for the phosphate uptake as a function of phosphate
concentration. These results are from batch experiments. Similar results
from chemostat experiments, which seem to be more suitable but more
lengthy for this type of analysis, have also been obtained. Table II is a
listing of measured and estimated Michaelis constants for ammonia,
nitrate, and phosphate. The estimates are obtained by taking one-third
the reported saturation concentration of the nutrients. These measure-
ments and estimates indicate that the Michaelis constant for phosphorus
is approximately 10 ug P/liter and for inorganic nitrogen forms in the
range from 1.0 to 100 ug N/liter, depending on the species and its previ-
ous history.

The data on the effects of the concentration of other inorganic nutri-
ents on the growth rate is less complete. Since algae use carbon dioxide
as their carbon source during photosynthesis, this is clearly a nutrient
which can reduce the growth rate at low concentrations (43). Reported
saturation concentration for Chlorella is < 0.1% atm (24).
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The silicate concentration is a factor in the growth rate of diatoms
for which it is an essential requirement. The saturated growth rate con-
centration is in the range of 50-100 ug Si/liter (17).

There are a large number of trace inorganic elements which have
been implicated in the growth processes of algae, among which are iron
[for which a Michaelis constant of 5 ug/liter for reactive iron has been
reported (39)], manganese, calcium, magnesium, and potassium (18).
However, the significance of these elements in the growth of phyto-
plankton in natural waters is still unclear. Trace organic nutrients have
also been shown to be necessary for most species of algae: 80% of the
strains studied require vitamin B;,, 53% require thiamine, and 10%
require biotin (44). Presumably, these nutrients are available in sufficient
quantities in natural waters so that their concentration does not appre-
ciably affect the growth rate.

In the preceeding discussion of nutrient influences on the growth
rate, it is tacitly assumed that only one nutrient is in short supply and
all the other nutrients are plentiful. This is sometimes the case in a
natural body of water. However, it is also possible that more than one
nutrient is in short supply. The most straightforward approach to formu-
lating the growth rate reduction caused by a shortage of more than one
nutrient is to multiply the saturated growth rate by the reduction factor
for each nutrient. This approach has also been suggested by Chen (12).

Table II. Michaelis Constants for Nitrogen and Phosphorus

Michaelis Constant,

Ref. Organism Nutrient ug/Liter as N or P
38  Chaetoceros gracilis PO, 25
(marine diatom)
39  Scenedesmus gracile total N 150
total P 10
40  Natural association PO, 6°
Microcystis aeruginosa PO, 10°
(blue-green)
41 Phaeodactylum tricornutum PO, 10
36  Oceanic species NO; 1.4-7.0
Oceanic species NH; 1.4-5.6
36 Neritic diatoms NO; 6.3-28
Neritic diatoms NH; 7.0-120
36  Neritic or littoral NO; 8.4-130
Flagellates NH; 7.0-77
42 Natural association NO; 2.8
Oligotrophic NH; 1.4-84
42  Natural association NO; 14
Eutrophic NH,; 18

e Estimated.
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As an example, the data from Ketchum (37) for the rate of phosphate
absorption as a function of both phosphate and nitrate concentration can
be satisfactorily fit with a product of two Michaelis—Menton expressions.
The resulting fit, obtained by a multiple nonlinear regression analysis, is
shown in Figure 5. The Michaelis constants that result are 28.4 pg
NO;-N/liter and 30.3 ug PO,-P/liter, with a saturated absorption rate
of 151 X 10" ug PO,~P/cell-hr. This approximation to the growth rate
behavior as a function of more than one nutrient must be regarded as
only a first approximation, however, since the complex interaction re-
ported between the nutrients is neglected.

The result of the above investigation is the following growth rate
expression. For the case of one limiting nutrient, N, with Michaelis con-
stant K,,, the growth expression for the rate in the j™ segment is

2.718 . . N;
Gpj = KlTj ( kejij (e—alg — —%,)) (m) (16)

in which Equations 4 and 11 have been combined. This is the functional

ESTIMATED PO, ABSORBED x 10° UG-P/ CELL-HR

° | | ] | |
o 2 4 6 8 0 12

MEASURED PO4 ABSORBED X 108 AAG - P/CELL-HR

Figure 5. Measured phosphate absorption rate, after

Ketchum (37), vs. phosphate absorption rate estimated

using pN|No/(Kp; + N;)(Kpe + Ny) where Ny and N, are
the nitrate and phosphate concentrations, respectively



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch005

5. DI TORO ET AL. Phytoplankton Population 149

form that is used subsequently in the applications of these equations to
natural phytoplankton populations.

Comparison with Other Growth Rate Expressions

The most extensive investigation of the relationship between the
growth rate of natural phytoplankton populations and the significant
environmental variables, within the context of phytoplankton models, is
that of Riley et al. (1949) (5). The expression which results from their
work is

Gp _ _ 6573.8
log [m] = 22.884 + log v, — log I, T (17)

where Gp is the growth rate (day!), K’ = 7.6, I, = average daily inci-
dent solar radiation (ly/min), T/ — temperature in °K, and v, is the
nutrient reduction factor for phosphate concentration, Np, defined as

= 1.0 Np > 0.55 mg-at/m? (18)

= (0.55)"'Np  Np < 0.55 mg-at/m?

Yp
Vp

In order to compare this expression with that in the previous section,
let the nutrient reduction factor be replaced by a Michaelis-Menton
expression.

N

= P
Vp = Ko+, 19)

where K,,, is the Michaelis constant for phosphate. To be comparable with
Equation 16, K,, should equal approximately 0.20 mg-at/m® (6.2 mg
P/m?). Using Equation 19 for v,, the growth rate expression becomes

R (s ] N»
Gp = K'I, [’)(T) T, i 3 N 20)
m['ﬁ(T)+Io:|+ P
where

229 (T) — 3364

T + 273 (21)

logio n(T) =

and T is temperature in degrees centigrade. To compare this expression
with that proposed in the previous section, consider first the nutrient
saturated growth rate as a function of solar radiation intensity and tem-
perature. The equations are compared in Figure 6a as a function of total
daily solar radiation for three temperatures. The dotted line is Equation
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Figure 6. Comparison of phytoplankton growth
rates as a function of incident solar radiation intensity
and temperature

20, and the solid line is the product of Equations 4 and 5. The rate expres-
sions are comparable, although two differences are apparent. In Riley’s
expression the effect of temperature is less pronounced in the 15° to 25°C
range, and the effect of higher daily average solar radiation intensities is
opposite (i.e., tends to increase the rate) to that of Equation 5 based
on Steele’s expression. The growth rate equations averaged over depth
are compared in Figure 6b. The depth average rate resulting from Riley’s
expression is

_ K'n(T)

Gp=—p Inll + Io/%(T)) (22)

which is compared with Equation 16. The differences are now more
pronounced. In particular, the higher growth rates at lower light intensi-
ties given by Equation 16 are reflected in the increased depth average
growth rate. This is not unexpected since the majority of the population
is exposed to lower light levels at the lower depths. Also, the dependence
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on temperature is quite different, being linear in the case of Equation 16
but practically suppressed in Equation 22.

An interesting feature of Riley’s Equation 20 is the multiplication
of the Michaelis constant by an expression which depends on temperature
and light intensity. The effect is to lower the Michaelis constant at high
temperatures and at high light intensity levels, which seems to be a
reasonable behavior for a phytoplankton population.

More elementary growth rate formulations have been proposed
which do not span the range of conditions attempted in Equations 16 and
20. In particular, a common proposal is to make the growth rate linearly
proportional to the various environmental variables. For example, David-
son and Clymer (1966) (9) assumed that the growth rate is proportional
to phosphate concentration and photo period and a temperature factor
given by exp [—(T — 18)?/18]. This temperature factor is quite dif-
ferent from all others proposed and greatly magnifies the effect of tem-
perature on the growth rate. For example, at T = 18°C, the factor equals
10, whereas at T = 9°C, the factor drops to 0.01, a 100-fold decrease,
compared with approximately a 2-fold decrease predicted by Equations 16
and 20. This exaggerated effect seems to be unrealistic.

A complete investigation of the environmental influences on the
growth rate is still to be made. In particular, it has been emphasized
that there is an interaction between nitrogen and phosphorus limitations
as well as other effects which influence the phytoplankton growth rate.
Also, these effects are different for differing species. The species-
dependent effects are important in the problem of the seasonal succession
of phytoplankton species.

For any particular application, it is advisable to investigate the
growth rate of the already-existing population, as the resulting expression
may differ significantly from the general over-all behavior as described
by Equations 16 and 20. Also, in dealing with natural associations of
species of phytoplankton, the various constants which result from such
an investigation can be considered to be averages over the population,
and so they represent in some average way the population behavior as
a whole.

Phytoplankton Death Rate

Numerous mechanisms have been proposed which contribute to the
death rate of phytoplankton: endogenous respiration rate, grazing by
herbivorous zooplankton, a sinking rate, and parasitization (27). The
first three mechanisms have been included in previous models for phyto-
plankton dynamics, and they have been shown to be of general impor-
tance.
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Endogenous Respiration. The endogenous respiration rate of phyto-
plankton is the rate at which the phytoplankton oxidize their organic
carbon to carbon dioxide per unit weight of phytoplankton organic car-
bon. Respiration is the reverse of the photosynthesis process and as such
contributes to the death rate of the phytoplankton population. If the
respiration rate of the population as a whole is greater than the photo-
synthesis or growth rate, there is a net loss of phytoplankton carbon, and
the population biomass is reduced in size. The respiration rate as a func-
tion of temperature has been investigated, and some measurements are
presented in Figure 7 and Table III. A straight line seems to give an
adequate fit of the data; that is, Respiration Rate = K,T. For the respira-
tion rate in days™ and T in °C, the value of K, is in the range 0.005 *=
0.001. The lack of any more precise data precludes exploring the respira-
tion rate’s dependence on other environmental variables. However, an
important interaction has been suggested by Lund (18). During nutrient-
depleted conditions, “many algae pass into morphological or physiological
resting stages under such unfavorable conditions. Resting stages are ab-
sent in Asterionella formosa, and this is why a mass death occurs in the
nutrient-depleted epilimnion after the vernal maximum.” In terms of the
respiration rate, the resting stage corresponds to a lowering of the respi-
ration rate as the nutrient concentrations decrease. Thus, a Michaelis—
Menton expression for the respiration rate nutrient dependence may also
be required, and this dependence should be investigated experimentally.
This mechanism is quite significant from a water quality point of view
since the deaths of algae after a bloom is of primary concern in protecting

ENDOGENOUS RESPIRATION RATE (DAY"')

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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Table III. Endogenous Respiration Rates of Phytoplankton (5)

Endogenous Respiration

Organism Temperature, °C Rate, Day—! (Base.)
Nitzschia clostertum 6 0.035
35 0.170
Nitzschia closterirum 20 0.08
Coscinodiscus excentricus 16 0.075
! 16 0.11
Natural association 2 0.03
18 0.12
2.0 0.024 + 0.012
17.9 0.110 & 0.007

the quality of natural bodies of water. The resulting mass of dead algal
cells becomes a sink of dissolved oxygen which can dangerously lower
the available oxygen for fish and other aquatic animals.

Grazing by Zooplankton. The interaction between the phytoplank-
ton population and the next trophic level, the herbivorous zooplankton,
is a complex process for which only a first approximation can be given.
A basic mechanism by which zooplankters feed is by filtering the sur-
rounding water and clearing it of whatever phytoplankton and detritus
is present. Thus, the presence of zooplankton contribute to the death
rate of phytoplankton since many species of zooplankton prey on phyto-
plankton as a food source. The filtering or grazing rate of some species
of zooplankton have been measured and are presented in Table IV. The
grazing rate is sometimes reported as a volume of water filtered per unit
time per individual. In order to be applicable to a natural zooplankton
population consisting of differing species, these grazing rates are con-
verted to a filtering rate per unit biomass of zooplankton and denoted by
C,. A convenient biomass unit for zooplankton concentration is their dry
weight. As can be seen from Table 1V, the resulting values of C, vary
considerably. This variation is not unexpected since the measurement of
grazing rates of zooplankters is a difficult procedure and subject to large
variations in the estimates.

Variations of the filtering rate with temperature change have been
reported (47). Examples of this variation are presented in Figure 8 for
four species of genus Daphnia, a small crustacea (49); two species of
Acartia (52); and two species of Centropages (47), both copepods. The
copepods show a marked grazing rate temperature-dependence while the
grazing rates of the Daphnia do not vary as markedly. The filtering rate
also varies as a function of the size of the phytoplankton cell being in-
gested (53), the concentration of phytoplankton (51), and the amount
of particulate matter present (54). Selective grazing of certain phyto-
plankton species has also been reported (49). The complexity of this
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aspect of phytoplankton mortality is such that the use of one grazing
coeflicient to represent the process must be viewed as a first approxima-
tion. However, since this mathematical expression does represent a
physiological mechanism that has been investigated and for which re-
ported values of C, are available, this approximation is a realistic first
step. Also, it is difficult to see, aside from refinements as to temperature
and phytoplankton concentration dependence, what further improve-
ments could be made in the formulation so long as the phytoplankton
and zooplankton population are represented by a biomass measurement
which ignores the species present and their individual characteristics.
For simplicity in this investigation, the grazing rate is assumed to be a
constant. The death rate of phytoplankton resulting from the grazing of
zooplankton is given by the expression C,Z;, where Z; is the concentration
of herbivorous zooplankton biomass in the j** volume element.

For models of the phytoplankton populations in coastal oceanic wa-
ters and in lakes, the sinking rate of phytoplankton cells is an important
contribution to the mortality of the population. The cells have a net
downward velocity, and they eventually sink out of the euphotic zone
to the bottom of the water body. This mechanism has been investigated
and included in phytoplankton population models (5, 12). However, for
the application of these equations to a relatively shallow vertically well
mixed river or estuary, the degree of vertical turbulence is sufficient to
eliminate the effect of sinking on the vertical distribution of phyto-
plankton.

Table IV. Grazing Rates of Zooplankton
Grazing Rate,

Liter/Mg Dry
Ref. Organism Reported Grazing Rate Wt.-Day
Rotifer
16 Brachionus calyciflorus 0.05-0.12¢ 0.6-1.5
Copepod
5 Calanus sp. 67-208° 0.67-2.0
46 Calanus finmarchicus 27¢ 0.05
46  Rhincalamus nasutus 98-670° 0.3-2.2
47 Centropages hamatus 0.67-1.6
Cladocera
48  Daphnia sp. 1.06
49  Daphnia sp. 0.2-1.6
50 Daphnia magna 81¢ 0.74
51  Daphnia magna 57-82¢ 0.2-0.3
National Association
5  Georges Bank 80-110° 0.8-1.10

¢ Ml/ animal-day.
b Ml/mg wet wt-day.
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Therefore, considering only the phytoplankton respiration and the
predation by zooplankton, the death rate of phytoplankton is given by the
equation

Dpj = KzT + Cng (23)

and for a zooplankton biomass concentration Z;, the mortality rate can
be calculated from this equation.

a Daphnia Magna

x D. Schedleri

+ D. pulex

154 v D. galeata

o Acartia clausi

o A.tonsa

o Centropages hamatus
e C. typicus

.."o:'i-._

GRAZING RATE (I/mg-dry wt.-day)

TEMPERATURE °C

Figure 8. Grazing rates of zooplankton vs. tem-
perature

This completes the specification of the growth and death rates of
the phytoplankton population in terms of the physical variables: light
and temperature, the nutrient concentrations, and the zooplankton pres-
ent. With these variables known as a function of time, it is possible to
calculate the phytoplankton population resulting throughout the year.
However, the zooplankton population and the nutrient concentrations
are not known a priori since they depend on the phytoplankton popula-
tion which develops. That is, these systems are interdependent and can-
not be analyzed separately. It is therefore necessary to characterize both
the zooplankton population and the nutrients in mathematical terms in
order to predict the phytoplankton population which would develop in
a given set of circumstances.
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The Zooplankton System

As indicated in the previous section, the zooplankton population
exerts a considerable influence on the phytoplankton death rate by its
feeding on the phytoplankton. In some instances, it has been suggested
that this grazing is the primary factor in the reduction of the concentra-
tion of phytoplankton after the spring bloom. In the earlier attempts to
model the phytoplankton system, the measured concentration of zoo-
plankton biomass was used to evaluate the phytoplankton death rate
resulting from grazing. However, it is clear that the same arguments used
to develop the equation for the conservation of phytoplankton biomass
can be applied directly to the zooplankton system. In particular, the
source of zooplankton biomass S;; within a volume element V; can be
given as the difference between a zooplankton growth rate Gz and a
zooplankton death rate D,;. Thus, the equation for the source of zoo-
plankton biomass, which is analogous to Equation 3, is

Szj = (Gz; — Dz)Z; (24)

where G;; and Dj; have units day™ and Z; is the concentration of zoo-
plankton carbon in the volume element V;. The magnitude of the growth
rate in comparison with the death rate determines whether the net rate
of zooplankton biomass production in V; is positive, indicating net growth
rate, or negative, indicating a net death rate.

As in the case of the phytoplankton population, the growth and death
rates, and in fact the whole life cycle of individual zooplankters, are com-
plicated affairs with many individual peculiarities. The surveys by Hutch-
inson (16) and Raymont (19) give detailed accounts of their complex
biology. It is, however, beyond the scope of this paper to summarize all
the differences and species-dependent attributes of the many zooplankton
species. The point of view adopted is macroscopic, with the population
characterized in units of biomass. The resulting growth and death rates
can be thought of as averages over the many species present. These
simplifications are made in the interest of providing a model which is
simple enough to be manageable and yet representative of the over-all
behavior of the populations.

Growth Rate. The grazing mechanism of the zooplankton provides
the basis for the growth rate of the herbivorous zooplankton, Gz;. For a
filtering rate C,, the quantity of phytoplankton biomass ingested is C,P;,
where P; is the phytoplankton biomass concentration in V;. To convert
this rate to a zooplankton growth rate, a parameter which relates the
phytoplankton biomass ingested to zooplankton biomass produced, a
utilization efficiency, a,p, is required. However, this utilization efficiency
or yield coefficient is not a constant. At high phytoplankton concentra-
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tions, the zooplankton do not metabolize all the phytoplankton that they
graze, but rather they excrete a portion of the phytoplankton in undi-
gested or semidigested form (55). Thus, utilization efficiency is a func-
tion of the phytoplankton concentration. A convenient choice for this
functional relationship is azpKmp/ (Knp + P;) so that the growth rate for
the zooplankton population is

sz = azngK,,,p (I{—I—JJ—P) (25)
J

mP

The resulting growth rate has the same form as that postulated for the
nutrient—phytoplankton relationship, namely, a Michaelis-Menton ex-
pression with respect to phytoplankton biomass. In fact, the argument
which is used to justify its use in Equation 16 can be repeated in this
context. The difference is that in this case the substrate or nutrient is
phytoplankton biomass, and the microbes are the zooplankton. The
Michaelis constant K,p is the phytoplankton biomass concentration at
which the growth rate Gj; is one-half the maximum possible growth rate
azpCyK,p. The fact that at high phytoplankton concentrations the zoo-
plankton growth rate saturates was incorporated by Riley (1947) (55)
in the first model proposed for a zooplankton population.

The assimilation efficiency of the zooplankton at low phytoplankton
concentrations, azp, which is the ratio of phytoplankton organic carbon
utilized to zooplankton organic carbon produced has been estimated by
Conover (56) for a mixed zooplankton population. The results of 26
experiments gave an average of 63% and a standard deviation of 20%.
Other reported values are within this range. Experimental values for
K, p, which in effect set the maximum growth rate of zooplankton, are not
available and would probably be highly species-dependent. Perhaps a
more effective way of estimating K, p is first to estimate the maximum
growth rate at saturating phytoplankton concentrations, azpC,Knp, and
then calculate K, p. Growth rates for copepods through their life cycle
average 0.18 day (46). For the Georges Bank population, Riley used
0.08 day™ (55) for the maximum zooplankton growth rate. For a value
of the grazing coefficient C, of 0.5 liter/mg-dry wt-day and an assimila-
tion coefficient of 65%, the Michaelis constant for zooplankton assimila-
tion, K,,p, ranges between 0.25 and 0.55 mg-dry wt/liter of phytoplankton
biomass. However, these values should only be taken as an indication of
the order of magnitude of K,p. It is probable that its value can vary
substantially in different situations.

The fact that the growth rate reaches a maximum or saturates is an
important feature of the formulation of the zooplankton growth rate since
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in some cases the phytoplankton concentration during part of the year
exceeds that which the zooplankton can effectively metabolize. If the
zooplankton growth rate is not limited in some way and, instead, is
assumed simply to be proportional to the phytoplankton concentration,
as proposed in simpler models, the resulting zooplankton growth rate
during phytoplankton blooms can be very much larger than is physio-
logically possible for zooplankton, an unrealistic result. The saturating
growth rate also has implications in the mathematical properties of the
resulting equations. In particular, the behavior differs significantly from
the classical Volterra Preditor-Prey equations (57). This is discussed
further in a subsequent section.

The growth of the zooplankton population as a whole, of which the
herbivorous zooplankton are a part, is complicated by the fact that some
zooplankters are carnivorous or omnivorous. Thus, the nutrient for the
total population should include not only phytoplankton but also organic
detritus as a food source since this is also available to the grazing zoo-
plankton. However, for cases where the phytoplankton are abundant and
the growth rate saturates for the significant growing periods, the simpli-
fication introduced by ignoring the detritus is probably acceptable.

Death Rate. The death rate of herbivorous zooplankton is thought
to be caused primarily by the same mechanisms that cause the death of
the phytoplankton, namely, endogeneous respiration and predation by
higher trophic levels. The endogeneous respiration rate of zooplankton
populations has been measured and the results of some of these experi-
ments are presented in Figure 9 and Table V.

I
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Figure 9. Endogenous respiration rate of zooplankton vs.
temperature
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Table V. Endogenous Respiration Rate of Zooplankton

Respiration Rate,
Ml O./Mg Dry
Ref. Organism Plotting Symbol ~ Temp., °C Wt-Day

58 Cladocerans X 18 14.2
4

58 Copepods + 18
4

58 Copepods B 18
16

12

8

4

1 Calanus A 20
finmarchicus 15

10

4

59  Diaptomus v 25
leptopus 20

15

10

5

59 D. clavipes o 25
20

15

10

5

59  D. siciloides 0 25
20

15

10

5

59  Diaptomus sp. O 25
20

15

10

5

o

o
DGR ==k Wi W N
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It is clear from these measurements that the respiration rate of
zooplankters is temperature-dependent. It is also dependent on the
weight of the zooplankter in question and its life cycle stage (59). As a
first approximation, a straight line dependence is adequate, and the
endogeneous respiration rate is given by the equation: respiration rate —
K;T where K; = 0.2 = 0.1 (day °C)™!. The conversion from the reported
units to a death rate is made by assuming that 50% of the zooplankton
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dry weight represents the carbon weight and that carbohydrate (CH,0)
is being oxidized. The data are somewhat variable and serve only to
establish a range of values within which the respiration rate of a natural
zooplankton association might be expected.

The death rate attributed to predation by the higher trophic levels,
specifically the carnivorous zooplankton, has been considered by previous
models in a more or less empirical way. The complication resulting from
another equation and the uncertainty as to the mechanisms involved are
quite severe at this trophic level. In particular, it is probable that an
equation for organic detritus is necessary to describe adequately the
available food. Hence, it is expedient to break the causal chain at this
point and assume that the herbivorous zooplankton death rate resulting
from all other causes is given by a constant, the magnitude of which is
to be determined empirically. The severity of this assumption can be
tested by examining the sensitivity of the solutions of the phytoplankton
and zooplankton equations to the magnitude of this constant. Hence, the
resulting zooplankton death rate is given by

Dz; = K;T + K, (26)

where K, is empirically determined.

With the growth and death rates given by Equations 25 and 26,
respectively, the source term for herbivorous zooplankton biomass is
given by Equation 24. The conservation of mass equation which describes
the behavior of Z; is given by Equation 2, with Z; as the dependent
variables replacing P; and Sz replacing Sp; as the source terms.

This completes the formulation of the equations which describe the
zooplankton system. The equations for the nutrient system remain to be
formulated.

The Nutrient System

The conservation of mass principle is applied to the nutrients being
considered in the same way as it has been previously applied to the
phytoplankton and zooplankton biomass within a volume segment. The
number of mass conservation equations required is equal to the number
of nutrients that are explicitly included in the growth rate formulation
for the phytoplankton. For the sake of simplicity, the formulation for
only one nutrient is discussed below.

The source term Sy; in the conservation of mass equation for the con-
centration of the nutrient N; in the jt* volume segment V; is the sum of
all sources and sinks of the nutrient within V;. The primary interaction
between the nutrient system and the phytoplankton system is the reduc-
tion or sink of nutrient connected with phytoplankton growth. The rate



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch005

5. DI TORO ET AL. Phytoplankton Population 161

of increase of phytoplankton biomass is Gp;P;. To convert this assimila-
tion rate to the rate of utilization of the nutrient, the ratio of biomass
production to net nutrient assimilated is required. Over a long time
interval, this ratio approximates the nutrient-to-biomass ratio of the
phytoplankton population. For example, if the nutrient being considered
is total inorganic nitrogen and the phytoplankton biomass is characterized
in terms of dry weight, then this ratio is the nitrogen-to-dry-weight ratio
of the population. For both nitrogen and phosphorus, these ratios have
been studied for a number of phytoplankton species and natural associa-
tions. An example of this information is presented in Table VI, condensed
from Strickland (17). If ayp is the nutrient-to-phytoplankton biomass ratio
of the population, then the sink of the nutrient owing to phytoplankton
gl’OWth is aNpGijj.

A secondary interaction between the biological systems and the
nutrient systems is the excretion of nutrients by the zooplankton and the
release of nutrients in an organic form by the death of phytoplankton
and zooplankton. The excretion mechanism has been considered by Riley

Table VI. Dry Weight Percentage® of Carbon, Nitrogen,
and Phosphorus in Phytoplankton®

9% Carbon 9% Nitrogen 9% Phosphorus
Phytoplankter Average Range Average Range Average Range
Myxophyceae 36  (28-45) 49 (4.5-5.8) 1.1 (0.8-1.4)
Chlorophyceae 43  (3548) 78 (6.6-9.1) 29 (24-3.3)
Dinophyceae 43  (37-47) 44 (3.3-5.00 1.0 (0.6-1.1)
Chrysophyceae 40  (35-45) 84 (7.8-9.0) 2.1 (1.2-3.0)
Bacillariophyceae 33 (19-50) 49 (2.7-59) 1.1 (0.4-2.0)

[=%

@ The units are (mg of carbon, nitrogen, or phosphorus)/(mg dry weight of phy-

toplankton) X 100%,.
b Condensed from Strickland (17).

(40) in a generalization of the equations of Steele. The rate of phos-
phorus excretion has also been measured experimentally (60). Using the
formulation for zooplankton growth rate proposed herein, the rate of
nutrient excretion is the rate grazed, aypC,P;Z;, minus the rate metabo-
lized, axpGz;Zj; that is, the excretion rate is

azpK np
aNpC ,,ZjP,- <1 m) (27)
At high phytoplankton concentrations, almost all the grazed phytoplank-
ton is excreted since the bracketed term in Equation 27 approaches unity.

There is a difficulty, however, in using this term directly as a source
of nutrient. To illustrate this difficulty, assume that the nutrient is inor-
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ganic nitrogen. A part of the excreted nitrogen, however, is in organic
form, and a bacterial decomposition into the inorganic forms must pre-
cede utilization by the phytoplankton. The same is true for the nutrient
released by the death of phytoplankton, axpK,TP;, and that released by
the death of zooplankton, ay;Ks;TZ;, where ay; is the nutrient-to-zoo-
plankton biomass ratio. Therefore, strictly speaking, a conservation of
mass equation for the organic form of the nutrient is required. The
organic form is then converted to the inorganic form. For the case of
nitrogen, the kinetics of this conversion have been investigated and
applied to stream and estuarine situations (13). If the conversion rate is
large by ‘comparison with the other rates in the phytoplankton and zoo-
plankton equations, then the direct inclusion of these sources is approxi-
matey correct.

The sources of nutrients arising from man-made inputs, such as waste-
water discharges and agricultural runoff, are included explicitly into the
source term since these sources are usually the major control variables
available to influence the biological systems. An extensive review of the
magnitude and relative importance of these sources of nutrients, pri-
marily nitrogen and phosphorus, has recently been made (61). A useful
distinction is made between diffuse sources such as agricultural runoff
loads and ground water infiltration, which are difficult to measure and
control, and point sources such as wastewater discharges from municipal
and industrial sources, for which more information is available. The
nitrogen and phosphorus loads from agricultural runoff are quite variable
and depend on many variables such as soil type, fertilizer application,
rainfall, and irrigation practice. The nutrient sources from point loads
can be estimated more directly. For example, the nutrient load from
biologically treated municipal wastewater is in the order of 10 g/capita-
day total nitrogen and 2 g/capita-day total phosphorus. The ratio of per
capita phosphorus to physiologically-required phosphorus is approxi-
mately 2 to 3, the excess being primarily the result of detergent use.
Industrial loads can also be important, especially effluents from food
processing industries. If the required loading rates are available, their
loads should be included in the nutrient mass balance equations. In
particular, if the investigation of the phytoplankton population is directed
at the probable effects of increasing or decreasing the nutrient load, these
loads must be explicitly identified and their magnitude assessed.

Let Wy; be the rate of addition of the nutrient to the jt* volume
element. This source is then included as a component in the nutrient
source term in the mass balance equation.

An important additional source of inorganic nutrients which may
influence the availability of nutrients is the interaction of the overlying
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water either with the underlying mineral strata if exposed or with what-
ever sediment is present. These interactions can complicate the source
term but they should be included if they add significantly to the available
nutrient.

The source term which results from the inclusion of the phytoplank-
ton utilization sink, the zooplankton excretion and the mortality sources,
and the man-made additions is

Wwj
V;

SNJ' =

— anpGp;P; + anpC ,Z;P; (1 _ _azpKnap )

KmP + Pj
+ anpK,TP; + anzKsTZ; (28)

Any additional sources and sinks that contribute can be added to the
source term as needed. With the source term formulated, the conserva-
tion of nutrient mass equation is given by Equation 2 with N; as the
dependent variable replacing P; and Sy; replacing Sp;.

The Equations of the Model

In the previous sections, the equations for phytoplankton and zoo-
plankton biomass and nutrient concentration within one volume element
have been formulated. The resulting equations are an attempt to describe
the kinetics of the growth and death of the phytoplankton and zooplank-
ton populations and their interaction with the nutrients available. The
form of the equations for the volume V; are as follows:

P, = (Gpi(Pj, Nj, t) — Dpi(Z;, DIP; + Sps(Ps, Z;y Njy 1) (29)
Z; = [Gz(Ps, 1) — Dz;(01Z; + Szi(Py, Zi, £) (30)
N; = Sxi(P;, Z;, t) (31)

where Gp; and Dp; are given by Equations 16 and 23, G; and Dy; are
given by Equations 25 and 26, and Sy; by Equation 28. The dependence
of the growth and death rates on the concentration of the three dependent
variables and time is made explicit in this notation.

These equations describe only the kinetics of the populations in a
single volume element V;. However, in a natural water body there exists
significant mass transport as well. The mass transport mechanisms can be
conveniently represented by the matrix A with elements a;;. If for par-
ticular segments i and j the matrix element a;; is nonzero, then the
volume segments V; and V; interact, and mass is transported between
the two segments. Letting P, Z, and N be the vectors of elements
P;, Z;, and N; and letting Sp, Sy, S; be the vectors of elements Sp;, Sz,
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and Sy;, the conservation of mass equations for the three systems includ-
ing the mass transport and kinetic interactions are

VP = AP + VSp (32)
VZ = AZ + VS (33)
VN = AN + VSy (34)

where V is the diagonal matrix of the volumes of the segments. These
are the equations which form the basis for the phytoplankton population
model. The detailed formulation and evaluation of the mass transport
matrix has been discussed elsewhere (14, 15, 62).

The form of Equations 32-34 makes explicit the linear and nonlinear
portions of the equations. In the equation for P, the phytoplankton
biomass, the concentration P; in the volume element V, is linearly
coupled to the other P;’s through the matrix multiplication by A. How-
ever, there is no nonlinear interaction between P; and any other P;, k
s« j. The reason is that the transport processes are described by linear
equations. It is usually the case, however, that the A matrix is a function
of time, since at least the advective terms usually vary in time. The
nonlinear terms in the vector Sp involve P; itself and the corresponding Z;
and N;. Hence, the P equation is coupled to the Z and N equations
through this term. Note, however, that P; is not coupled to the Z;, k 5= 4,
in any other segment, so that the coupling takes place only within each
volume segment.

Therefore, the nonlinearities provide the coupling between the phy-
toplankton, zooplankton, and nutrient systems. This coupling is accom-
plished within each volume and does not extend beyond the volume
boundary. The coupling among the volumes is accomplished by the

linear transport interaction represented by the matrix A. This matrix

may be time-varying but its elements are not functions of the phytoplank-
ton, zooplankton, or nutrient concentrations. Hence, in many ways these
equations behave linearly. In particular, their spatial behavior is un-
affected by the nonlinear source terms. However, the temporal behavior
and the relationships between each Pj, Z;, and N; are distinctly nonlinear.

Comparison With Lotka—Volterra Equations

The classical theory of predator—prey interaction as formulated by
Volterra involves two equations which express the growth rate of the
prey and the predator (57). Within the context of phytoplankton and
zooplankton population, the prey is the phytoplankton and the predator
the zooplankton. In the notation of the previous sections, for a one-
volume system, the Lotka—Volterra equations are:
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dP

-(E = (GP -_— DP,)P - CgPZ (35)
‘% = — D3Z + azsC,PZ (36)

where all the coeficients, Gp, D’p, C,, Dz, and azp are assumed to be
constants and Gp > D’p. This is a highly simplified situation since, as
indicated previously, the growth and death rates are functions of time
and, in the case of the phytoplankton growth rate, of the phytoplankton
and nutrient concentrations as well. However, for a situation with ade-
quate nutrients and low initial phytoplankton concentration, the non-
linear interaction is small initially, and the time variation of Gp can be
small during the summer months. In any case, the analysis of this sim-
plified situation is quite instructive.

Although no analytical solution is available for these simplified
equations, their properties are well understood (63). In particular, the
equations have two sets of singular points corresponding to the solution
of the righthand side of Equations 35 and 36 equated to zero: the trivial
solutions P* — 0, Z* — 0, and

Dg

_Gp—D'p
azpC ,,’

o (37

P* = Z*
A perturbation analysis of Equations 35 and 36 about this singular point
shows that the solutions whose initial conditions are close to P*, Z*,
oscillate sinusoidally about this singular point. Hence, no constant solu-
tion is possible. The prey and predator populations continually oscillate
and are out of phase with each other. When the predator predominates,
the prey is reduced, which in turn causes the predator to die for lack of
food, which allows the prey to proliferate for lack of predator, which then
causes the predator to grow because of the prey available as a food sup-
ply, and so on. The interesting feature is that these oscillations continue
indefinitely.

The classical Lotka—Volterra equations assume an isolated popula-
tion with no mass transport into or out of the volume being considered.
To simulate the effect of mass transport into the volume, assume that an
additional source term of phytoplankton biomass exists and has constant
magnitude P,. For this situation, the equations become

‘?di: = (Gp — D'R)P — C,PZ + Py (38)
iz

5 = DoZ + azeC,PZ (39)
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The nontrival singular point for these equations is

(Gp — D'p)

Dz « _ azpP,
Z* = 0P

Pr = 2%
azpC,,’ Dz

(40)

+

A perturbation analysis about this singular point yields a second order
linear ordinary differential equation whose characteristic equation has
the roots A; and A, where

PoC ¥
Mg = — 2ZPL 0 azpPCy | _ azpC 4Py — (Gp — D'p) Dz
2Dy 2 Dg (a1)

Since for P, > 0, these roots have negative real parts, this singular point
is a stable focus, and the steady state values given by Equation 40 are
approached either by a damped sinusoid or an exponential (63). Note
that for Py — 0, the classical case, the roots are purely imaginary, and
the oscillation persists indefinitely.

This analysis suggests that the effect of transport into the system
stabilizes the behavior of the equations and in particular allows the
solutions to achieve a constant solution. This is in marked contrast to the
behavior of the classical Lotka—Volterra equations.

Another modification, which has been introduced into the zooplank-
ton equations, changes the behavior of the proposed equations in contrast
to the Lotka—Volterra equations. It has been argued that the zooplankton
growth rate resulting from grazing must approach its maximum value
when the phytoplankton population becomes large since the zooplankters
cannot metabolize the continually increasing food that is available. Thus,
the growth rate azpC,PZ is replaced by azpC,ZP Knp/(P + Knp) where
K,.p is a Michaelis constant for the reaction. The equations then become

dP

v i (Gp — D'p)P — C,PZ + P, (42)
The nonzero singular points are
p* = aZPCIn)IZ(I::P_ DZ (44)
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This solution reduces to the previous situation, Equation 40, for large
K,.p. This is expected since for K,,p large with respect to P, the expression
Knp/(P 4+ Knup) approaches one. However, an interesting modification
from classical predator—prey behavior occurs if the following condition
is met

azpCoyKnp = Dz + ¢ (46)

where ¢ is a small positive number. For this condition, P* is large and
positive. What happens in this case is that the zooplankton population,
although it continues to grow exponentially, cannot grow quickly enough
to terminate the phytoplankton growth by grazing, and the phytoplankton
continue to grow exponentially until P* is reached. Of course, in the
actual situation, for which Gp is not a constant, other phenomena such as
nutrient depletion and self-shading exert their effect, and the growth may
be stopped sooner. However, if the growth rate of zooplankton at a
phytoplankton concentration equal to the Michaelis constant K,y is only
slightly larger than their death rate Dj, then the zooplankton alone do
not rapidly terminate the bloom.

This condition is an important dividing line for the possible behavior
of the phytoplankton—zooplankton equations set forth in the previous
sections. In particular, it indicates what must be true for a system
wherein the zooplankton are a significant feature in the resulting phyto-
plankton solution. However, if Equation 46 is satisfied, then the zoo-
plankton are not the dominant control of the phytoplankton population.

Application—San Joaquin River

As an example of the application of the equations proposed herein,
consider the phytoplankton and zooplankton population observed at
Mossdale Bridge on the San Joaquin River in California during the two
years 1966-1967. Mossdale is located approximately 40 miles from the
confluence of the San Joaquin and the Sacramento Rivers. The data
presented below have been supplied to the authors by the Department
of Water Resources, State of California (64), as part of an ongoing
project to assess the effects of proposed nutrient loads and flow diversions
on the water quality of the San Francisco Bay Delta. A more complete
report of this investigation is forthcoming (62).

In order to simplify the spatial segmentation and the calculations, a
one-volume segment is chosen for the region of the San Joaquin for which
Mossdale is representative. The volume of this segment is, of course,
somewhat arbitrary, and a more representative spatial segmentation
would remove this uncertaintly. However, it is instructive to consider
the behavior of the solution of this simplified model.
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Figure 10. Temperature, flow, and mean daily solar radiation;
San Joaquin River, Mossdale, 1966-1967

The nutrient data available indicate that phosphate, bicarbonate,
silicate, calcium, and magnesium are available at concentrations well
above the levels for which it has been suggested that these nutrients
limit growth. Only the ammonia and nitrate concentrations are low, and
they both decrease markedly during the 1966 spring bloom. Hence, these
nutrients must be considered explicitly. To simplify the computations,
the ammonia and nitrate nitrogen are combined, and the nutrient con-
sidered is total inorganic nitrogen.

There is some uncertainty concerning the magnitude and the tem-
poral variation of the inorganic nitrogen load being discharged to the
system during the time interval of interest. For lack of a better assump-
tion, the inorganic nitrogen load Wy being discharged into the volume
is assumed to be a constant, the magnitude of which is determined by
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comparison with the observed inorganic nitrogen concentration data at
Mossdale.

The variation of the environmental variables being considered—
namely, temperature, solar radiation, and advective flow in the San
Joaquin during the two-year period of interest—and the straight line
approximations that are used directly in the numerical computation are
shown in Figure 10. The influent advective flow, which is assumed to
have constant concentrations of phytoplankton and zooplankton biomass
and inorganic nitrogen, is routed through the volume. Since Mossdale is
located above the saline portion of the San Joaquin, no significant dis-
persive mass transfer is assumed to exist by comparison with the advective
mass transfer.

The equations which represent this one-segment model are

b= -D)P+ e -P (a7)
2= (G- D)2+ 22— 2) (48)
]({’=_0/NPGPP+@+%(NO_N) (49)

where Q = Q(¢) is the advective flow entering and leaving the volume;
V is the volume of the segment; Py, Zo, and N, are the phytoplankton,
zooplankton, and inorganic nitrogen concentration of the flow entering
the volume. The remaining terms have been defined previously by
Equations 16, 23, 25, and 26. In the nutrient equation, only the direct
source of inorganic nitrogen, Wy, has been included; the organic feed-
back terms representing excreted nitrogen, etc., Equation 28, have been
dropped. Since the magnitude of Wy is uncertain and is assigned by
comparison with observed data and computed model output, these feed-
back terms can be thought of as being incorporated in the value obtained
fOl' WN.

The solution of Equations 47, 48, and 49 requires numerical tech-
niques. For such nonlinear equations, it is usually wise to employ a
simple numerical integration scheme which is easily understood and pay
the price of increased computational time for execution rather than using
a complex, efficient, numerical integration scheme where unstable be-
havior is a distinct possibility. A variety of simple methods are available
for integrating a set of ordinary first order differential equations. In par-
ticular, the method of Huen, described in Ref. 65, is effective and stable.
It is self-starting and consists of a predictor and a corrector step. Let
y = f(t,y) be the vector differential equation and let h be the step size.
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The predictor is that of Euler: with y, the initial condition vector at t,,
the predictor value of y atty + h =t is

y* = yo + hf(to, ¥o) (50)

The corrector value is simply

v = Yo+ 1 (7, 90) + 1, 94%)] (51)

That is, the corrector uses the predictor value at ¢; to estimate the slope
at t; which is averaged with the slope at #, to provide the slope of the
straight line approximation. A variation of this method is discussed at
some length by Hamming (66).

Another simple two-step method is that of Runge, described in Ref.
67. The Euler predictor is used with a half-step integration.

y* =y + gf(to, Yo) (52)

This value of y is used to estimate the slope at the midpoint of the inter-
val, which is then used as the slope of the straight line approximation

v = vo + Hlto + 3 ) (53)

Both of these methods are second order methods, being accurate to terms
of order A#? in a comparison of Taylor series expansions of the exact and
approximate values, and both methods require two derivative evaluations
per step. The method of Runge has been used in the calculations pre-
sented below.

The equations themselves are programmed for solution using a con-
tinuous simulation language and a digital computer. The language, in
this case CSMP/1130, is based on a block diagram, analog computer,
representation of the differential equations. The flexibility of these lan-
guages which allow changes in the equation structure to be made easily
is an asset in modeling complex systems.

The biomass variables used in the calculations are total cell counts
for the phytoplankton and rotifer counts for the zooplankton. The rotifer
population represented the large majority of the zooplankton present on
a weight basis as well. In order to relate these variables to comparable
units, a series of conversion factors have been used. The phytoplankton
count—chlorophyll concentration ratio was measured. However, the
carbon—chlorophyll or dry weight—chlorophyll conversions are unknown.
Hence, the conversion to an organic carbon basis is made rather arbi-
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Table VII. Parameter Values for the Mossdale Model

Notation Description Parameter Value
K, Saturated growth 0.1 day—! °C
rate of phytoplankton
1, Light saturation intensity 300 ly/day
for phytoplankton
k. Extinction coefficient 4.0 m™!
H Depth 1.2 m
K., Michaelis constant for 0.025 mg N/liter
total inorganic nitrogen
f Photoperiod 0.5 + sin [0.0172 (¢ — 165)] day
K, Endogenous respiration 0.005 day—! °C—!
rate of phytoplankton
C, Zooplankton grazing rate 0.13 liter/mg - C - day
P, Influent phytoplankton 5.0 ug Chl/liter
chlorophyll concentration
azp Zooplankton conversion 0.6 mg C/mg - C
efficiency
K..p  Phytoplankton Michaelis 60 ug Chl/liter
constant
D, Zooplankton death rate 0.075 day™*
Zy Influent zooplankton carbon  0.05 mg C/liter
concentration
anp Phytoplankton nitrogen— 0.17 mg N/mg - C

carbon ratio
C/Chl Phytoplankton carbon to total 50 mg C'/mg - Chl
chlorophyll ratio

N, Influent total inorganic 0.1 mg N/liter
nitrogen concentration
W Direct discharge rate of 12500 lbs/day
nitrogen
Vv Segment volume 9.7 X 108 ft3
Phytoplankton total cell 100 cells/ml=1.75 pg Chl/liter
count/phytoplankton
Zooplankton count/ 10* No./liter = 1.30 mg C/liter

zooplankton carbon ratio

trarily. However, the carbon-to-chlorophyll ratio which results (see
Table VII) is within the range reported in the literature. The same
problem exists with the rotifer counts to rotifer carbon conversion; the
value used is given in Table VII.

The comparison of the model output and the observed data for the
two-year period for which data are available is shown in Figure 11. The
parameter values used in the equations are listed in Table VII.

It is clear from both the data and the model results that a classical
predator—prey situation is observed in 1966: the spring bloom of phyto-
plankton resulting from favorable temperature and light intensity pro-
vides the food for zooplankton, which then reduce the population during
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the summer. The decrease of the zooplankton and the subsequent slight
secondary bloom of phytoplankton complete the cycle for the year. It is
not clear, however, from a casual inspection of the data, whether the
zooplankton population terminated the phytoplankton growth, as in
classical predator—prey situations, whether the nutrient concentration
dropped to a limiting value that reduced the growth rate, or a combina-
tion of the two. This point is elaborated in the next section.

The situation in 1967 is quite different. No significant phytoplankton
growth is observed until late in the year. The controlling variable in this
case is the large advective flow during the spring and summer of 1967
(see Figure 10) which effectively washes out the population in the region.
Only when the flow has sufficiently decreased so that a population can
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develop do the phytoplankton show a slight increase. However, the
dropping temperature and light intensity level terminate the growth for
the year.

Growth Rate—~Death Rate Interactions

The behavior of the equations which represent the phytoplankton,
zooplankton, and nutrient systems in one volume can be interpreted in
terms of the growth and death rates of the phytoplankton and zooplank-
ton. The equations are as before

‘fi—’; = (Gp — Dp)P + %(Po - P) (54)
‘fi_f = Gz — D2)Z + %(Zo -2) (85)

where P, and Z, are the concentrations of phytoplankton and zooplankton
carbon in the influent flow, Q. A more useful form for these equations is

P _16e - 0r + Y1 + 2P, (56)
2 (6 - 0:+ D1z + %2, (57)

A complete analysis of the properties of these equations is quite difficult
since the coefficients of P and Z are time variables and also functions of
P and Z. However, the behavior of the solution becomes more accessible
if the variation of these coefficients is studied as a function of time. The
expressions Gp — (Dp + Q/V) and G; — (Dz + Q/V) can be con-
sidered the net growth rates for phytoplankton and zooplankton. The
advective or flushing rate, Q/V, is included in these expressions since it
acts as a death rate in one segment system.

The sign and magnitude of the net growth rate controls the behavior
of the solution. For a linear equation, for which the net growth rate is
not a function of the dependent variable (i.e., P or Z), the type of solu-
tion obtained depends on the sign and magnitude of the net growth rate.
That is, for the equation

dP

5 aP-I-%Po (58)

where «, Q, and V are constant, the solution is
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P() = P(o) % + Py & (e — 1) (59)

For « negative, that is, for a negative net growth rate, the solution tends
to the steady state value Py Q/|«|V. However, for o positive, the solution
grows exponentially without limit. Thus, for « negative but |o| small, or
for « positive, the solution becomes large; whereas for a negative but |of
large, the solution stays small. Hence, the behavior of the solution
can be inferred from the plots of the net growth rates. Figure 12a is a
plot of the following terms from the 1966 Mossdale calculation: Gp with-
out the Michaelis—Menton multiplicative factor included—i.e., the growth
rate at nutrient saturation denoted by Gp (LT ); Gp itself denoted by Gp
(N,I,T)—i.e., the growth rate considering the nutrient effects. The net
growth rate Gp — (Dp 4 Q/V) is also plotted. Similarly, in Figure 12b,
the growth rate of zooplankton G, the mortality rate D, the flushing rate
Q(t)/V, and the net growth rate G; — (Dz + Q/V) are plotted.
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The analysis of the 1966 model calculations can now be made by
inspecting these figures. The net growth rate for the phytoplankton
Gp — (Dp + Q/V) becomes positive at t = 85 days owing to an increase
in Gp, the result of rising temperature and light intensity, and a decrease
in Q/V as the advective flow decreases. The positive net growth rate of
the population causes their numbers to increase exponentially fast until
the nutrient begins to be in short supply. This is evidenced by the de-
parture of the Gp curve from the Gp at nutrient saturation curve. At the
same time, the Dp curve is showing a marked increase because of the
increased zooplankton population and their grazing. The result is that
the net growth rate becomes zero and then negative as the zooplankton
reduce the phytoplankton population by grazing. The growth of the
zooplankton can be analyzed in a similar fashion using Figure 12b. The
net growth rate becomes positive when the phytoplankton population is
large enough to sustain the zooplankters. Then the zooplankton grow
until they have reduced the phytoplankton population to a level where
they are no longer numerous enough to sustain the zooplankton. The net
zooplankton growth rate then becomes negative and the population
diminishes in size. This small zooplankton population no longer exerts a
significant effect on the death rate of the phytoplankton, Dp, and its value
decreases, causing the net phytoplankton growth rate to become positive
again, and the smaller autumn bloom results. The decreasing tempera-
ture and light intensity and the increasing advective flow then effectively
terminate the bloom as the year ends.

Summary and Conclusions

A model of the dynamics of phytoplankton populations based on the
principle of conservation of mass has been presented. The growth and
death kinetic formulations of the phytoplankton and zooplankton have
been empirically determined by an analysis of existing experimental data.
Mathematical expressions which are approximations to the biological
mechanisms controlling the population are added to the mass transport
terms of the conservation equation for phytoplankton, zooplankton, and
nutrient mass in order to obtain the equations for the phytoplankton
model. The resulting equations are compared with two years’ data from
the tidal portion of the San Joaquin River, California. Similar compari-
sons have been made for the lower portion of Delta and are reported
elsewhere (62).

It is recognized that certain parameters in the model have been
estimated from the data which are then used to demonstrate the veracity
of the model. The parameters used in the verification were either ob-
tained from prototype measurements or estimated from the range of



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch005

176 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

values reported in the literature. The refinement of the later set of param-
eters was made by comparing the observed 1966 data and calculated
results. The model was further verified by applying the parameters ob-
tained in the 1966 analysis to the data of the following year. The parame-
ter values finally used were all within the ranges of reported literature
values. The agreement achieved between the available data and the
model calculations is sufficiently encouraging to prompt further effort
in this direction.

The primary aim of this investigation, presenting a useful model
as a component in solution of the eutrophication problems, in our opinion,
has been achieved. The resulting equations are admittedly complex and
require numerical methods for solution. It is anticipated as with all model-
ing activities that the structure presented herein will be expanded and
modified in the future to incorporate additional features of the eutrophi-
cation phenomena. In particular, the model as it is presently structured
does not address the species changes that might result as the environment
is changed. This is a problem of some consequence, and refinements and
expansion of the number of species considered is an area for future work
(12). However, the initial application of these equations to an actual
problem area with specific eutrophication problems has been sufficiently
successful to support its engineering use as a preliminary step in the
assessment of a potential or actual eutrophication problem.
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Transport of Organic and Inorganic
Materials in Small-Scale Ecosystems

EARNEST F. GLOYNA, YOUSEF A. YOUSEF,’ and THOMAS J. PADDEN

Center for Research in Water Resources, The University of Texas at Austin,
Austin, Tex. 78712

This paper describes some studies on the transport of bio-
degradable and nondegradable materials through a system
of flowing and nonflowing research flumes. A variety of ra-
dionuclides and dyes were used as tracers. The uptake and
release of pollutants and biomass of various varieties of
typical bottom sediments, rooted plants, were monitored in
time and space along a model river (200-ft-long flume)
which simulated the ecological environment. Laboratory
and aquaria studies simulated closed ecosystems. Responses
of the total ecosystem and its components to instantaneous
and continuous releases of pollutants were investigated.
Generalized mathematical relationships have been developed
to describe the transport of various materials along a model
flume.

small-scale ecosystem (research flume) has been used successfully to

investigate the transport phenomena of radionuclides added as dis-

solved inorganics and to study and evaluate the parameters affecting a
stream when it is subjected to organic stresses.

The research flume (Figure 1) is 200 ft long, 2 ft deep, and 2.5 ft
wide with a center removable partition providing two 1.25-ft-wide chan-
nels. The intake can be provided either with potable water or with water
from a control reservoir rich in phytoplankton. The phytoplankton popu-
lation can be controlled by dilution with potable water as system simu-
lation may require. Flow can be controlled from 0 to approximately 200
liters per minute per channel and depths controlled from 0 to 2 ft. Bottom
sediments were obtained from nearby Lake Austin, and plants, when used

! Present address: Department of Civil Engineering, Florida Technological Uni-
versity, Orlando, Fla.
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e X 'MODEL RIVERw

Figure 1. Model river

in the experimentation, were species common to local streams and ponds.
The predominant plants were Myriophyllum, Chara, Potamogeton, Clado-
phora, and Spirogyra. Figure 2 indicates the hydraulic characteristics of
the flume. The shaded portion of Figure 2 portrays the general area in
which experimentation has been conducted.

Instrumentation on the flume consisted of pH meters, dissolved oxy-
gen probes (galvanic), pyrheliometers, an anemometer, and a paper-
punch tape data acquisition system.

The studies on the flume were conducted to determine the effects of
specific environmental factors on transport and to specifically determine
the physicochemical characteristics of the ecological system in order to
better understand the factors that react to pollutional stress. The pro-
cedure used was to estimate the uptake and release rates of radionuclides,
to establish the effects of organic and inorganic pollution loads on radio-
nuclide movement, and to relate all of these factors into a basic prediction
model. Radionuclides including %Zn, %Co, ¥’Cs, %Sr, %Ru, and *'Cr
were introduced into the flume under different environmental conditions.
A close follow-up of the radioactive flume was maintained as the radio-
nuclides dispersed longitudinally and transversely. Continuous monitor-
ing of radioactivity in the water phase, sediment, and biomass was
maintained by sampling and use of radionuclide detection equipment.
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Transport of Radionuclides

The transport characteristics of radionuclides in flowing ecosystems
were established through a series of step-wise operations:

(a) logically enumerating the various processes which occur in a
model river

(b) isolating important processes by using aquaria and model river
studies

(¢) synthesizing logical mathematical models using the above infor-
mation in conjunction with parametric studies

(d) programming of the prediction model in computer language to
evaluate the relative importance of factors affecting radionuclide transport.

The basic transport equation developed by Shih and Gloyna (1) was
used.
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ac d% ac -
* = ¢ _ W% _ K.[Gc) — C; 1
5i = Degp — v g — L IKAGHe) — Cl )
where
c = concentration of a particular radionuclide in the flowing
stream at any point (x) at time (t)
x distance in direction of flow

u = average velocity of flow

fi mass or surface area of the ith sorbent per unit volume of
the zone of flow

K; = mass or area transfer coefficient for phase i

Gi(c) = a transfer function relating the concentration of activity in
the water to the equilibrium level of activity in phase i

C: = the specific activity in the ith position of the n-sorption
phases

The first two terms in the equation define the mixing characteristics and
dilution, while the third term establishes the uptake and release by the
various aquatic masses.

Longitudinal dispersion coefficients, D, values, in the absence of bio-
mass were calculated for velocities ranging from 0.33 to 3.30 ft/min. The
D, values calculated from the time—concentration curves of the Rhoda-
mine B dye studies, under various flow conditions in the flume, follow
an empirical relationship in the form

D, = 3.2640°607 )
where
u = the average velocity in ft/min
D, = the longitudinal dispersion coefficient in ft2/min

Discrepancies between nonsorptive dye and radionuclide movement
were observed. In some experiments where 90-100% of Rhodamine B
passed through the flume after one day from release, only 5-25% of %Zn,
58Co, 137Cs, and #Sr added at the inlet was detected in the exit flume
water. The retention of radionuclides was primarily owing to surface
concentration by sediments and biomass (1, 2, 3, 4, 5, 6,7, 8).

Surface Concentration by Bed Sediments

Dissolved radioactive ions in aquatic systems are extracted from the
water by bed sediments. These radionuclides are concentrated at the
sediment surface and then diffused into the lower layers of bottom sedi-
ment. The rate of transfer is dependent on contact time, environmental
conditions, and physicochemical characteristics of the sediments. The
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Figure 3. Concentration of radionuclides by bottom sedi-
ments in nonflowing ecosystems

surface distribution coefficients, K, values [the specific activity per unit
area of bed sediment divided by the specific activity per unit volume of
water (i.e., dpm/cm? -~ dpm/cm®)], are useful parameters to compare
the relative concentration of radionuclides by sediment surface area. The
K, values were measured in aquaria studies for various radionuclides as
shown in Figure 3. It was obvious that K, values increased with contact
time; certain radionuclides such as ¥’Cs and ®Sr appear to follow an
exponential relationship (linear on log-log coordinates). Previous inves-
tigations (7) indicated that the concentration of ®Sr by sediments similar
to those used in experiments described herein followed the equation

K, = 5.0T°% 3)
where
T = contact time (days)
K, = (dpm/cm?) + (dpm/ml)
The affinity of bottom sediments obtained from Lake Austin to radio-
nuclides released instantaneously in the flume followed the order **’Cs >

8Zn > %Co > %Sr. The maximum uptake of ¥’Cs did not exceed 24%
of released activity.
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As radionuclides concentrate on the sediment surface, they tend to
diffuse to deeper depths. The surface concentration and migration rela-
tionships of radionuclides follow an empirical relationship

C,a = C,,10-74 “4)
where

C,a = specific activity of radionuclide per gram at depth d in core
C,, = specific activity of radionuclide at surface
p = penetration coefficient

The penetration coefficient varies inversely with contact time. As
the contact time increases, the value of p decreases. Penetration depth
indicated in Table I is that depth in which 99.9% of the activity in the
sediment core was concentrated during the indicated contact time. This
depth has varied between 2 cm for %Zn and 13.5 cm for ¥Cs.

Table I. Penetration Depth for Various Radionuclides
in Bottom Sediments

Contact Time, Penetration Coefficient p,  Penetration,

Radionuclide Days Cm-1 Depth
85Zn 17 1.38 2.
5Co 17 0.70 4.0

1370 30 0.22 13.5
8Sr 32 0.43 7.3
106Ru 30 0.60 5.2

Concentration of Radionuclides by Plants

Some previous studies, such as those conducted on the Clinch River,
have indicated that biomass may be neglected in a mass balance analysis
of radionuclides (1, 4). However, when the biomass was extensive in
the flume, a significant portion of the radionuclide was retained, at least
temporarily (Figure 4). Plants sorbed radionuclides in the order indi-
cated.

58Co > 65Zn > #Sr > 1¥7Cs

Figure 4 also shows that plants released **’Cs and ®Sr at a faster rate
than *#Co and %Zn.

Radionuclide transport in an aqueous environment probably is re-
lated to community metabolism (9). The concentration of radionuclides
increases in the plant biomass, with an accompanying loss from water or
sediment, when the photosynthesis-to-respiration (P/R) ratio exceeds
one (Figure 5). When this ratio fell below one, a net gain of radionuclides
in the sediment and water accompanied by a loss in plants was observed.
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However, the role of community structure in the transport of radionuclides
is not as thoroughly understood.

Mathematical Modeling

Shih and Gloyna (7) presented an analytical solution for Equation 1
describing instantaneous releases of radionuclides, assuming dispersion
in the longitudinal direction and sorption by sediments and biomass. A
linear relationship between specific activity in sediments and plants as
compared with the specific activity in water seemed to exist, providing
Equation 5.

dc
5 = KlGlo) — C (5)

The solution of Equation 5 for sediments is

_ 1 K s(Cw) - C.'r
K1 = t_ In ——__Ks(Cw) (6)
whereas the solution of Equation 5 for plants is
_ 1 Kp(Cu) = Cy
K-g = 7 In Kp(Cu‘) (7)
where
K, and K, = mass transfer coefficients for sediments and plants
(time)™?
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Figure 4. Radionuclide uptake by aquatic plants
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Figure 5. Co%8 and Zn®5 activity in plants, sediment, and water as
related to the P /R ratio (CO, metabolwm)

K, and K, = equilibrium concentration coefficients for sediments

and plants
C, and C, = specific activity in sediments and plants at time ¢
Co = specific activity in water phase

Values of K, for various isotopes are presented in Figure 3. Values
of K, derived from the flume experiments agree with the published con-
centration coefficients of radionuclides by edible plants (10).
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Equations 6 and 7 were used to determine the mass transfer coeffi-
cient K; and K, for sediments and plants. Detailed studies on #Sr showed
that K; values ranged from 0.0045 and 0.011 hr! for flow conditions hav-
ing a Reynolds number of 2440 and 3700, respectively (7). Flume studies
also indicated that K, for %Sr ranged from 664 to 683 dpm/gram per
dpm/ml and values of K; varied from 0.0126 to 0.0322 hr! with an aver-
age of 0.022 hr! (1).

By determining D,, K;, and K., it was possible to program a solution
for Equation 1 and verify it through repeated flume experiments.

Influence of Organic Pollutional Stresses on Transport

An organic load may influence the transport of other potential pol-
lutants. For example, the reducing environment created by organic
pollution may cause the reduction of hexivalent 5!Cr to trivalent 'Cr (3),
thus affecting transport of these radioactive ions, since sediments and
biomass have different capacities for sorbing Cr VI and Cr III. In this
connection, it is possible to evaluate the influence of surface aeration,
without wind effects, and photosynthetic oxygenation.

Prior to simulating stream conditions and determining responses to
imposed organic loads, it is desirable to investigate the individual factors
that influence oxygen balance, namely atmospheric reaeration, photosyn-
thetic production, respiration, and benthic uptake of oxygen. The aerobic
or anaerobic conditions of a stream may drastically influence transport
of ions, but the effect of reaeration may be difficult to monitor in a stream.

In these investigations, the first step was to determine atmospheric
reaeration over various ranges of depths and velocities. This was accom-
plished in a clean channel devoid of sediment using potable water. Inlet
dissolved oxygen was controlled by a solution of Na,SO; with cobalt
catalyst dispensed from carboys in which a nitrogen environment was
maintained. The nitrogen prevented assimilation of oxygen by the solu-
tion, thereby providing reasonably consistent initial dissolved oxygen
conditions. Dissolved oxygen profiles along the length of the flume were
then obtained. A brisk wind increased atmospheric reaeration rate in a
shallow system as much as 20 times the expected rate. To eliminate wind
effect, a series of baffles were installed above the flowing surface, and
data obtained during winds exceeding 5 knots were discarded. However,
even with these precautions, wind affected the aeration, and it was nec-
essary to completely cover the flume. In a natural system, the magnitude
and direction of the wind would be a major factor in stream reaeration,
but first the minimum surface transfer condition must be met.

Figure 6 shows the relationship between the reaeration coefficient
(k2) and V/H"5 where V is stream velocity in feet per second and H is
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depth in feet. Each plotted point is a mean value of k; for a group of test
runs for a given velocity and depth. An average of 17 test runs were made
to establish the value of each plotted k.. Equations 8 and 9 describe the
best fit determined by the least square method.

Log k, = 0.703 Log I%‘ + Log 2.98 (8)
V 0.703

While these equations are descriptive of the flume, they are reasonably
close to the prediction model derived by Churchill, Elmore, and Bucking-
ham from their analysis of atmospheric reaeration of streams in the
Tennessee Valley (11). The Churchill et al. formula for prediction of
ks at 20°C is

Y0969

As an example of comparison, Table II shows k, predictions by the
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Figure 6. Atmospheric reaeration as related to velocity and depth (in flume)
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Churchill formula and the flume formula for hydraulic conditions oc-
curring in the Jackson River (12).

Table II. Predicted Atmospheric Reaeration Coefficients (k:) as a
Function of Stream Flow in the Jackson River*®

Mean Mean (ks) Day™ (20°C)
Subreach Length, Velocity, Depth,

Males Ft/Sec Ft Churchill  Flume
0-1 0.757 0.636 1.76 1.25 1.20
1-2 1.290 0419 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 1477 0.436 2.26 0.57 0.71
8-9 0.826 0.286 2.83 0.28 041
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

? Taken from Tsivoglou et al., Ref. 12.

Several experiments have been conducted also using the water from
the control reservoir containing phytoplankton to determine the contribu-
tion to reoxygenation by photosynthesis (P) and the oxygen consumption
or respiration (R) during periods of darkness. Since the effects of atmos-
pheric aeration were known, the net production (P — R) could be deter-
mined by direct observation. While (P — R) in the flume on a 24-hour
basis was a positive value, the net effect is to superimpose an oxygen
demand on any existing demand during hours of darkness. Notably, the
beneficial effect of photosynthesis in a stream must always be questioned
since diminished light during daylight hours might result in respiration
exceeding production (P — R negative).

Experiments in aquaria containing 4 inches of lake sediment were
conducted to determine rate of oxygen consumption by the benthic load.
These experiments indicated that the five-day biochemical oxygen de-
mand (BOD;) of the sediment would be satisfied in 350 to 450 days.
This slow rate of biodegradation indicates anaerobic decomposition and
the presence of a reducing environment.

With the preceeding knowledge and using one flume as a control,
the influence of an organic pollutional stress on transport of radionuclides
can be measured.
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Conclusions

Small-scale ecosystems are useful tools for simulating stream proc-
esses and evaluating the complex factors which interact with various
pollutional stresses.

A transport equation has been developed and verified which describes
the mode of radionuclide movement. For dissolved wastewaters contain-
ing radionuclides, the principal mechanism of transport involves hydrody-
namic action. However, the rate of movement is influenced by other
factors such as suspended sediment loads and surface concentrations on
both the bed sediments and biomass.

By simulating the physicochemical characteristics of a waterway sys-
tem, the flume can be used effectively in determining the relationships of
flow conditions to nuclide transport, concentration of nuclides by plants
and bottom sediment, and distribution of individual nuclide species be-
tween aqueous solution and plants and between aqueous solution and
sediments. Measurement of responses of the system to stress can aid in
the development of, or verification of, prediction models for oxygen
balance.

The surface concentration distribution coefficients for sediments K,
and for plants K, in contact with radioactive contaminated water were
formulated and predicted for various radionuclides through aquaria stud-
ies and flume experiments. These values reflect the affinity of sediments
and plants for various radionuclides.
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Use of Inert Tracer Data to Estimate the
Course of Reaction in Geometrically
Complex Natural Flows

LLOYD A. SPIELMAN and FRANCOIS BRIERE

Division of Engineering and Applied 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.

In modeling rivers, streams, and other natural flows for pollution control,

it is often necessary to estimate downstream concentration profiles, in
distance and time, of substances which simultaneously undergo reaction
and convection after their introduction upstream. These substances might
be dissolved or suspended pollutants, microorganisms, oxygen, or other
relevant constituents of the aqueous environment.

To predict concentration profiles, it is desired to combine independ-
ent laboratory reaction rate data with empirical data on the hydrody-
namics of the flow. The problem of interpreting laboratory reaction data
to obtain rate expressions which are valid within the complex natural
system is in itself a difficult task beyond the scope of this work; it is here
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assumed that valid concentration-dependent expressions for rates of reac-
tion are available.

With the given rate expression, detailed theoretical or empirical
knowledge of the spatial velocity distribution would promote use of the
equations of convective transport (1) to evaluate concentration profiles
and give a comprehensive treatment, but direct in-stream measurements
required to obtain such velocity data are prohibitively costly and not
generally available. Inert tracer studies for the flow are far more practical
and economical but do not convey complete hydrodynamic information.
Tracer studies are normally carried out by introducing a conveniently
monitored solute (such as a radioactive isotope), usually as a slug, and
measuring its concentration response with time at stations downstream
(2). For reaches of the flow which are not geometrically complex, the
longitudinal dispersion model can often be applied, using measured
tracer response curves to extract numerical dispersion coefficients. These
can then be inserted back into the dispersion equation with a reaction
rate term to estimate the concentrations of reacting species which are
introduced upstream in an assigned fashion (3, 4). For regions of the
flow which are geometrically complex, however, tracer response curves
can differ in shape greatly from those expected from the dispersion model
and an alternate method of interpreting them must be sought. Illustra-
tions of such possible complexities are shown in Figure 1.

Interpreting tracer response curves as residence time distributions,
along with considerations of complete and minimum segregation in the
flow, provides a rigorous basis for treating geometrically complex flows.
This approach was pioneered by Danckwerts (5) and Zwietering (6) for
application to nonideal industrial reactors. Industrial reactors over which
the engineer has considerable geometrical control behave more pre-
dictably than most natural flows and often can be treated theoretically;
thus, application of the semiempirical residence time approach to natural
systems could be even more significant than its originally intended use.

While residence time theory should be applicable to a wide variety of
geometrically complex flows, it possesses inherent theoretical limitations
which should be discussed. An important one is that input and monitor-
ing stations should correspond to constrictions of the flow (Figure 1)
where concentrations across the stream width may be considered as uni-
form (although much can also be said about the distribution of concen-
trations between stations ). This is seen to be no great handicap, however,
when compared with the one-dimensional dispersion model which as-
sumes a uniform concentration across the stream width for all points
along the flow. Another limitation occurs if the reaction dependence on
concentration is greatly different from first order; then, with knowledge
of the residence time distribution, one can only bracket the concentration
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MONITOR

RESPONSE

INPUT

—

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.

with least upper and greatest lower bounds. Only for the important special
case of first order (linear) reaction is the downstream concentration
unambiguously determined for a specified inert tracer response. How
tightly concentration is bracketed for a given system depends on the
particular form of the residence time (tracer response) curve, the degree
of nonlinearity of the reaction, and the extent of reaction occurring
between stations.

That the tracer response curve does not in general fix system behavior
unambiguously for nonlinear reactions is readily demonstrated by con-
sidering the particular system consisting of an ideal plug flow vessel in
alternate sequence with an ideally-stirred vessel. As illustrated in Figure
2, interchanging the order of the two vessels leaves the shifted exponential
response to a slug input of tracer unchanged; yet for reactions with order
greater than unity, straightforward calculations confirm that the configu-
ration having the plug flow vessel first yields more extensive reaction.
The situation is reversed for reaction orders less than unity. Both arrange-
ments give the same response if the reaction is first order.

Because of the ambiguity of behavior which remains with knowledge
of a system’s tracer response, it can be concluded that close agreement of
inert tracer response curves to the form expected from the dispersion
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model does not conclusively confirm the validity of that model between
two monitoring stations; thus, application of the dispersion model to non-
linear reactions should be made with caution even if inert tracer response
appears ideal. It is subsequently shown how any given inert tracer re-
sponse of a system still permits a range of possible responses for nonlinear
reaction and how the minimal bounds on that range can be computed.

Elements of Residence Time Tbhbeory

Since the foundations of residence time theory are rigorously given
elsewhere (5, 6, 7), only those features which are essential to the present
treatment will be given here. The residence time distribution (residence
time frequency function; exit age distribution), f(¢), is defined such that
f(¢)dt is the fraction of fluid at any instant leaving the system, having
spent time between ¢t and ¢ 4 dt within the system. The cumulative
residence time distribution is

— J—CJO——

Jb =

f(t)

|
— 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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t
F(t) = / f@&)at' ¢y
o

F(t) corresponds to the fraction of fluid at any instant leaving the system,
having spent time shorter than ¢ within the system. A relation of further
importance is

V/Q=1= f "t %)
/]

That is, the first moment of the residence time frequency function (mean
residence time) equals the quotient of the system volume V and the
constant volume flow rate Q through the system.

The function f(t) is straightforwardly related to the experimental
tracer response curve; for a slug input, the downstream concentration vs.
time curve is proportional to the function f(¢). Response curves for dif-
ferent modes of input theoretically convey equivalent information, al-
though certain inputs are experimentally convenient to carry out. Thus,
redoing tracer experiments for different inputs gives no added informa-
tion about the flow.

Extremes of Mixing for an Arbitrary Specified
Residence Time Distribution

Zwietering was able to prove that the two conceptual reactor con-
figurations shown in Figure 3, each having the same specified arbitrary
residence time distribution, exhibit opposite extremes of mixing and thus
give bounds on chemical conversion. Each configuration is an ideal plug
flow vessel having continuous distribution of respective side exits or
entrances which are governed to give the arbitrary specified residence
time distribution. Zwietering showed that the lower configuration in
Figure 3 corresponds to the minimum degree of segregation for a given
residence time distribution, while the upper diagram corresponds to
complete segregation or degree of segregation unity. The degree of segre-
gation was introduced by Danckwerts and is a measure of the extent to
which molecules entering the system at a particular time remain together,
not mixing with molecules which enter at other times. While this concept
arises in the fundamentals of the theory, its precise definition or numerical
evaluation is not needed for application of the theory and will not be
gone into here. Zwietering alternately interprets complete and minimum
segregation for the specified residence time function as “latest” and
“earliest” mixing, respectively. The time coordinate a shown in Figure 3
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corresponds to the age (time interval after entering) of a fluid element
in the system, and the coordinate X is the life expectation (time interval
before leaving) of an element.

COMPLETE SEGREGATION

———
Y —

Colt)

TITTTIIT I ddddgy o

MINIMUM SEGREGATION

ITITTIT T diyiied

Colt)

Ceft)

—r— —r—

f(t)

|
— 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.

Amnalysis for Complete Segregation

In the case of complete segregation, the volume dv of an element of
fluid with age between « and a + da is

dv 1

v == [1 — F(a)]da (3a)

The relation between the volume coordinate v (Figure 3) and « is then
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/ i (1 — F(a"))da' (3b)
0

in which F is given by Equation 1.

The equations describing reaction in the system were derived previ-
ously only for the steady state with a constant incoming concentration.
For industrial reactors that case is of utmost importance, but for natural
systems transient situations are equally important, and the treatment is
extended here to include an accumulation term. Following Zwietering,
let c(a,t) denote the concentration of reacting substance in the system
as it depends on both position (through Equation 3b) and time ¢, and
let R(c) be the concentration-dependent rate of disappearance of reactant
per unit volume. Considering now a volume element of the system and
using Equation 3b, the quantity of reactant leaving through side exits is
Qc(at)f(a)da. A detailed material balance on the volume element gives
the partial differential equation for the concentration profile as

<l=
A |-

ac ac
=+ 3 = —RO @)

The time-dependent concentration in the combined exit stream is

clt) = / " dat)f(@)da ®)
0

in which ¢(e,t) is the solution of Equation 4. Equation 4 is to be solved
under the conditions: before time ¢ — 0, no reactant is present in the
system, and after £ — 0, the incoming concentration ¢, is an arbitrary
specified function of time. That is,

c(at) = 0fort <0 (6a)
¢, =0fort <0 (6b)
co = Co(t) fort > 0 (6¢c)

Equation 4 is quasilinear and can be solved readily by the method of
characteristics (8). Its solution under conditions 6a, 6b, and 6c is given

by the implicit relation
c(a,t)
- f o @)
co(t—a) V€
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For a disappearance reaction of order n s« 1, R(¢) = kc" and Equation
7 gives

clat) = colt — @)/[1+ (n—1) -k -¢c,”'(t — a) - q (8)
For first order reaction, R(¢) = kc, and Equation 7 gives
c(at) = colt — a)e**  forn =1 9)

Equations 5, 9, 6b, and 6¢ then give the exit concentration as

t
c.(t) = / c.(t — a)e**f(a)da forn =1 (10)
0

For an initial constant step increase of concentration ¢, and infinite time,
Equation 10 becomes the well-known steady state result

Ce = Co / e **f(a)da = constant (11)
o

Analysis for Minimum Segregation

In the case of minimum segregation, the equation which relates the
volume element dv to the life expectation A, analogous to Equation 3a, is

dv 1
v = — 21— FOlx (12)

The rate of reactant now entering at time ¢ through side entrances in the
volume element is Qc,(¢)f(A)dA. An unsteady material balance on the
element gives the partial differential equation describing the concentra-
tion profile c¢(A,t).

dc _dc _
N at

R + 1155 o - c0) (13)

The time-dependent exit concentration in this case corresponds to zero
life expectation (A = 0), thus

c.(t) = ¢(0,) (14)
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Equation 13 is now solved under similar conditions as previously, viz.,
before ¢ — 0 no reactant is present in the system, and after t — 0 the
incoming concentration is an arbitrary specified function of time. That is,

c(\t) =0fort <0 (15a)
c,=0fort <0 (15b)
Co = ¢o(t) fort > 0 (15¢)

As was the case with Equation 4, Equation 13 is quasilinear and can be
solved by the method of characteristics (8). The problem is thereby
simplified to that of solving the ordinary first order differential equation

- g% = R(c) + % [er — ¢o(t)] (16)

1+ kT=0

t/t

Figure 4. Transient responses to slug (left) and step (right) inputs

of reactant for first order reaction and selected kr values. The flow

has the same residence time distribution as two perfectly mixed
vessels in sequence. For slug input, c,=m/V.

In Equation 16, ¢,(#;t,) is a one-place function of the independent
variable ¢’ for assigned values of the constant parameter ¢; and is related
to c(A,t) by

alt';t) =clty — t', t) (17
The integration of Equation 16 is started at

1 = 0, =0 (18)
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since from Equations 15a and 17, ¢,(0;t;) = ¢(#,,0) = 0. Thus, c(A,t)
can be obtained from Equation 17 by integrating Equation 16 for any
assigned A = ¢; — ¢’ and ¢ = ¢’ by appropriate selection of ¢; and ¢’. In
particular, the exit concentration given by Equation 14 corresponding to
A = 0 is obtained by choosing ¢, — t and integrating Equation 16 to
t' = t, thus

c(t) = ci(t; t) (19)

In the special case of first order reaction, Equation 16 becomes linear
and after some manipulation gives for the exit concentration a result
identical to that of Equation 10; thus, for first order reaction, calculations
for complete and minimum segregation yield a single result in the tran-
sient case. Inputting the reactant as a slug of amount m, c,(t) =
(m/V)8(t), and Equation 10 gives for the output of either system

c(t) = ’—{,‘e—w(t) forn = 1 (20)

With a slug of inert tracer, k = 0, and Equation 20 confirms the response
to be simply proportional to the residence time distribution.

Theoretical considerations of residence time theory imply the fol-
lowing important trends:

The closer the reaction order is to unity, the more closely the calcu-
lated bounds will approach one another.

The more peaked the residence time distribution, the closer the
extremes of possible behavior. This is because the limit of plug flow, for
which f(t) = 8(¢ — ), yields unambiguous response for nonlinear
reactions.

The smaller the extent of reaction, the closer the extremes of possible
behavior. This is because the reactant behavior then approaches that of
an inert tracer, which exhibits an unambigous response.

Sample Calculations

Numerical calculations to demonstrate application of the preceding
equations to specific tracer responses were performed using an IBM 360
computer. The results, in dimensionless form, are given in Figures 4
through 8. In general, calculations were quite rapid, typically requiring
seconds to compute a response curve. Both first and second order disap-
pearance reactions were investigated. Responses to slug and step inputs
of reactant were computed for two flow systems: one theoretical and the
other a segment of a real natural flow.
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Results for a Theoretical Flow. The results shown in Figures 4 and
5 correspond to a theoretical flow having a residence time distribution
identical to that of two equal-sized ideally-stirred vessels in sequence.
For this flow, the residence time distribution is given by

J@) = (4t/%)e?" (21)

Calculations were first performed for this situation to provide comparison
with Zwietering’s steady state calculations for the same system, as well as
for convenient analytical checks on the computer program. Figure 4
shows the unambiguous system response for first order reaction with slug
and step inputs. The response curve for an inert slug (kr = 0) corre-
sponds to Equation 21.

0'3 |l 1 T Ll
KCoT =5 _ o mmmmm = —— =
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Figure 5. Possible extremes of transient re-
sponse to step change of reactant input con-
centration {or second order reaction and
selected values of kc,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.

Figure 5 shows predicted response of the same system for the ex-
tremes of complete and minimum segregation, second order reaction,
and step inputs. Results are shown for various selected values of kc,r.
The concentrations after long times are in substantial agreement with
Zwietering’s steady state results (the titles of the two tables in Ref. 6
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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). ¢, = m/V.

should be interchanged). For second order reaction, complete segrega-
tion predicts most extensive reaction (lowest concentrations).

Results for a Natural Stream. The results shown in Figures 6, 7,
and 8 were calculated from measured tracer data given by Fischer (2).
The source of these data was cited as the U.S. Geological Survey of
1959-1961. The flow is Copper Creek, Va. The experimental tracer
curves are given in Figure 6 for kr = 0 and correspond to points 7870
and 13,550 ft downstream of the point of release. These are respectively
referred to as stations 4 and 6. Figure 6 shows the unambiguously pre-
dicted response for first order reaction with slug inputs at the point of
release. The rate constants k were arbitrarily chosen to give convenient
values of dimensionless kr at station 4 and retained at station 6 in order
to observe the progress of reaction in passing from station 4 to station 6.
Corresponding results for step input are shown in Figure 7.

Figure 8 shows predicted response at station 4 in the extremes of
complete and minimum segregation for second order reaction and step
increase in reactant concentration at the point of release. Results are
shown for various chosen kc,r values.
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Summary and Conclusions

Interpretation of tracer data by means of residence time theory, in
the extremes of complete and minimum segregation, has been reviewed
and extended to treat transient response under reacting conditions. While
residence time theory was initially developed for industrial application
to nonideal steady state reactors, its transient extension seems especially
well suited for describing segments of natural flows which are too com-
plex to interpret using simpler models, such as dispersion.

The closer the reaction is to first order, the closer the predicted
extremes of response. The more peaked the residence time distribution,
the closer the extremes, and the smaller the extent of reaction, the closer
the extremes.

Sample calculations have been presented for first and second order
reactions, slug and step reactant inputs upstream, and two flow con-
figurations: one theoretical, the other a segment of a natural stream. For
the second order reaction, lower and upper bounds on downstream re-
actant concentration, bracketing system response and respectively corre-
sponding to complete and minimum segregation were calculated (for
n < 1, the situation is reversed). For first order reaction, the bounds
merge to yield unambiguous predictions of downstream profiles.

The theory was presented here for a single entrance, single exit, and
a single reactant. Modeling for pollution control can require more com-

t (hrs))

T T T T T T
T4 = 61.0 min.
Tg = 111.5 min.

kT4 =1

t/7,

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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Figure 8. Extremes of transient response
at downstream station 4 to step change of
reactant input concentration, second order
reaction, and selected values of kc,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.
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plicated possibilities, such as multiple entrances and exits, sources, sinks,
etc. Whereas some complications can be dealt with by straightforward
analysis into treatable subsystems, others may require significant theo-
retical extensions which should be sought.

Experiments should be performed in natural flows to test the validity
of the theory and to indicate improvements. It might be the case that
certain kinds of flows closely approximate one of the extremes of segre-
gation; this would promote narrowing of the bounds for nonlinear

reactions.

List of Symbols

English symbols:
= concentration of reactant

~ 0

(t

A g
N~

<o mO=3 ™
o
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residence time frequency distribution
cumulative residence time distribution

= reaction rate constant
= amount in slug input

= volume coor

reaction order

volume flow rate through system

rate of disappearance of reactant per unit volume
ginate

total volume of system
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Greek symbols:

age of fluid element

o =

A = life expectation of fluid element

T = mean residence time
Subscripts:

0 = upstream inlet

4 = station 4

6 = station 6

e = downstream exit
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Variations in the Stability of Precipitated
Ferric Oxyhydroxides

DONALD LANGMUIR and DONALD O. WHITTEMORE

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[Fe**]1[OH"]? in solution. Such precipitates in
natural waters usually begin as mixed amorphous material
and goethite, sometimes including lepidocrocite. In labora-
tory solutions initially 10 molar in Fe** or Fe*, pQ was
37.3 to 43.3. In 24 well waters containing 10333 to 1074
molar Fe* 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 molar Fe* solutions, but
may take thousands of years in waters 10 molar in Fe*.

It has generally been assumed that the thermodynamic stability of pre-
cipitated ferric oxyhydroxides increases continuously with aging in
or out of aqueous solution (I, 2). Little thought has been given to the
role of natural water chemistry in changes in the stability of the oxy-
hydroxides with time. This report first examines the effects of changes
in solution composition on the stability of ferric oxyhydroxides precipi-
tated in ferric and ferrous sulfate solutions in the laboratory. These solu-
tions are similar in composition to some iron-rich acid mine discharges.
Results of the laboratory studies and of work by others are then used to
explain observed variations in the stability of suspended ferric oxyhydrox-
ides in some ground waters of coastal plain New Jersey and Maryland.
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Naturally-Occurring Ferric Oxybydroxides

Ferric oxyhydroxide minerals or phases which occur naturally are
listed in Table I, and except for akaganéite, their occurrences have been
described by Palache et al. (3). The oxyhydroxides found as precipitates
in natural waters are usually goethite and x-ray amorphous material.
Amorphous material, which comprises a relatively large proportion of
most fresh precipitates, is formed under conditions of substantial super-
saturation with respect to the crystalline oxyhydroxides. An amorphous
phase develops by rapid hydrolysis of dissolved ferric species, particu-
larly at pH’s below 4-5 where the total concentration of such species can
exceed 0.01 ppm. Amorphous material is also produced during the rapid
oxidation and hydrolysis of ferrous iron-rich solutions.

Table I. Naturally Occurring Ferric Oxyhydroxides
Ferric Oxyhydroxide  Ideal Formula

Amorphous indefinite
Goethite a-FeOOH
Akaganéite 3-FeOOH
Lepidocrocite v-FeOOH
Hematite a—Fe,0;
Maghemite v-Feq03

Goethite precipitates by the relatively slow oxidation and hydrolysis
of aqueous or solid ferrous iron species. Under sterile laboratory condi-
tions, goethite forms most rapidly at pH’s greater than 3.5 because the
oxidation rate of dissolved ferrous iron is extremely slow under more acid
conditions (4). Goethite is also formed by the long-term aging of amor-
phous material precipitated during hydrolysis of ferric salt solutions.
Under natural conditions, the oxyhydroxides which precipitate on and
coat bottom and bank sediments in streams polluted by acid mine dis-
charges are usually mixtures of goethite and amorphous material.

Lepidocrocite has most often been precipitated in the laboratory at
pH’s between 4 and 7 by the oxidation of aqueous or solid ferrous iron
species. The mineral is usually accompanied by goethite. Akaganéite is
the rarest of the oxyhydroxides under natural conditions. Perhaps the
only published descriptions of natural occurrences are by Van Tassel (5)
and Chandy (6). The mineral has been precipitated in the laboratory
at room temperatures by the slow hydrolysis of 0.02-0.08M FeCl; solu-
tions (7).

Maghemite is rare as a direct precipitate, and usually forms by the
oxidation of magnetite (Fe3O4) or the dehydration of lepidocrocite.
Hematite and goethite are probably the most stable ferric oxyhydroxides
under earth-surface conditions. Hematite is rare as a direct precipitate
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but slowly crystallizes from amorphous material by dehydration or long-
term aging out of solution.

In most cases, the first oxyhydroxide precipitate is amorphous, having
been formed under conditions of substantial supersaturation. Early in
precipitation, poorly crystalline goethite and poorly crystalline lepido-
crocite may also form. Other oxyhydroxides than these three are rarely
precipitated from natural waters.

Oxyhydroxide precipitates are generally mixtures of different phases.
The apparent thermodynamic stability or solubility of such mixtures
depends in large part on the solubility of the least stable phase present.
This phase is of course often amorphous. Oxyhydroxide precipitates
usually contain substantial amounts of collodial-sized material. Sizes
from molecular Fe(OH);° to micron-size crystals or crystal aggregates
are possible (8). Both crystalline and amorphous precipitates remain
colloidal indefinitely in some solutions. Particle size is probably the
major control on the thermodynamic stability of the oxyhydroxides.
Other important controls on stability are mineralogy, crystallinity, the
degree of hydration of the precipitate, and the presence of impurities.

Solution reactions for all the oxyhydroxides can be written in the
same form, as shown by expressions 1, 2, and 3.

Fe(OH); = Fe* 4+ 30H- (1)
amorphous

a—FeOOH + H;0 = Fe** + 30H- 2)

1/2 (a—Fe;0;) + 3/2 H,O = Fe** + 30H- 3)

Here and henceforth, the composition of amorphous material is given
for simplicity as Fe(OH );. The negative logarithm of the thermodynamic
activity product expressions for these reactions may be written in each
case as

pK = — log [Fe3t][OH-]? 4)

when the activity of water is close to unity. Values of pK range from
about 37.1 for fresh, rapidly precipitated amorphous material (8) to
probably 44 or more for crystalline goethite and hematite, based on other
work (9) and solubility measurements described in this paper.

Particle Size Effect

It may be shown that the decrease in pK ( —8pK) of an oxyhydroxide
relative to the pK of its thermodynamically most stable form and owing
to the particle size effect equals
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—3pK = 10.5 S(gfw)/px (5)

In this expression, S is the surface energy of the oxyhydroxide in ergs per
square centimeter, gfw is its gram formula weight, p its density in grams
per square centimeter, and assuming that particles of the oxyhydroxide
are cubes, x is the cube edge length in Angstroms. Densities of hematite
and goethite are 5.26 and 4.28 gm/cm?, respectively (3). Based on heat
of solution measurements at 70°C, Ferrier (10) found the surface en-
thalpies of hematite (as 1/2 «-Fe;0;) and goethite (as «-FeOOH) to be
770 and 1250 ergs/cm?, respectively. Assuming as an approximation that
surface enthalpies and Gibbs free energies are equal, and constant from
25° to 70°C, equations for the variation in SpK with particle size of
hematite and goethite are, respectively

—3pK = 123/x (6)
and
—3pK = 272/x )

and have been plotted in Figure 1. Hematite and goethite particles of
100 A and less in average dimension are common in laboratory solutions
and natural waters. Based on Figure 1, such particles are at least 1.2 and
2.7 pK units less stable than well-crystallized samples of hematite and
goethite, respectively. Ferrier’s studies further show that two coexisting
oxyhydroxides can reverse their relative stabilities because of particle size
effects. Thus, for example, if we consider equal-sized hematite and
goethite particles, at 70°C the enthalpy of the reaction

1/2 a—Fe,0; + 1/2 H,O = a—FeOOH (8)
equals
AH®34; (cal/mole) = (— 1720 + 250) + 1.90 X 105/x (9)

(10), where x is the edge length of cubes of hematite or goethite. This
expression is roughly equivalent to

AG°®,5 (cal/mole) = (— 250 = 300) + 1.90 X 10%/x (10)

for Reaction 8 (9, 11). Expression 10 is plotted in Figure 2 and shows
that for equal-sized hematite and goethite crystals, goethite is more stable
than hematite when x exceeds 760 A, but less stable than hematite at
smaller particle sizes. Variations in AG®,g can be considerably greater
than this when unequal particle sizes of hematite and goethite are in-
volved (11).
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Eb-pH Relations

The behavior of precipitated ferric oxyhydroxides in solution can
best be described in terms of Eh and pH. Figure 3 is an Eh—pH diagram
showing fields of solids and predominant ionic species in the system
Fe-H,0-0,. Detailed procedures for the construction of Eh-pH dia-
grams are given by Hem and Cropper (13) and Garrels and Christ (14).
In Figure 3, ion-ion boundaries are drawn at equal ion activities. Ion—
solid boundaries are drawn for 10M dissolved iron species (5.6 ppm
iron), a typical concentration in the iron-rich ground waters of New
Jersey and Maryland described below. The ferric and ferrous species—
ferric oxyhydroxide boundaries have been drawn for pK values of 37.1
and 44. This difference in pK means that for a given pH and Eh, a water
can contain roughly seven orders of magnitude more dissolved iron in
equilibrium with fresh, amorphous material than in equilibrium with
well-crystallized goethite or hematite.

10

10 100 1,000 10,000
Particle Size (Angstroms)

Figure 1. Decrease in pK (—8pK)

with decreasing particle size of

goethite (a-FeOOH) and hematite
(1/2a-Fe;,0;)

The Eh and pH of iron-rich natural waters, most of which contain
suspended ferric oxyhydroxides, places these waters on the ferric or
ferrous species—ferric oxyhydroxide boundary. Acid-mine discharges
usually have pH’s between 2 and 5 and Eh’s from within the Fe* field
down to zero volts. Iron-rich ground waters are usually on the same
boundary, with pH’s between 5 and 8 and Eh’s from +0.3 to —0.1 volt.
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Calculation of Apparent Stabilities

It is useful to compute what may be called the apparent stability
of a mixture of oxyhydroxides. This apparent stability may be defined in
terms of pQ where in the solution

pQ = — log [Fe*][OHP (11)

For solutions having a constant aqueous chemical composition and con-
stant composition of associated ferric oxyhydroxides, the measured pQ
will equal the stability of all the ferric oxyhydroxides present. For solu-
tions in which one ferric oxyhydroxide is altering or dissolving to form
another, the measured pQ will represent a stability greater than that of
the disappearing phase and less than that of the phase which is forming.

In ferric sulfate-rich solutions, pQ may be calculated from a knowl-
edge of pH and [Fe®], the activity of uncomplexed ferric ion. The com-
plexes which must be considered to evaluate ionic strength (I) are
HSO,", FeSO,*, and FeOH?. Dissociation constants for these complexes
have been measured at 25°C by Nair and Nancollas (15), Willix (16),
and Milburn (12), respectively, and are
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Figure 2. Gibbs free energy of formation of goethite

(a-FeOOH) from hematite (1/2a-Fe,O;) and water as a func-

tion of particle size, assuming equal particle sizes of goethite
and hematite
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Fe(OH)

Ferric
Oxyhydroxides

Eh (volts)

PH

Fifure 3. Eh-pH relations between
solids and predominant ionic species
in the system Fe-H,0-O,. The posi-
tion of the Fe®—ferric oxyhydroxide
boundary is shown for pK’s of 37.1
and 44. The position of the Fe3*—
FeOH?* boundary is based on Milburn
(12). Other thermochemical data used
to construct the figure are from Lang-
muir (8).

Kuso,~ = [HY][SO.27)/[HSO,] = 107196
Kreso+ = [Fe*t][SO.2]/[FeSO,t] = 10418
Kreon2+ = [Fe**][OH]/[FeOH*| = 10-1-8
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(12)
(13)
(14)

When significant ferrous iron is present, this species must also be con-
sidered. Transposing and taking the antilog of Equation 25 gives the
relationship between [Fe*], [Fe*], and the measured Eh at 25°C,

which is

[Fe2+]/[Fe3+] = 10¢ E°—Eh) /0. 05961

(15)

where E° is the standard electrode potential of the ferric—ferrous iron
couple (see below).

fate species yield the following mass balance equations.
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mFe(total) = mFe3* + mFeOH+ + mFeSO,* 4+ mFe** (16)
mFe(II) = mFe*t a7
mSO2~ (total) = mFeSO,+ + mHSO,~ + mSO,*~ (18)

If NaOH is the base used to precipitate the oxyhydroxides, then
mNa+ (total) = mNa*t (19)

The over-all charge balance equation for acid solutions is

mNat + mH*+ + 3mFe3t 4+ 2mFeOH* + mFeSO+ + 2mFe*t =
27IlSO42_ + mHSOf (20)

The definition of ionic strength is
I =1/23Zmez? (21)

where m; and z; are the molality and valence of ionic species i, respec-
tively. The full expression for I is then

I = 1/2 [mNat+ + mH* 4+ 9mFe3+ + 4mFeOH** + mFeSO,* +
4mFe*t + 4mS02~ + mHSO,~] (22)

Because significant concentrations of complex ions are present, I and
[Fe*] must be calculated by a method of successive approximations.
The first step is to establish which dissolved species are the major ones.
At this point, differences between ion activities and molalities may be
ignored. The pH is used to estimate the relative importance of mSO,*
and mHSO," through Kggo,-, and mFe* vs. mFeOH? through Kgeon2+.
As a first approximation in most waters with pH > 2.5, mSO,% = mSO*

(total ), which permits an estimate of mFeSO,* vs. mFe® through Kgeso,*.
With a rough estimate of I at values below 0.1, approximate individual

ion activity coefficients may be calculated using the extended Debye-
Hiickel equation (17). To a good approximation, the following equalities
may be assumed: yFeOH? — yFe?, and yFeSO," = yHSO,” = yHCO;".
Substituting values for these coefficients into Expressions 12 through 15,
we may refine the molal relationships of free and complex ion species.
Combining these relationships with mass balance Equations 16 and 18
permits calculation of approximate molalities of all the ionic species
present and of a more accurate ionic strength through Expression 22.
The cycle is repeated about two or three times until no further change
in ionic strength can be detected. The final value of [Fe®] is then used
to compute pQ.
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The preceding calculations are possible using a total dissolved iron
and Eh analysis with or without an analysis for mFe (II), although the
most accurate results are obtained with both total and ferrous iron values.
Because mFe® is a small percentage of mFe (III), errors in Kreso,* and
Kgeon?* are magnified in the final value of [Fe®]. Also, the uncertainty
in yFe® at moderate ionic strengths is likely to be significant. In view of
such uncertainties, calculated pQ values based on the above approach
are considered accurate to =0.4 unit when only a total iron analysis
is available, and to 0.2 unit when mFe (II) has also been measured.

The most reliable values of pQ are based on the mFe (II) analysis
in solutions of known ionic strength. This approach is applicable in mixed
ferric—ferrous salt solutions as above, or in ferrous salt solutions. An
equation relating pQ to solution composition may be derived as follows.
For the reduction reaction

Fe*+ + e~ = Fe*+ (23)
Eh = E° + 1.9842 X 10~ T X log ([Fe**])/[Fe**]) (24)

where E° is the standard electrode potential of the reaction and T the
temperature in degrees Kelvin. Expanding the log term and transposing
gives

—log [Fe**] = (E° — Eh)/1.9842 X 10~*T — log [Fe**] (25)

Adding —3 log [OH"] to both sides, the left hand side then equals pQ
and the final expression may be written

pQ = (E° — Eh)/1.9842 X 10T — log [Fe**] — 3(log K.. + pH) (26)

where K, is the activity product of water. This expression was used to
calculate pQ in both ferric—ferrous sulfate and ferrous sulfate laboratory
solutions and in coastal-plain ground waters of New Jersey and Maryland.
Ionic strength was computed for the laboratory solutions from the detailed
ion content of the water through Equation 21. The New Jersey ground
waters studied were chiefly of the calcium bicarbonate type with ionic
strengths less than 4 X 1073 so that I could be computed accurately with
the empirical equation

I=15X 105 @7

where u is the specific conductance in micromhos at 25°C (18). Ionic
strengths of the Maryland ground waters studied, which are all less than
5 X 1073, were provided by W. Back (19).

Because pQ is quite sensitive to E° and values of E° at other tem-
peratures than 25°C have not been published, careful laboratory measure-
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ments of this quantity were made from 5° to 35°C at a pH of 1.5 in mixed
ferrous—ferric perchlorate solutions. A detailed description of these mea-
surements will be given elsewhere (20). Resultant smoothed and rounded
values of E° at 5°, 10°, 15°, 20°, 25°, 30°, and 35°C are 0.746, 0.752,
0.758, 0.764, 0.770, 0.775, and 0.780 volts, respectively, and are probably
accurate to =0.001 volt. The equation

E° = — 1.226 X 102 + 4.147 X 10737 — 5.111 X 10-°T*  (28)

fits both measured and smoothed values of E° well within the uncertainty
of the measurements.

FeOH" is the only complex ion in the ferrous-rich laboratory solu-
tions or the ground waters examined. The equilibrium constant, K,,, for
the reaction

Fe* 4+ H,O = FeOH+ + H* (29)
equals
K., = [FeOH*|[H*]/[Fe**] = 10-830 (30)

at 25°C. At temperatures near 25°C
K., =K, + 1057 31)

This expression is probably accurate to about *=0.05 log unit at 15°C
(18). The FeOH* complex is clearly negligible relative to Fe?" at pH’s
below about 6.3, but amounts to a maximum of about 10% of the total
dissolved Fe?* content in ground water sample 172 at a pH of 7.75 (Table
III). Values of K, as a function of temperature used in Expressions 26
and 31 are from Ackerman (21).

In the laboratory studies, the largest uncertainties in terms of Equa-
tion 26 are in the measured values of Eh and pH, which lead to an
uncertainty of about 0.2 unit in pQ. Measurement uncertainties in Eh,
pH, and mFe (II) are significant for the ground waters examined. The
resultant uncertainty in pQ for ground waters highest in mFe (II) is
about *0.3 unit; for ground waters lowest in mFe (II), about +0.4
unit.

Laboratory Studies

Methods of Chemical Analysis. During oxidation and hydrolysis
studies of ferrous sulfate solutions, ferrous iron concentrations which
ranged from 570 to 157 ppm were analyzed by titration with potassium
dichromate solution using sodium diphenylamine sulfonate as an indicator
(22). The same method was used to analyze for ferrous iron in mixed
ferric—ferrous sulfate solutions. Total dissolved iron concentrations, which
ranged from 560 to 100 ppm during hydrolysis of mixed ferric-ferrous
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sulfate solutions, were similiarly titrated after acidification with HCI and
boiling with reduction by SnCl, (22). Samples for dissolved total iron
analysis were withdrawn from the cleared supernatant solution in the
reaction vessels after the solution had stood undisturbed for 48 hours.
Upon withdrawal, samples were passed through 0.45-micron filter paper
Erior to analysis. Although some suspended ferric oxyhydroxides could

ave been present and have passed through the filter paper, the amount
of such material must have been negligible for purposes of this study in
that pQ values calculated using the mFe (total) analyses were identical
to such values calculated from mFe (II) concentrations measured in the
same samples. Analyzed ferrous iron values are probably accurate to
+0.5% ; total dissolved iron values to =1%.

A combination glass, silver—silver chloride reference electrode was
used for pH measurement, a platinum thimble electrode and silver-silver
chloride reference electrode for Eh measurement. Eh and pH measure-
ments were made with a Coleman Medallion Model 37 battery- or line-
operated pH-millivolt meter and/or a Corning 12 Research pH-millivolt
meter. The pH measurements were calibrated with nominal pH 4 and 7
buffers. Double buffer checks were within +0.02 pH unit. Eh measure-
ments were calibrated with Zobell solution [0.0003M K;Fe(CN )q,
0.0003M K,Fe(CN); - 3H,0, and 0.1M KCl]. From 0° to 25°C, the Eh
of Zobell solution obeys the equation

Eh(volts) = 0.429 4 0.0024(25 — ¢) (32)

where ¢ is in degrees Celsius (23). Laboratory Eh and pH measurements
are probably accurate to =0.002 volt and 0.02 pH unit, respectively.

Precipitates were smear-mounted and dried on a glass slide for x-ray
diffraction analysis using a General Electric x-ray diffractometer and
FeKo radiation. An estimate of the size of crystalline particles in the
precipitates was made by measurement of the width of the major diffrac-
tion peak for the mineral of interest at half-maximum intensity (24).

Precipitates for examination by electron microscopy were first dis-
aggregated with an ultrasonic vibrator so that single crystals could be
studied. A drop of the dispersion was then placed on a collodion-covered
grid in a Zeiss electron microscope, Model 9S. Electron micrographs of
the precipitates show preferred orientation of goethite and lepidocrocite
crystals (Figures 5 and 7). Geothite commonly occurs as accicular and
narrow prismatic crystals elongated in the [001] or c-axis direction.
Lepidocrocite is typically present in bladed prismatic or micaceous forms
flattened on {010} (3). TEus, sizes based on the x-ray diffraction method
represent the mean thickness of goethite crystals in the [110] direction,
and of lepidocrocite crystals in the b-axis or [020] direction. The accu-
racy of x-ray determined values for these mean dimensions is probably
+20-40% for the sizes encountered in this study.

Experimental Methods. Studies were made of the precipitation and
aging of ferric oxyhydroxides formed in sulfate solutions initially about
102M in ferrous iron. Three representative runs are described below.
Oxidation of ferrous iron was accomplished by bubbling the solutions
with air. Hydrolysis was with 0.1M NaOH or 0.5M NaHCO;. Runs were
made in a constant-temperature bath at 25° = 0.2°C with about 3.5
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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 |
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.

liters of solution in 4-liter borosilicate glass beakers. The beakers were
fitted with airtight Lucite covers which had holes to accommodate stop-
per-fitted Eh and pH electrodes, a specific conductance probe, gas intake
and discharge tubes, a thermometer, and a buret tip for base addition. So-
lutions were stirred with a teflon-coated stirring bar powered from beneath
the beaker by a water-driven magnetic rotor. Periodically during the
runs, which lasted from 4 to 10 hours, and later during aging, measure-
ments were made of Eh, pH, and specific conductance, samples of solu-
tion were withdrawn for total dissolved iron or ferrous iron analysis, and
precipitate was collected for x-ray and electron microscope analysis.
Hydrolysis of Fe.(SO,); Solutions. Run 8 involved the hydrolysis
with 0.1M NaOH of a solution initially 102M in total iron. The solution
was prepared with reagent-grade ferric sulfate which contained about
1% of ferrous iron. The base was added periodically during four hours
of the run so that the final solution contained about 100 ppm of dissolved
total iron species. During the run, over 90% of mFe (III) was present
as the FeSO," complex. Eh and pH changes during the run and subse-
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quent aging are shown in Figure 4. Other results evaluated during aging
are listed in Table II. The solution was allowed to evaporate to about
one third its original volume during 109 days following the run. The
goethite which had appeared as of 112 days’ aging evidently formed by
crystallization of the amorphous material. Electron microscopic examina-
tion of the precipitate after 198 days showed rod-like crystals of goethite
surrounded by amorphous-appearing material. The goethite crystals
were about 50 to 100 A thick and 300 to 600 A long.

Oxidation and Hydrolysis of FeSO, Solutions. Initial solution of
reagent grade FeSO,4 in Run 5 (Figure 4) gave a hydrolysis pH of 4.12.
The small amounts of suspended ferric oxyhydroxides present had a pQ
value of 38.8. Addition of a few drops of concentrated H,SO4 brought the
pH to 3.08 and leached away the most soluble oxyhydroxide material
present, leaving behind relatively more crystalline particles with a pQ
of 40.2. Leaching of the ferric oxyhydroxides increased the [Fe®*]/
[Fe?] ratio and so raised the Eh. With the beginning of aeration and
base addition, Eh dropped because of preferential hydrolysis and pre-
cipitation of Fe®*, whereas the rate of Fe* oxidation at these pH'’s is
extremely slow (4). Solution composition thus moved along the ferrous
ion—ferric oxyhydroxide boundary. Substantial precipitation began at a
pH of 4.34, when pQ = 384, indicating that the ﬁri'st precipitate was
chiefly amorphous. The value of pQ subsequently increased to 39.1 and
probably higher for two reasons. First, initial precipitation occurs in the
vicinity of drops of added base and thus develops under highly super-
saturated conditions. With mixing, much of this relatively unstable pre-
cipitate redissolves in the bulk of solution, leaving behind a more stable
(less soluble) fraction. Also as the degree of supersaturation decreases,
precipitation occurs more slowly with the consequent development of
better crystallized material. At pQ = 39.1, the solution contained 335
ppm of dissolved ferrous iron.

With the end of base addition, oxidation of Fe*" to ferric oxyhydrox-
ides by the air became the important reaction, causing an increase in Eh
and decrease in pH. Two days after cessation of bubbling with air, pQ =
41.0, and x-rays showed the crystalline fraction of the precipitate to be
predominantly lepidocrocite (crystal thickness 64 = 15 A) with a few
percent goethite (crystal thickness 54 = 154). After 93 days (last point
shown in Figure 4), pQ = 433, and the goethite to lepidocrocite ratio
had doubled. The thickness of goethite crystals remained unchanged,
while that of lepidocrocite had increased to 75 = 15 A. X-ray diffraction

Table II. Some Results During Aging of Run 8

Days X-ray Analysis
After Fe(II), Fe(III), and Crystal ,
Run pH ppm ppm pQ Thickness, A
3 2.65 - 100 38.5 Amorphous

21 - - - - Amorphous

112 2.15 - - - Goethite, 67 + 20
147 2.14 16.1 309 40.0 Goethite, 58 + 20
192 2.11 16.1 - 40.0 Goethite, 61 £ 20
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Figure 5. Electron micrograph taken after 298 days’ aging
of Run 5, showing lath-like lepidocrocite crystals and
smaller needle-like goethite crystals

after 293 days showed the crystal thickness of goethite fairly constant at
63 = 15 A, while that of lepidocrocite had increased to 93 = 20 A. At
this time, the goethite to lepidocrocite ratio had again doubled. After 258
and 298 days, the electron microscope showed lepidocrocite aggregates
and lath-like single crystals, and relatively smaller goethite needles or
rods (Figure 5). The goethite crystals were elongated in the c-axis direc-
tion, and the lepidocrocite laths lay with their b-axis vertical. This orien-
tation was confirmed by the relative intensities of reflections in the x-ray
diffraction patterns. As shown in Figure 5, the width of the lepidocrocite
laths averaged about 400 A, their length about 2300 A. The goethite rods
were 40 to 60 A in width, and averaged about 500 A in length.

Run 4 (Figure 6) was also begun with a 102M FeSO; solution. Acid
leaching of small amounts of suspended oxyhydroxides initially present
raised pQ from 40.1 to 41.8. Increments of 0.5M NaHCO, were then
introduced without aeration. Base was added more rapidly than in Run 5
so that the solution became more highly supersaturated with respect to
crystalline oxyhydroxides, and precipitation of amorphous material began
with pQ = 37.3. As in Run 5, pQ increased because of resolution of the
most soluble material and a decreasing rate of precipitation. X-ray analy-
sis at pQ = 38.4 showed the crystalline fraction of the precipitate to be
chiefly lepidocrocite (crystal thickness 115 = 35 A) with minor goethite
(crystal thickness 100 = 30 A). Subsequent x-ray analyses during the
run at pQ — 39.1 and 39.2 showed a rapidly increasing proportion of
goethite relative to lepidocrocite with roughly equal amounts of the two
phases present at pQ = 39.2. The mean crystal thickness of goethite re-
mained roughly constant during this time; however, that of lepidocrocite
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increased to about 200 = 60 A, probably because smaller particle sizes
of this mineral were redissolved or converted to goethite.

Aeration was then begun, with the result that Fe? concentrations
dropped to negligible values (< 0.005 ppm). After one day and also
after 216 days’ aging (last point in Figure 6), the crystalline fraction of
the precipitate contained roughly twice as much goethite as lepidocrocite,
while crystal thicknesses remained about 100 and 200 A, respectively. In
296 days, the goethite-to-lepidocrocite ratio had increased to greater than
3, although crystal thickness of the two minerals remained unchanged.
Electron micrographs taken at 262 and 302 days (Figure 7) show com-
pact aggregates with single and intergrown crystals of goethite and
lepidocrocite projecting radially from their surfaces. Isolated needle-
shaped goethite crystals had an average width and length of roughly 100
and 2000 A, respectively. Lepidocrocite occurred only in the aggregates
where its crystalline dimensions could not be adequately measured.
X-ray diffraction intensities indicated fairly random orientation of crystals
in the aggregates.

Discussion. Observations of other workers provide further insights
into the behavior of precipitated ferric oxyhydroxides. Lamb and Jacques
(25) found that in pure ferric salt solutions the particle size and stability
of oxyhydroxides increases with the concentration of dissolved ferric iron
present during precipitation. Feitknecht and Michaelis (26) and Watson

et al. (7) noted that crystalline oxyhydroxides such as goethite and

L Run 4: 0.0IM FeSO,,
titrant 0.5M NaHCO3

3T 37.3 1
t .
acidify {ppt) stop air

z 21 .
3 *Q(6,1)
P AN{X)]
& .
T (G,
o-- -
-4 . ]
(G,L)39.1 stop base
i (6,L)39.2 stort air

: : :
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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akaganéite grow rapidly with aging in ferric salt solutions, but may form
or crystallize extremely slowly if at all in solutions which contain only
trace amounts of dissolved ferric iron. Feitknecht and Michaelis (26)
observed the complete crystallization of amorphous material to goethite
when the amorphous phase was precipitated in the presence of Fe*" ions.
This study similarly shows that the rate of formation of crystalline par-
ticles of goethite or lepidocrocite is proportional to the dissolved ferrous
or ferric iron concentration and is faster in ferrous than in ferric iron
solutions of the same molarity.

1.0}1

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. The initial precipitate of ferric oxyhydroxide is usually low in pQ,
reflecting the presence of relatively large amounts of amorphous material.
The faster the rate of precipitation by oxidation and/or hydrolysis, the
greater the supersaturation with respect to crystalline oxyhydroxides, and
the lower the initial pQ.

2. Because of the effect of particle size on relative stabilities, miner-
als such as lepidocrocite and goethite (Run 4) or goethite and hematite
may reverse in stability.

3. Partial solution or leaching of precipitates removes the least stable
(most soluble) material first, so that pQ va%)ues in solution increase.

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch008

8. LANGMUIR AND WHITTEMORE Stability of Ferric Oxyhydroxides 225

As was evident from Runs 4, 5, and 8, after long periods of aging, the
average thickness of goethite rods or needles may remain in the 50 to
100 A range, with average lengths of from 500 to 2000 A. Lepidocrocite
crystals similarly can remain as laths averaging about 80-200 A thick,
400 A wide, and 2300 A in length. If the entire surfaces of such crystals
were in contact with the solution, one could predict a large particle size
effect on thermodynamic stability. For goethite, Equation 5 may be
modified to give

—3pK = 453 A/V (33)

where A is the surface area of a crystal in Angstroms squared, and V is its
volume in Angstroms cubed. At the close of Run 8, the mean diameter
of the rodlike goethite crystals was 60 = 15 A, their mean length 500 =
100 A, and pQ = 40.0. Based on Equation 33, $pK is 3.2 for the goethite,
and the pK of macroscopic goethite must then exceed 43.2 because the
goethite is forming by crystallization of less-stable amorphous material.

Preliminary estimates for goethite crystals in Run 5 (Figure 5) simi-
larly yield 8pK = 3.2. If the lepidocrocite crystals in this run are con-
sidered rectangular prisms with a surface energy the same as that of
goethite, then 8pK for the lepidocrocite equals 1.3. The above estimates
of 8pK are calculated from the geometry of isolated crystals and may be
in error for several reasons, including nonuniformity of crystal shapes and
sizes for a particular mineral, uncertainty in the surface energy of lepido-
crocite, and differences in the state and composition of crystal aggregates.
When aggregates or intergrowths of a mineral are present, as in Figure 7
(see also Watson et al., Ref. 27), $pK values based on the geometry of
isolated crystals will be too large.

Suspended Ferric Oxybydroxides in Some Ground Waters

Methods of Chemical Analysis. Analyses of the iron content in ground
waters from the Camden, New Jersey area (Table III) were made in a
trailer modified as a mobile chemical laboratory. Ferrous iron values were
measured within one hour of collection using a modified version of the
bathophenanthroline spectrophotometric method of Lee and Stumm (28)
which involves extraction of the ferrous iron-bathophenanthroline com-
plex from aqueous solution into n-hexyl alcohol. The extraction is desir-
able in that colloidal-sized ferric oxyhydroxides present in the sample are
excluded from the extractant. A second advantage is that low sample
iron concentrations may be determined by extracting the iron from a large
sample volume into a relatively small volume of n-hexyl alcohol. Lee and
Stumm recommend acidifying and boiling the sample prior to ferrous
iron analysis. Boiling and acidification were avoided in this study because
Shapiro (29) has shown that such treatment reduces ferric to ferrous
iron, in amounts dependent on the pH and time of boiling.

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



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0106.ch008

226 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

Table III. Description of Wells and Chemical Data for
and Magothy Formations

Altitude Screen Setting,
Well above Sea Interval in Temp.,
No. Level Ft Ft Date °C
103 19 118-148 12-17-69 13.0
104 19 204-224 12-17-69 12.9
123 59 298-338 12-15-69 13.8
125 10 211-272 12-14-69 13.1
127 45 248-288 12-13-69 13.0
131 44 309-367 12-16-69 14.2
162 65 452473, 12-15-69 15.0
541-594
171 100 425-445 12-14-69 16.2
172 100 369-389 12-14-69 15.9
187 40 325-375 12-15-69 13.2
188 45 258-293 12-13-69 13.8
189 65 220-272 12-15-69 14.0

« Specific conductance (p) is in micromhos at 25°C.

Total iron concentrations given in Table III were determined with
the unmodified bathophenanthroline method of Lee and Stumm (28).

All spectrophotometric measurements were made with a Bausch and
Lomb Spectronic 20, using 1-inch sample test tubes (light path 2.235 cm).
The accuracy and reproducibility of ferrous and total iron analyses with
the bathophenanthroline method was about *=0.005 ppm at concentra-
tions near 0.02 ppm, and about 0.1 ppm at concentrations near 10 ppm.

The same electrodes were used for Eh and pH measurement, both
in the laboratory and the field. Measurements of pH were made with the
Coleman Medallion Model 37 meter after calibration in nominal pH 4
and 7 buffers brought to within 0.5°C of ground water temperature.
Double buffer checks were always within =0.05 pH unit. Eh values
were read with the Coleman meter or an Orion Model 407 battery-
powered pH-millivolt meter. The Eh response of the electrodes and
meters was checked daily with Zobell solution. Ground water for Eh
analysis was forced by well-pump pressure through one side arm of a
glass U tube and out the opposite side arm. The platinum thimble and
reference electrodes were inserted through rubber stoppers into the
larger U tube openings to give a water-tight seal. Eh was recorded with
time during constant flow through the U tube until values changed by
less than 0.005 volt in 20 minutes. At this point, flow was stopped to
eliminate the flowing potential (usually —0.010 to —0.030 volt) and the
final Eh reading taken. Eh measurements typically required from one to
two hours for completion because of relatively low redox capacity of the
ground water and the need to flush all extraneous oxygen from plumbing
between the ground water aquifer and electrodes. A detailed explanation
of the methods, theory, and limitations of Eh measurement are given
elsewhere (23). Field Eh values listed in Table III are considered accu-
rate to +0.020 volt.
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Well-Water Samples from the Potomac Group and Raritan
near Camden, New Jersey*

Eh, Fe(total), Fe(II),
pH Volts ppm ppm (. 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 —0.092 9.4 8.6 173 42.5
6.15 —0.049 11.2 10.2 128 42.8
6.22 —0.046 11.5 10.5 146 42.6
6.71 —0.088 2.6 2.5 226 42.3
7.36 —0.090 0.67 0.51 186 41.0
7.65 —0.034 0.22 0.07 253 39.9
7.75 —0.040 0.21 0.11 253 39.5
5.00 +0.295 0.024 0.022 40 429
6.21 —0.053 10.3 9.3 170 42.7
7.25 —0.085 0.61 0.21 212 41.8

Specific conductance was measured with a Beckman conductivity
bridge, Model RC-1682, and a dipping glass conductivity cell with a cell
constant near 1 cm™. This equipment was calibrated periodically in a
standard KCI solution. Conductance values were corrected to 25°C and
are probably accurate to within =2%.

Results of the chemical analyses of ground waters from the twelve
wells near Camden, New Jersey, are given in Table III.

Ground Waters Near Camden, New Jersey. Results of the laboratory
studies and of related work by others may be used to explain the be-
havior of suspended ferric oxyhydroxides in ground water. The ground
waters to be considered are pumped from the Potomac Group and Raritan
and Magothy Formations of Cretaceous age as they occur near Camden,
New Jersey, and in southern Maryland. A detailed description of the iron
content of these ground waters in New Jersey has been published by
Langmuir (18, 30), while the iron content of the Maryland ground waters
has been examined by Back and Barnes (31).

The Potomac Group and Raritan and Magothy Formations, which
may be considered a single aquifer system, are made up of sands, silts,
and gravels with a combined thickness of 200-250 feet in the outcrop area
near Camden, New Jersey (Figure 8). The formations dip 40 to 100
ft/mile to the southeast where they are overlain by silts and clays of the
Merchantville and Woodbury Formations. Ground waters present in
artesian parts of the aquifer system have entered as recharge in the out-
crop area and by vertical movement through overlying sediments within
a few miles southeast of the outcrop area.
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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

Where fresh, the ground water is of the calcium bicarbonate type.
Its dissolved solids content ranges from less than 100 ppm where un-
polluted in the outcrop area to 500 ppm downdip ten or more miles, where
fresh ground waters mix with residual saline ground waters.

In and near the outcrop area, pH’s are usually between 5 and 6
(Figure 8) because of H* ion production resulting from the oxidation of
traces of the FeS; minerals pyrite and marcasite and from solution of
soil-zone CO,. Ground waters in this area are probably at most a few
months in age. The chief H* ion producing reactions require oxygen.
Without fresh sources of oxygen in artesian parts of the aquifer system,
pH values rise to about 8 as H* ions are depleted with time by hydrolysis
reactions with silicate minerals and traces of carbonate shell materials
present in the formations. Arguments presented elsewhere (30) support
an age of several thousand years or more for ground waters in the area
having a pH of about 8. Thus, the pH contours shown in Figure 8 are a
measure of the relative age of the ground water.

A map of total iron concentrations based on analyses of 180 well
waters (30) is shown in Figure 9. Also indicated in the figure are loca-
tions of 12 wells which were sampled and their waters chemically ana-
lyzed in December 1969 (Table III). A comparison of Figures 8 and 9
shows that total iron contours parallel pH contours. The latter figure
shows that total iron concentrations increase rapidly to a maximum and
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then gradually decrease downdip. Total iron is present chiefly as ferrous
iron species which ranged from 0.022 to 10.2 ppm in the 12 well waters.
The differences between total and ferrous iron values in Table III are
the concentration of suspended ferric oxyhydroxides which represented
from 5 to 70% of the total iron content in the 12 well waters. Filtration
studies (18) have shown that the suspended material ranges from less
than 0.01 micron (100 A) to greater than 5 microns and averages 1-2
microns. Unfortunately, it was not possible to collect enough of this
material on a membrane filter for x-ray analysis. However, laboratory
studies by others described elsewhere (18) support a mixture of amor-
phous material and goethite for the suspension.

Taking pH as a measure of relative age, Figure 10 is a plot of pH
vs. other calculated and measured parameters in the ground water. Wells
103, 104, and 187, which are at or adjacent to the outcrop area, plot to
the left of the diagram. The other wells tap artesian ground waters down-

D

(.5

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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dip. The diagram shows that specific conductances increase with age of
the ground water from 50 micromhos in the outcrop area to 250 mi-
cromhos downdip. In the outcrop of the formations, ground water re-
charge, which is chiefly from precipitation, is low in dissolved solids but
high in dissolved oxygen so that Eh is high and ferrous iron concentra-
tions are less than 1 ppm (104’M). The Fe* maximum just southeast
of the outcrop area reflects the absence of sources of oxygen and mixing
of the ground water with iron-rich recharge which enters the aquifer
system from overlying sediments. Further southeast, Fe?* concentrations
decrease by hydrolysis and precipitation as pH rises. There are no other
ferrous iron sources downdip.

Variations in pQ may be explained in light of the behavior of ferric
oxyhydroxides in laboratory studies. The two ground waters in and
adjacent to the outcrop area with pH’s near 5 (wells 103 and 187) are
supplied with H* ions by reactions already noted. The acidity tends to
leach away the less stable oxyhydroxides, raising pQ values close to 43.
In the water from well 104 (pH = 5.64), precipitation is occurring at
relatively low Fe?' concentrations so that pQ is rather low (41.0). Com-
paratively high pQ values (42.5-42.9) are found with maximum 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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iron concentrations of about 10 ppm. Thus, as in the laboratory, the
relatively stable oxyhydroxides develop in the presence of high Fe?" con-
centrations, under which conditions fresh precipitates can recrystallize to
more stable forms. Precipitation continues as the ground water moves
further downdip. However, pQ values gradually decrease because the
oxyhydroxides recrystallize more slowly in the presence of decreasing
amounts of ferrous iron.
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Figure 11. pQ vs. —loggFez* for 12 New

Jersey well waters (circles and.I 12 Maryland

well waters (triangles); open symbols denote
waters with pH values of 5.00 or less

Comparison with Ground Waters in Southern Maryland. The prin-
ciples described above also apply to the behavior of suspended ferric
oxyhydroxides in ground waters from the Raritan and Magothy forma-
tions in southern Maryland. Figure 11 is a plot of pQ vs. —log[Fe*]
for the 12 New Jersey well waters and for 12 well waters from Maryland
which were studied by Back and Barnes (31). In the Maryland waters,
Fe? concentrations were generally higher (1.3 to 26 ppm), Eh’s slightly
higher (—0.020 to 40.384 volt) and pH’s lower (3.66 to 6.87) than in
the New Jersey waters. These differences reflect relatively greater abun-
dances of H* and Fe?-producing minerals (FeS,, pyrite, and marcasite)
in lignite within the Maryland sediments and the fact that all the Mary-
land wells tap ground waters which are relatively oxygen-rich, being
under water table or at most semiconfined conditions. Waters from
Maryland well 18 have a pH of 3.66 because of oxidation of FeS, minerals
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so that oxyhydroxide precipitates have been leached, and pQ is a high
43.5. For the other Maryland well waters, the plot shows a good corre-
lation between pQ and —log[Fe?], indicating that the stability of sus-
pended oxyhydroxides increases with the Fe? concentration.

Summary

Ferric oxyhydroxides precipitated in natural waters are usually mix-
tures of x-ray amorphous material and goethite («-FeOOH). The appar-
ent thermodynamic stability of oxyhydroxide precipitates may be de-
scribed in terms of the ion activity product pQ = —log[Fe*][OH]® in
solution. Values of pQ are calculable from measurements of total dis-
solved iron and (or) ferrous iron, pH, Eh, and a knowledge of ionic
strength. Ferric oxyhydroxides precipitated in the laboratory from solu-
tions initially 102M in iron as ferric sulfate or ferrous sulfate had pQ
values ranging from 37.3 to 43.3. The lowest values were found with
freshly precipitated amorphous material, the highest values with aged
mixtures of goethite and lepidocrocite formed in FeSO, solutions. Based
on x-ray diffraction and electron microscopy, goethite occurred as rod or
needle-like crystals elongated parallel to the c-axis direction. The crystals
typically ranged from 50 to 100 & in diameter and 500 to 2000 A in
length. Lepidocrocite appeared as laths ranging from 60 to 200 A thick
along the b-axis, averaging 400 A wide in the c-axis direction and 2300 A
long in the a-axis direction.

Chemical analyses were made of 24 well waters from coastal plain
New Jersey and Maryland in which the iron is present in solution chiefly
as aqueous ferrous species (107%% to 1054°M Fe) and suspended ferric
oxyhydroxides (10743 to 107*M Fe, or 5 to 70% of the total iron con-
tent). The suspended oxyhydroxides are probably mixtures of amorphous
material and goethite. Based on filtration studies, they have a particle
size from <100 to >50,000 A and averaging 10,000 to to 20,000 A. Values
of pQ ranged from 37.1 in a shallow, oxidized ground water with active
precipitation to 43.5 in a shallow ground water with active leaching of
oxyhydroxides by H* ions (pH — 3.66) from oxidation of FeS, minerals.
The highest pQ values for deeper, artesian ground waters ranged from
about 41 to 43 and were found in relatively young waters at the highest
measured ferrous iron concentrations. Ground waters at even greater
depths in coastal plain New Jersey, which are probably several thousand
years old, had pQ values as low as 39.5, having aged along with low
ferrous iron concentrations (1075-%M Fe).

Some general conclusions of the study are:

1. The greater the supersaturation with respect to crystalline oxy-
hydroxides, the faster the precipitation and the lower the initial pQ.
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2. High pQ values can result from H* ion leaching of oxyhydroxide
precipitates which preferentially dissolves the least stable material.

3. The rate of crystal formation and pQ increase of a precipitate
(usually goethite) is proportional to the dissolved iron concentration and
is faster in ferrous than in ferric iron solutions. Measurable crystallization
of amorphous material occurs within minutes in 102M ferrous iron solu-
tions, but may take thousands of years in waters which contain about
10°%M ferrous iron.

4. Ferric oxyhydroxides with crystal thicknesses less than 100 A can
remain indefinitely in some waters.

5. The relative stabilities of two crystalline oxyhydroxides such as
goethite and hematite or goethite and lepidocrocite can reverse with time
owing to particle size effects.
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The Rate of Hydrolysis of
Hafnium in 1M NaCl

HALKA BILINSKI and S. Y. TYREE, ]R.
College of William and Mary, Williamsburg, Va. 23185

The behavior of hafnium chloride in aqueous IM 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.

The hydrolysis of hafnium and zirconium appear to be among the

most difficult to understand; i.e., their hydrolytic behavior has proved
to be exceedingly complicated. Furthermore, the elements zirconium
and hafnium offer an ideal pair with which to search for small differences
in hydrolytic behavior between two elements. Consequently, the results
reported here are the complement of a similar study on zirconium (I).

The hydrolysis of hafnium has been studied less extensively than
that of zirconium. Larsen and Gamill (2) carried out pH titrations of
dilute aqueous solutions of hafnium chloride, nitrate, and perchlorate at
25°C, varying total hafnium concentration from 0.0047 to 0.038M. They
concluded, using the points at the solubility boundary, that an ion of
average formula [Hf( OH); 4*6], is the hafnium-containing solution spe-
cies in equilibrium with the solid phase. Larsen and Wang (3) studied
the ion exchange behavior of hafnium at the same temperature but in
0.50, 1.00, and 2.00M perchloric acid solution, varying the hafnium con-
centration in the aqueous phase from 0.01 to 2.5 X 10°M. They found
that three days were needed to reach equilibrium. Using equilibrium
ultracentrifugation, Johnson and Kraus (4) found that the hafnium-
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bearing solute species in 0.5-2.0M acid at room temperature are trimers
and tetramers, principally, where total hafnium was 0.05M. They did
not attain equilibrium, however, and expressed the view that hydrolytic
reactions become more complicated at low acidities. Deshpande and
coworkers (5) measured diffusion coefficients of hafnium solutions as a
function of acid molarity, using solutions which had been equilibrated
for two hours at 27°C. The results indicated continuous polymerization
of hafnium ions. Peshkova and Ang (6) used the TTA-solvent extraction
technique to study hydrolysis and polymerization of hafnium in 1 and
2M HCIO,. They actually calculated hydrolysis constants of hafnium
monomeric, trimeric, and tetrameric hydrolysis products at 25°C. Mati-
jevic and coworkers (7) measured the charge on hydrolyzed hafnium
ions in very dilute (10-10°M) solutions, using colloid chemical tech-
niques. They found no “aging” effects on keeping hafnium tetrachloride
solutions for six months, but did not state what measurements were used
to detect “aging” effects. Stryker and Matijevic (8) measured the adsorp-
tion of hydrolyzed hafnium species on glass surfaces. From the fraction
of adsorbed hafnium as functions of total hafnium and different equilibra-
tion times, they concluded that approximately 70 hours are required to
reach equilibrium saturation. Their experiments were in the range of
10%-10"5M total hafnium. Savenko and Scheka (9) have studied polym-
erization of hafnium in solution by dialysis. They have found that the
degree of polymerization of hafnium depends on total hafnium and pH
but not on the nature of the anion; polymerization increases as the degree
of hydrolysis increases. The same conclusion was reached by Copley
and Tyree (10), who used the light-scattering method to determine
whether or not a steady state had been reached. However, the latter
experiments were preliminary only. We now wish to report the results
of a somewhat more lengthy series of experiments. This series was
designed to see if hafnium solutions, within the range of variables avail-
able, do or do not come to equilibrium, or at least some steady state, in
measurable time. We hoped to establish what the effect of several
variables is upon the rate at which hafnium solutions approach a steady
state. One variable was eliminated early in the study, that of ionic
strength, by conducting the entire study in 1M NaCl. Preliminary experi-
ments indicated that ionic strength has a very large effect on the rate of
change of hafnium solutions in the 103M total hafnium range. A subse-
quent study will deal with that variable. The three variables, total haf-
nium concentration, hydroxyl number of hafnium, and temperature, were
considered in this study. It is our opinion that the results are of signifi-
cance to this symposium topic since little attention has been given by
water chemists to the possibility that simple inorganic solutes may take
long (in the geological sense) times to approach equilibrium. No at-
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tempts have been made in this work to elucidate the presumably very
fast pre-equilibrium steps in aqueous metal ion systems of the sort re-
ported by Eyring and his coworkers (11).

Experimental

A stock solution of hafnium oxide dichloride octahydrate was pre-
pared in the manner described previously (10). The stock solution was
analyzed for hafnium gravimetrically, as the oxide, and for chloride by
the modified Volhard method. Other stock solutions—i.e., NaCl,
NaHCOj;, and HCl—were prepared from reagent grade chemicals and
standardized by the usual methods.

Experimental solutions were prepared from stock solutions in 250-ml
volumetric flasks, each to simulate a point in a potentiometric titration.
The solutions were prepared as several series, each series representing a
total hafnium concentration. Each member of a series was made up to a
particular ratio of analytical concentration of acid added to total haf-
nium, designated as Z*. Individual solutions were prepared by adding
the calculated volumes of hafnium stock, acid or base stock, and NaCl
stock in that order to volumetric flasks. Mixing and dilution to the mark
completed the preparation of solutions. All solutions were prepared
usi;sg léorosilicate volumetric ware and were stored in polyethylene bottles
at 25°C.

Volumes of stock solution were calculated as shown in the following
example. H, was calculated for each experirElenﬁal solution to be pre-

H#

pared from the relationship, H, — [Hf]ror X g , where
[Hf stock
[Hf]tor = hafnium molarity of experimental solution
[Hf)atoex — hafnium molarity of stock solution
[H'] s = chloride molarity of stock solution minus twice its

hafnium molarity. This assumes an initial ideal
solution of Hf(OH ),* 2Cl" and x’s H'CI".

ngp(riepare solutions of lower Z* values, sufficient additional HCl was
added.

[H*]aqdea + Ho
7+ = g — Haaaea + H
2 (Hflror

To prepare solutions of higher Z* values, sufficient NaHCOj; solution
was added.

[HCOS_]added - Ho
[Hf]ror

Z* =2+

In some few cases, OH- was added coulometrically, with no detectable
difference in result.
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Table I. Turbidities and pH Values at 25°C
Solution No.  [Hf]ror Z*  Time, Days * X 10°Cm™* pH

1 1 X 10— 0.013 2 0 1.60
30 2.0 1.61

67 - 1.58

267 4.5 1.53

2 1 X 102 0.513 2 0 1.69
30 3.0 1.68

67 - 1.65

267 4.2 1.59

3 1 X102 0.913 2 0 1.77
30 3.0 1.77

67 - 1.73

267 5.0 1.67

4 1 X102 1.313 2 0 1.87
30 4.0 1.85

67 3.6 1.81

267 5.5 1.69

5 1 X102 2213 2 0 2.17
30 74 2.15

67 9.1 2.11

267 15.0 1.95

6 1 X 102 2,513 2 5.0 2.35
30 15.0 2.33

67 19.0 2.29

267 57.0 2.11

7 1 X102 2713 2 9.2 2.49
30 33.0 2.46

67 58.0 2.42

267 633.0 2.25

8 1 X102 2913 2 32 2.68
30 760 2.68

67 ppt 2.63

267 ppt 2.48

9 1 X 10* 0.013 2 0 2.56
30 1.0 2.54

60 - 2.55

260 14.0 247

11 1 X 10% 0913 2 1.0 2.70
30 1.8 2.69

60 2.5 2.70

260 14.2 2.57

12 1 X 10-% 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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Solution No.
13

14

49

50

51

52

53

54

55

56

65

66

70

67

68

69

[Hf]ror

1 X

1 X

6 X

6 X

6 X

6 X

6 X

6 X

6 X

6 X

3 X

3 X

3 X

3 X

3 X

3 X

10-3

103

10-¢

10—*

10—

10—

10—¢

10—

10—

10—

102

102

102

102

102

102

Rate of Hydrolysis of Hafnium

Table I. Continued
Time, Days <* X 105Cm™!

Z*
2.213

2.513

—0.004

0.313

0.979

1.313

2.396

2.596

2.796

2.963

0.013

0.979

1.313

2.313

2.613

2.779

2
30
60

183
260

2
30
60

260

2
323
323
323

27
323

27
27

27

346
2
346

37
346

346

37
346

37
346

1.1
47
174
275

ppt
10.7
685
ppt
ppt
0
8.0

0
17

0
93

1.7
5.7
289

9.8
ppt

59
ppt

227
ppt

ppt

o WO

f—
N SO ok Sw

17

12
28
35

22
22
123

239

pH

3.09
3.06
3.06
3.03
3.11

3.23
3.22
3.22
3.53
2.80
2.84
2.95

3.20

3.41
3.53
3.69

3.85

1.17
1.33

1.42

1.82

2.03

2.20
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Aliquots of experimental solutions were taken at appropriate time
intervals for measurements. For room temperature measurements, the
aliquots were of just sufficient size for one immediate measurement of
each parameter, pH and Rayleigh turbidity. For measurements at the
higher temperatures, aliquots were transferred to glass bottles and held
in thermostated baths at temperature. At appropriate time intervals, the
bottles were removed from the baths, cooled to room temperature, and
aliquots taken for measurements. The measurements of hydrogen ion
concentration (pH) were accomplished using the cell: 4 glass electrode
/ experimental solution / calomel electrode —. The emf of the cell can
be written as E = E, + 59.15 log [H'] + j..[H']. E of the cell in 1M
NaCl (containing ca. 8 X 107 mole/liter HCl) was measured as a func-
tion of HCI added to the solution (added by coulometer). An extrapola-
tion of the values of E plotted against HC] added gives E°. Variations in
E, over a year were less than 0.5 mV. Since we are not interested in
accuracy of absolute values of pH to greater than +0.01 pH (the sig-
nificant observation being changes in pH), we feel justified in neglecting
jec[H*]. This is true even though the total ionic strength was not kept
precisely at 1; rather, all solutions were made up in 1M NaCl as the
solvent, such that the very small contributions to the ionic strength from
the hafnium chloride and hydrochloric acid were neglected. Values of
pH ranged upward from 2; ie., [HCI] < 102M. Rayleigh turbidities and
and refractive indices were determined using the same method and instru-
ment as described previously (12). From these data, it is possible to
calculate the degree of aggregation of hafnium (12), which was done for
many of the solutions. =¥ values are the turbidities owing to the hafnium
solute only.

Results and Discussion

Series were prepared for [Hf]ror values of 107, 6.00 X 107, 1.00 X
103, 1.00 X 102, and 3.00 X 102M. It did not prove possible to prepare
stable solutions over all values of Z* for each of the series. Furthermore,
the solutions at 10~ mole/liter did not yield consistent or reproducible
data. The series at 103M gave the largest amount of data prior to pre-
cipitation from which to observe the effects of Z* and temperature upon
the rate of change. The meaningful data at 25°C are shown in Table 1.

As expected and in agreement with previous work, for a given value
of Z*, solution acidity increases regularly with [Hf]ror, and for a given
[Hf])ror, acidity decreases with Z*. However, pH increases with time,
except following the incidence of precipitation, and changes in most
solutions take months to reach a steady state. An example of the latter
trend is seen in Figure 1. More significantly, the changes in r* values do
not follow pH changes and appear to be changing much more slowly.
The rate of increase in =* is a measure of the rate of increase in average
size of hafnium-containing solute species and is most rapid for low
[Hf]ror; cf. solutions numbered 49-56 in Table I. Within each series—
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Figure 1. pH vs. time (months) at

25°C [Hf]zor = 1 X 10 M; Z* as
parameter

i.e., at constant [Hf]por—the rate of change of =¥ increases with Z*.
The latter effect is seen clearly in Figure 2 for [HfJzor = 1 X 1072. Note
that differences do not appear to be significant among solutions 1 through
4 at 25°C or, for example, between solutions 9 and 11 at 25°C.

Data at higher temperatures are tabulated in Tables II and IIL

The acidity changes at high temperatures occur so rapidly that only
the steady state pH is recorded in some instances.

Clearly, all changes in pH have taken place during the first few
hours at 73°C, while aliquots of the same experimental solutions have
only begun to change after two months at 25°C. Thus, for example,
solution No. 9 (Table I) after ca. eight months at 25°C has reached a
value approximately the same as the one it reached in ca. five hours at
50°C. Clearly, the rate of hydrolysis increases dramatically with tem-
perature. Equally clearly, hafnium solutions in the 102-10*M and pH 2
range require longer than nine months to approach a steady state as
measured by the attainment of steady pH values. Thus, solutions of
hafnium chlorides in this range of concentration and acidities at 25°C
are hardly susceptible to calculations of distribution of hafnium among
solute species from tabulated equilibrium constants. The constants of
Peshkova and Ang (6) are for [Hf]tor no more than 107 and acidities
no less than 1M strong acid. Obviously, their values must not be con-
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2913

100 time - days 200 300
Figure 2. Turbidity vs. time (days) at 25°C [Hf]por =1 X

102 M; Z* as parameter

sidered as applicable under conditions encountered in natural water
systems. In fact, they hardly can be considered as applicable in solutions
less acid than 1M H".

From the pH data alone, it can be concluded that solutions of haf-
nium salts for [Hf]por = 10'-10*M, pH 1, and at 25°C require a year
or more to reach a steady state. Thus, the solutions are not at equilibrium.
Nonetheless, it is possible to calculate much about the nature of the
hafnium species from the data at any particular time, in accordance with
Sillen’s model (13). In order to make such calculations, it is necessary
to calculate Z from pH data for each solution. Values of Z define the
actual stoichiometry of the hafnium species, [Hf(OH),]x"* #*". For
experimental solutions at 25°C after two days, the Z vs. pH plot (with
[Hf]or as the parameter) is shown in Figure 3. Clearly, the hydrolysis
products are polynuclear.

Once having calculated the average stoichiometry of the solute
species, the turbidity data permit the estimation of N, the degree of
aggregation. For several series, the results are shown in Table IV. Even
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Table II. Turbidities and pH Values at 50°C

Solution No. [Hf)roT Z*  Time, Hours 1* X 10°Cm™!

9

11

12

13

1 X 10* 0.013 0 -
5 1.8
9 2
23 6.7
34 23
1 X 10% 0.913 0 0.4
5 4.9
9 10
23 46
28 82
34 116
1 X 10 1.313 0 0.4
4 8
9 25
23 224
25 250
28 358
1 X 10-% 2213 0 1.1
2 52
3 149
4 313
23 ppt

3.2r
aof

2.8}

26}

2 pH é 4

Figure 3. Z vs. pH after two days at 25°C [Hf] ror
in mM as parameter
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Table III. Turbidities and pH Values at 73°C

Solution No. [Hf)toT Z*  Time, Hours <* X 10°Cm=' pH

1 1 X 102 0.013 7 20 1.50
25 12 1.50
219 20 -
288 21 1.51
3 1 X 1072 0.913 97 52 1.63
164 57 -
234 69 1.64
4 1 X 1072 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 X 1072 2213 1 202 1.97
2 820 2.02
9 1 X 10—% 0.013 2 118 2.46
3 344 247
4 560 2.44
5 ppt -
11 1 X 10-% 0.913 1 222 2.58
2 647 2.60
3 ppt -
12 1 X 1073 1.313 1 529 2.66
2 ppt 2.69
70 3 X 102 1.313 0 5.0 1.42
2 21 1.32
6.5 36 1.30
18 36 1.28
67 3 X 107 2313 0 7 1.82
4.8 137 1.63
21.5 1240 1.57
68 3 X 10 2.613 2 ppt -

though the solutions are not at equilibrium, it is evident that the degree

. . R . dN
of aggregation, N, increases with time, and the rate of increase, e

increases rapidly with both Z* and temperature. Table III indicates that
Solution 11 had a =* value of 647 X 107 cm™! after two hours at 73°C
corresponding to N = ca. 15000. After three hours, a precipitate was
visible. Such behavior is typical, in that precipitation occurred in all
solutions soon after they had reached a +* value of ca. 102 cm™. All
values of N were calculated for Z’ — 0, assuming sufficient ion-pairing
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of chloride ion to the polymeric cations to reduce the apparent charge
to zero (I14). Such an assumption gives minimum values for N.

The point has already been made that the rates of change of pH
and of 7* do not appear to be related. The effect of temperature on the
rate of change of r*, 9r*/dr, can be seen by comparing Figures 4 and 2,
both for [Hf]por = 102M. The ordinate scales are the same, but the
abscissa scales are hours and days, respectively. Also, the rate of change
for Z* — 2.213 at 73°C is comparable with that for Z* — 2.913 at 25°C.
Figure 5 shows most clearly the effect of Z* at an intermediate tempera-
ture. In particular, Solution 9, which did not exhibit very much change
at 25°C over eight months, changes substantially in a day at 50°C.
Table III shows that Solution 9 yields a precipitate in five hours at 73°C.

The effect of concentration is seen in Figure 6. It is but typical of
all such plots of r* vs. time, constant Z* and temperature, with [Hf]ror
as the parameter. This result is the only one to emerge from this study
which is unexpected.

2.213
6F
1.313
10M Ht
73°C.
4H
E
*X
-
2
0.913 - —
— 0.013 o
time - hours 100 200

Figure 4. Turbidity vs. time (hours) at 73°C [Hf]ror = 1 X 102 M; Z*
as parameter
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Table IV. Degree of Aggregation

[Hflror (Molarity) zZ* Temp., °C. Time N
3 X 102 1.313 25 2 days 4
1.313 73 2 hours 16
2.313 25 2 days 4
2.313 73 5 hours 100
1 X 103 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 ppt

20 24 26 32

16

4 8 12 time - hours

Figure 5. Turbidity vs. time (hours) at 50°C [Hf]por = 1 X 107 M; Z*
as parameter



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch009

9. BILINSKI AND TYREE Rate of Hydrolysis of Hafnium 247

3x10°t

—10 15 20
time - hours

Figure 6. Turbidity vs. time (hours) at 73°C
Z* = 1.313; [Hf]yor as parameter

Conclusions

In general, the behavior of hafnium in aqueous solution for pH values
> 2 is very similar to that of zirconium. In the concentration range 10—
10*M total hafnium and at ordinary temperatures, we can draw several
firm conclusions.

Freshly prepared solutions are not at equilibrium. A detailed de-
scription of the way the solution was prepared, how long it has been
standing, and at what temperature must be available in order to predict
what the solute species are. In all cases, under these conditions the
species are aggregated. All of the +* data for hafnium in 1M NaCl can
be fitted to an empirical equation, r* — A#?, where t is time and +* is the
measured turbidity. A is a function of [Hf]por, Z*, and temperature,
such that:

dr*/dt increases rapidly with increasing temperature
d */dt increases with increasing Z*
d+*/dt decreases with increasing [Hf] ror

For the data herein reported, the best fit is obtained for A = 1/exp,
where exp = (Z* — 3){[Hf]por - 1070-0268temp+4.17 1 (. 026temp — 2.65}
+ 1000192temp+1.35 A gimilar relationship, displaced very slightly toward
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Figure 7. Turbidity vs. log time (years) at 25°C Z* = 2.00;
[Z7] ror in mM as parameter

longer times, was found for zirconium, for which more extensive data
were taken. An estimated function of the rate of change of r* of zir-
conium solution for Z* — 2.00 at 25°C in 1M NaCl is plotted as Figure
7, with [Zr]ror as the parameter. The corresponding curves for hafnium
are displaced very slightly toward shorter times. It is not proposed that
all metals in aqueous solution will behave like hafnium and zirconium.
However, the behavior of these elements shows conclusively that an
“equilibrium model” alone is insufficient to use in describing the behavior
of solutions containing hafnium salts.
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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, 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 Al*, AP, and Alc. Al* was composed of monomeric
species. Al was polynuclear material. Alc was composed
of small, solid AOH); particles. For each r, value, the
concentration of Al* was constant, Al* decreased in concen-
tration, and Al° increased in concentration with aging time.
In all cases, equilibrium was only slowly achieved.

he nature of aluminum (III) in aqueous environments has been ex-

plored in a number of papers (1-24). If the pH of the solution is
above neutrality, it appears that the predominant species present is the
anion Al(OH),(H20)." (8,9, 10, 13). Deltombe and Pourbaix (4) write
this species as AlO,” and/or H:AlO;". If the pH is below about 4, most
authors agree that the hexaaquo-Al(III) ion Al(H;0)¢** dominates. Be-
tween pH 4 and 7, there is little agreement as to what species are present.
Schofield and Taylor (21), Frink and Peech (5), and Raupach (17)
believe that the system can be handled satisfactorily in this region on the
basis of simple monomeric species. The agreement among their deter-
minations of K;, the equilibrium constant for the reaction

Al(H,0)¢** 4+ H,0 = Al(H,0);(0OH)** + H;0+

(pK values 4.98, 5.02, and 4.97, respectively) is excellent.

250
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In spite of this good agreement and the fact that simple hydrolysis
reactions represent their data well, the simple hydrolytic mechanism has
been questioned by a number of researchers.

Brosset (2), from measurements of the pH of aluminum perchlorate
solutions, postulated that the product of hydrolysis of the aluminum ion
is an infinite series of polynuclear complexes with the generalized formula
Al[(OH);Al],*. Brosset, Biedermann, and Sillén (3) later recalculated
Brosset’s data and concluded that the major hydrolysis product could be
either a single complex such as Alg(OH),;* or an infinite series of com-
plexes of the type Al[(OH )5AL],"*". Aveston, using ultracentrifugation,
found evidence for either [Al;(OH).]* or [Al;3(OH)3:]7. The latter
species has been favored recently by Sillén (25) and by Johansson (26).

According to Hsu and Bates (11, 12), dissolved aluminum below or
near pH 4 is in the form of a six-member ring of approximate composition
Alg(OH)2%. The rings polymerize as pH is increased above 4 with an
average equilibrium polymerization number that increases with pH until
pH 7 is exceeded. When this happens, bayerite or gibbsite is precipitated.
Thus, in their scheme, polynuclear complexes of a size determined by pH
exist in solution—i.e., the higher the pH up to 7, the greater the size of
the complexes. Also, as pH increases, the average charge per aluminum
atom decreases from about 1* at pH 4 to 0 near pH 7 where the ratio of
OH/Al is 3 or greater. Up to this point the hydroxo-aluminum polymers
would repel one another and limit their growth, but slightly above it they
should and do rapidly precipitate as AI(OH);. At still higher pH values,
more aluminum goes into solution as increasing amounts of AI(OH),
are formed.

Hem and Roberson (8) believe that polymeric species, probably
six-member rings and combinations of these rings, form rapidly in freshly
prepared supersaturated aluminum solutions in which the initial pH is
between 4 and 7 and the ratio of OH to aluminum in complexes averages
between 0.6 and 3. The complex species are not stable, however, and
ultimately grow to a size that must be considered a solid phase. Also, the
very large polymers are organized and appear to be crystalline with the
structure of gibbsite, yet are small enough to pass a 0.45-millipore filter
and hence should be considered colloidal. After equilibrium becomes
established, which may take years, it may be that the only ionic aluminum
species present in significant quantities are the monomeric Al(OH.)¢*,
Al(OH)(OH:)s*, Al(OH)»(OH.)4", and Al(OH), ions.

It is possible that distribution of Al(III) among hydroxo-complexes
is highly variable and is sensitive to ionic strength, total aluminum con-
centration, total OH available, pH, temperature, the identity of other
species present such as NO;-, ClO,", SO,%, CI, etc,, and, perhaps most
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important, time. The latter factor appears particularly important, con-
sidering the experimental work of Hem and Roberson (8) and the state-
ment by Brosset, Biedermann, and Sillén (3) that “Considerable difficul-
ties were met with because equilibrium was attained rather slowly,
especially in the region where precipitation occurred. It is, however,
thought that the values finally given were not far from those at real equi-
librium.” From the present work, it would appear that the data used by
these authors were considerably further from equilibrium than they had
thought. At any rate, it appears that the nature of Al(III) in aqueous
media is not well known, particularly at mildly acid pH values.

Experimental

The form of aluminum in acid aqueous media was studied by pre-
paring a series of solutions containing the same total concentration of
aluminum, but with varying amounts of added base and determining the
composition and pH of the solutions after various periods of aging. For
convenience, these solutions will be designated “aging study solutions.”
Electron microscopy was used to help determine the nature of colloidal-
size material that formed in some of the solutions.

The solutions studied contained 4.54 X 10 mole/liter aluminum
and total ionic strength was 1072, the remainder of the total ionic strength
being made up with sodium and perchlorate ions. The ratio of OH to
Al in the solutions as made up (nominal r value or r,) varied from 0.55
to 3.01. In preparing these aging study solutions, three “stock” solutions
were prepared initially and mixed together in correct proportions to
achieve the desired r, value. The procedure for doing this has been
described by Hem and Roberson (8). In all cases, the solution contain-
ing base, but no aluminum, was added last in solution preparation.
Reagent grade chemicals were used.

Analytical Procedure

The compositions of solutions were determined by a timed spectro-
photometric method. The technique was a modification of a standard
terron—orthophenanthroline method for aluminum (27, 28) and is identi-
cal in principle to a method developed by Turner (22). The method was
modified in the following manner.

Standard Procedure Modification

1) Pipet a volume of sample con- 1) Same as standard procedure.
taining not more than 0.075 mg

(25 ml max.) into a 50-ml beaker

and adjust the volume to 25.0 ml.
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2) Prepare a 25-ml metal-free
water blank and necessary stand-
ards.

3) Add 2.0 ml NH,OH HCI re-
agent to blank standards and sam-
ple and let stand 30 minutes.

4) Add 5.0 ml ferron—orthophen-
anthroline reagent and stir.

5) Add 2.0 ml NaC2H302. Stir
and let stand for at least 10 min-
utes but not more than 30 minutes
before taking a reading of color.
6) Determine the absorbancy of
the test sample and standards
against the blank at 370 mp.

Equilibrium in Aluminum Hydroxy Complexes 253

2) Same as standard procedure.

3) Add 2 ml NaC,H;0, to 5 ml
ferron—orthophenanthroline re-
agent (reagent is twice as strong
in ferron as standard procedure).
4) Add (3) above to both blank
and sample and stir.

5) As quickly as possible (at least
within 4 minutes), add 2.0 ml
NH.OH HCl reagent, stir quickly,
and at the same time start timing.
6) As quickly as possible, read
absorbency against the blank at
370 mp. Time the reading and

continue to take timed readings
(at 3-4 min intervals for the first
half hour, then at wider intervals
for as long as necessary).

It should be noted in the modified procedure that the last reagent
added is the hydroxylamine hydrochloride, which brings the pH to about
5. Thus, a pH lower than this value is not obtained at any stage of adding
analytical reagents, unlike in the standard procedure where the hydroxyl-
amine is added at the start of the procedure and usually lowers pH of
the sample to about 1.5. Hem and Roberson (8) discuss at some length
the possible complex formed between ferron and aluminum.

When optical density of aluminum standards prepared by dissolving
either aluminum wire in HCI solution or aluminum sulfate in water is
measured as a function of aluminum concentration using the modified
procedure, curves of the type shown in Figure 1 are obtained. Optical
density values plotted on this figure, which are for duplicate sets of ex-
periments, were read about 30 minutes after having added the 2 ml of
hydroxylamine hydrochloride. The straight line curve appears to obey
Beer’s law at least up to 0.05-0.06 mg of aluminum. The pH of the
standard solutions before analysis was in all cases below 3.

The modified procedure allowed for the estimation of three different
types of aluminum present in a particular sample at any particular aging
time, based on the manner in which the various types of aluminum re-
acted with ferron. The way in which the estimation is made is illustrated
by Figures 2 and 3, which have been calculated from raw analytical data.

Shown on Figure 2 is aluminum recovered as a function of analysis
time after having added the hydroxylamine reagent. In this figure, opti-
cal absorbance readings have been converted to molarities and ppm’s
using proper factors to account for aliquots taken, etc. Curves are for
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Figure 1. Optical density as a function of aluminum
concentration for aluminum standards using the mod-
ified ferron procedure

solutions with r, values ranging from 0.94 to 2.76 aged 625 hours, and
in addition curves are shown for a solution with an r, value of 2.13 aged
from 23 hours to 961 days. All these solutions had a total aluminum
concentration of 4.54 X 107* mole/liter. Also shown are similar timed
data for 25-ml standard solutions containing 2, 6, and 10 ppm aluminum.
The fact that the colorimetric readings for the standard solutions changed
little during the three hours of analysis time is good evidence that a mere
color change of ferron with time is not what is being observed when the
amount of aluminum recovered increases with analysis time. Additional
evidence is to be found in the way in which the curves for the solution
with r, = 2.13 converge when extrapolated to zero analysis time.
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Figure 2 shows that the solutions contained three different types of
aluminum species, one of which disappeared slowly during long aging.
For convenience, the three species will be referred to as Al°, AP, and Al°,
and from the stoichiometry of preparation of the solutions, it is known
that in each case Al = Al* 4 A’ 4 Al° — 4.54 X 107 mole/liter. It is
interesting to note that Turner (22), using his similar analytical tech-
nique, also concluded that three different types of aluminum can exist in
aqueous media.

The fastest reacting form, Al°, is converted to the ferron complex
almost immediately, and for a particular r, value is present in nearly the
same amount regardless of aging time, as shown by the convergency of
all the determinations at zero time for the solution with an r, value of
2.13. The slowest reacting material, AL, is represented by the nearly flat

| T T T T 1 T T
TOTAL Al * 4.54X10™* mole/liter

r=094 — GZSAv.oqc

------------ {O—)

40

rs2.13 — 23 hr oge

(mole/liter X 10%)
<)

rs2.13 — 625 hr.age
v,

::-’2.13 - 4G‘d_\':y age
vV \4 v v

r=213 — 82day a9
4

r=213 — 787-96! doy age
———W——V—W————— V-
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Lor—
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| ] l ] | | ] 1
40 80 120 160
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Figure 2. Aluminum recovered as a function of analysis time
for selected aging study solutions plus several standards
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slope shown by the sample readings after about 120 minutes. Metastable
material, AP, is the material which reacts with an intermediate rate, giv-
ing the curved portions of the lines of Figure 2.

From these curves, it is a simple matter to measure the amounts
present of the three types of aluminum. By extrapolating the essentially
straight portions of the curves (Al° sections) back to zero time, one can
estimate the total quantity of Al* 4 Al® present at a particular aging
time. Al° can be obtained directly from the zero time value of aluminum
recovered and Al® obtained by subtracting the value of Al® from the value
of Al* + AP. However, it is somewhat difficult to extrapolate these
curves accurately, and thus the curves of the type of Figure 3 were con-
structed to determine more accurately Al* and Al® concentrations and to
obtain additional information on the ferron reaction with type b
aluminum.

505 HRS. AGE 625 HRS. AGE
L L L L rrryrtrveed
- 6.0

H 3
] - 3
p_g ﬂ A_‘g
< <
!4 - 50
o o
S S
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Z A SOLUTION B 4
s - s o D —
O " E v .
40 0D n 6 T 49 v v wl

ANALYSIS TIME (min.)

Figure 3. Minus log AP residual as a function of analysis time for
age study solutions aged 505-625 hours

Figure 3 shows first order rate plots of the negative log of Al
residual vs. time for solutions aged 505 to 625 hours. The individual Al®
residual points were determined by subtracting data points of Figure 2
from the values of the extrapolated (dotted) lines at the same analysis
reaction times.

Because the curves obtained were consistently good, straight lines,
even when 90% of the reacting Al had been consumed, it was a simple
matter to extrapolate them to zero time to obtain more exact values of
Al and therefore also Ale. Thus, the kinetic behavior of the aluminum
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species provided a convenient means of identification. Also of interest is
the fact that Al® reacts with ferron according to a first order rate law.

General Equation for Curves of Figure 2

The following equation should be general for the curves of Figure 2,
assuming all of type a aluminum to react with ferron instantaneously

‘AlT = (4.54 X 10~ — ALT) = Al* + (Al* — ALY + (Aloc — Al,9) (1)

where

tAl” = total amount of aluminum that has reacted in time ¢ (in mole
Al per liter)

Al' = amount of instantly reacting aluminum present (mole per
liter)

Al = amount of Al’ present at zero analysis time (mole per liter)

Al = amount of Al’ unreacted at analysis time ¢ (mole per liter)

Al = amount of Al present at zero analysis time (mole per liter)

Al = amount of Al° unreacted at analysis time ¢ (mole per liter)

It is assumed that during the analysis reaction there are no interactions
between Al“, Al’, and Al".

If A1’ reacts according to a first order law

—dAl®

v T kyAl® (2a)

where k,, is a first order rate constant for type b aluminum.
Integrating between the limits 0 and ¢ and Aly? and Al®

kst = InAl¢® — InAl®
or
Al® = Algbe st 3

If Al° reacts according to some rate law of order n where 1 > n > 0
(and n is probably close to zero)

—dAl¢

where k, is a rate constant of some unknown order for type ¢ aluminum.
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Table I. First Order Rate Constants for Al

Aging
23 48 96 168 288
Solution Hours Hours Hours Hours Hours

B 9.9 8.5 - 7.4 -
C 7.8 - 5.5 5.8 5.5
D 5.5 - 4.8 5.8 5.5
E 5.8 4.8 - 5.3 -
F 5.1 - 4.6 5.3 5.1
G 5.1 5.1 - 5.1 -
H 44 - 44 44 3.9
J 3.2 - - - -

s Average (48 hours-259 days): B7.0;C5.3; D5.2; E5.3; F4.2;G4.2; H3.8.

Integrating between the limits 0 and ¢ and Aly® and Al°

ket
1—n

Al = Al —

and

1
Ale = (Alocl—n _ ket )l—n @)

1—n

Substituting Equations 3 and 4 into Equation 1

1
‘Al” = Ale + [Al® — Algbe—*s] + [Ale — (Alo°"" - ki n)'-"](5)

which should be the general equation for the analysis curves. If a zero
order rate is assumed for Al°, then Equation 5 reduces to

tAI7 = Ale 4 [Alo® — Algbe*vt] + kot
or using logarithms to the base ten rather than to the base e

AIT = Ale + [Al® — Alo*10-+] + kit (6)

Aging Studies

Solutions were prepared having the following r, values: 0.55, 0.94,
1.36, 1.84, 2.13, 2.47, 2.76, and 3.01 and were designated respectively
solutions B, C, D, E, F, G, H, J. These solutions were allowed to age
in a CO.-free atmosphere near 25°C for 254-259 days. At various inter-
mediate aging times, aliquots of the solutions were analyzed for amounts
of Ale, AI’, and Al as previously described. Also, first order rate constants
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Reaction with Ferron (—In AI’ Residual/Min X 1032)

Time®

505-625 41-46 77-82  116-121  188-193  254-259
Hours Days Days Days Days Days
7.1 8.5 6.0 5.5 74 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 44 4.8 44 - -
4.1 3.7 3.7 3.7 - -
3.7 3.7 3.3 3.2 - -

for the reaction of Al® with ferron were determined from figures of the
type of Figure 3. At the same time, pH of the solutions was measured.
Table I shows first order rate constants obtained. No attempt was made
to measure rate constants in solutions aged 1-1.5 hours, and, except for
solutions B, C, and E, in solutions aged 188 days or more. In the former
case, it was thought that the solutions themselves were changing character
so rapidly that the measurement would have been meaningless. In the
latter case, so little (except for solutions B, C, and possibly E) Al®> was
present that small errors in analysis measurement would lead to large
errors in the calculation of the rate constants. For solution J, very little
Al® was present except at 23 hours aging, and hence a rate constant was
measured only for this one aging time.

Rate constants appear to decrease with increasing r, values of the
solutions. For the case of solution B, rate constants decreased from 23
hours up to at least 254 days aging. For the remaining solutions, rate
constants decreased between 23 hours and about 96 hours aging time.
At greater aging times, the rate constants appear to remain at about the
same magnitude. In all cases, the decrease in rate constant is not great,
indicating, perhaps, that Al’ structures probably consist of a limited
series of different size particles which increase in size with r, value and
somewhat with aging time. Further, the first order reaction rate followed
by A’ indicates that individual aluminum atoms in the Al’ structures are
individually reacting with ferron. It would thus seem that the Al® struc-
tures are not extremely large, and most of the aluminum atoms are in
contact with the aqueous solution and not hidden within the structure.
However, since it takes a moderate length of time to break down the Al
structure, these structures must be rather strongly bound together.

Table II lists concentrations of Al®, Al®, and Al and pH of the solu-
tions at various aging times determined from plots of the types of Figures
2 and 3.
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Table II. Concentrations of Various Types of Aluminum
at All Age Times

Solution B
(r. = 0.55)

Concentration X 10*

Age Time Al Al Ale 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 0.44 445
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

Old solution:
T value near B
1001 days 3.75 0.11 0.69 4.43

Solution C
(r. = 0.94)

Concentration X 10*

Age Time Al Al Ale 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 0.68 547

Old solution:
r. value near C
1038 days 3.23 0.43 0.89 4.36
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Table II. Continued

Solution D
(r. = 1.36)

Concentration X 104

Age Time Al» Al Ale 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 0.53 449
625 hrs 2.30 1.63 0.61 440
46 days 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

Old solution:
r» value near D

1038 days 2.46 - 2.08 4.09
Solution E
(r. = 1.84)
Concentration X 10*
Age Time Al Alb Ale 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

Old solution:
r, value near E
1038 days 1.79 - 2.77 4.13
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Table II. Continued

Solution F
(r. = 2.13)

Concentration X 10*

Age Tvme Al Al Ale 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

Old solution:
rn value near F
967 days 1.16 - 3.33 4.19

Solution G
(rn = 247)

Concentration X 104

Age Time Al Alb Ale 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 3.09 449
41 days 0.68 0.40 3.46 442
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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Table II. (Continued)

Solutron H
(rn = 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 4.30 445
259 days 0.235 - 4.30 4.45

Solution J

(rn = 3.01)

Concentration X 104

Age Time Al Al Ale 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 0.16 431 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 - 448 6.40
188 days 0.019 - 4.52 6.21

Of interest from this table is the fact that for most solutions Al
concentration remains constant after 23 hours of aging, Al’ decreases as
a function of aging time, and Al° increases. The relationship between r,
value and Al* value is shown graphically in Figure 4.

Experimental Character of Al

Since Al° reacts almost instantly with ferron, it would seem reason-
able that it consists of only simple monomeric species—i.e., Al*,
Al(OH)%, Al(OH),’, and Al(OH), (with appropriate coordinated
water molecules). Standard Gibbs free energies of formation values
(AG®) for the species are available in the chemical literature. Table III
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TOTAL Al = 454XI0 *mole/iiter

(mole x 109
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Figure 4. Concentration of Al* as a func-
tion of r, value for solutions containing 4.54
X 107 mole/liter total aluminum

lists some of these values plus a Gibbs free energy value for gibbsite
[«Al(OH),].

The values for Al*, AI(OH)%, Al(OH),, and «Al(OH); were se-
lected to be consistent with the work of Hem and Roberson. Few values
for AI(OH),* were available, and Raupach’s was selected for consistency
because of the use of his value for A1(OH )?".

From data of this table, the following equations can be written.

Al(OH); (gibbsite) + 3H+ = A+ 4+ 3H,0 )
*K,o = 10822

Table III. Gibbs Free Energies of Formation of
Monomeric Aluminum Species

Standard G1ibbs
Free Energies
of Formation

Species (AG®kcal) Reference
Al3+ —-115.0 (29)
Al(OH) —164.9 (18,19)
Al(OH),* —215.1 (18,19)
Al(OH)4+ —-311.7 €))

«Al(OH); (gibbsite) —-273.9 (29)
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Al(OH); (gibbsite) + 2H+ = AIOH*+ + 2H.0
*K, = 104322
Al(OH); (gibbsite) + H* = AI(OH).* 4+ H.0

*K,, = 10154
Al(OH); (gibbsite) + H,O = AI(OH),~ + H*
*K., = 10-13-9
A3+ + H,O 2 AI(OH)*+ + H*
*K, = 10-5-0
Al(OH)** + H,0 2 AI(OH),* + H+
*K, = 10—4.76

265

®)

9)

(10)

(11)

(12)

Using Equations 7-12 plus estimated activity coefficients (listed in
Table IV), the theoretical concentrations of the monomeric species can
be calculated and then plotted as a function of pH. The activity coeffi-
cients used for AI** and AlI(OH)? were identical to the values used by
Hem and Roberson (8) for similar solutions. Further, actual concentra-
tions of Al° for the various solutions and aging times can be plotted on
the same chart. This plot is shown in Figure 5. Increasing aging time is

indicated by the arrows.

3
3

S
o

CONCENTRATION (mole/liter)

ot raionP teaiont

\\\/ +A|(OH);

~< -

40 45 50 55 60 6.5
pH

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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Table IV. Activity Coefficients of Monomeric Species
for ~1072 Ionic Strength Solutions

Species Coeffictent

Al 0.427¢
AlOH?** 0.678¢
Al(OH),*+ 0.907°
Al(OH), 0.890°

¢ From Debye-Huckel limiting law using a =9.
® From Debye-Huckel limiting law using a =3.

Figure 5 shows how Al® concentration remains nearly constant as pH
drops, at least for solutions D-H, as a function of aging time until the
theoretical equilibrium line for Al* 4 Al(OH)* + Al(OH)." +
Al(OH), is reached.

No such constancy of Al* + Al is to be noted in Figure 6, which
shows curves similar to those of Figure 5 except Al + Al® concentrations
are plotted rather than Al® concentrations.

T T IV T T T T T T T T T T [ T1
j N
0& v |
ot v,
3 o® o °%
= [}
}. \y
° \,
£ R &*
\\
<
lo-ﬂ \ —
5 %’é”‘ \\
= \
= \\AP#MOM"“-F
E \\ MOHQ'FAK
§ Qy* \\;
o
© XN
”*_Asowﬂon D N
Lo E N
0O " F
v " G N
o " H
N T S U N T O I O |
40 a5 5.0

pH

Figure 6. Concentration of Al* + Al as a

function of pH for solutions D-H at various

aging times; arrows indicate increasing aging
time
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Figure 7. Aging time effect on activities of mono-
meric species as a function of pH for solution H;
arrows indicate increasing aging time

From Equations 7-12 and the several activity coefficients, it is pos-
sible to calculate activities of the various possible monomeric species at
all aging times using formulae of the type

Ale

1.47 X 105 + 1.91 X 10 7.6 X 10~%
H+ [H*] [HH*

[Al*] = (13)

234 +

where [H*] is hydrogen ion activity.

Activities of monomeric aluminum species calculated in this manner
can then be plotted on a graph of log activity as a function of pH and
aging time. An example (for solution H) of such a plot is illustrated in
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Figure 7. Equilibrium lines shown are based on Equations 7-10. For
solution H (and similarly, it can be shown for solutions D, E, F, and G),
all species move toward the equilibrium lines with increasing aging times.
For each solution, the total concentration of monomeric aluminum
remains constant with age. This concentration, strangely enough, is the
concentration of Al® expected at the pH the solution evolves to at long
aging times. At intermediate aging times, Al® concentration is greater
than it should be if the solid and observed pH were in equilibrium.
Further, all adjustments of the system have to do with pH, AI®, and Al°.
Changes in monomeric species’ activities merely reflect an essentially
instantaneous adjustment of these activities to changing pH.

P

AP+ AIC
/
/
o/ AP -
)
B
1 (]
R 7 - A
E "3 ,. EQUILBRI -
<
e
Esnol -
3
F SOLUTION F
B -
< 200
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& of -
(8]

5"'°T' AGE  TIME ;
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1 1 | [l 1 1
42 44 4.6pH4.8 50 S2

Figure 8. Concentration of Al® and

Ale as a function of pH and aging time

for solution F; arrows indicate increas-
ing aging time

Experimental Characterization of Al and Al

Figure 8 for solution F has been constructed to show clearly progress
of the amounts of Al’, Al°, and Al’*¢ with time and pH. Similar figures
can be constructed for the other solutions. Since Al° appears to be solid
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material, it is actually incorrect to think of Al° in terms of concentration
“in solution.” However, such a designation is convenient and helpful in
following the system as a function of time. These curves of minus log
concentration of Al® and Al° vs. pH with appropriate time indicated again
show that Al® decreases in concentration with time and Al° increases.

As a corollary to constant Al°, it should be noted that Al 4 Al° con-
centration stays constant with aging time. Equilibrium is reached in the
systems when the Al° and A’ + AI° lines reach the dotted line indicating
the amount of crystalline gibbsite that should be present at equilibrium as
a function of pH. After a few days aging, the equilibrium pH for a sys-
tem can be accurately predicted by extrapolating the Al> 4 Al° curve,
which appears to be usually a straight line parallel to the pH axis, to its
intersection with the dotted gibbsite concentration curve.

Al® appears to be composed of monomeric species, and its total con-
centration is approximately constant after about 23 hours’ aging. Al°, from
both analysis and aging data and from electron microscope observations,
appears to be composed of clearly solid, colloidal, particles, and its con-
centration increases as a function of aging time until equilibrium is
achieved. AD is present in all the solutions at 23 hours’ aging and often in
considerable concentrations. Its concentration then drops as a function of
aging time until it apparently disappears from solution when equilibrium
is reached. It is obviously not a stable material and is ultimately con-
verted to Al° material. It reacts with ferron in the analytical procedure
according to a first order rate law which suggests that all aluminum atoms
in the material are individually reacting with ferron in a way that does
not change as the Al structures react and diminish in size in the pro-
cedure. This would indicate that the structures formed of Al cannot be
too large or else we would expect more surface control of the reaction and
a rate law of order less than one. However, since it takes ferron a finite
length of time to break down the Al’ structures as compared with the
ferron reaction with Al%, it would appear that the structures are rather
strongly bound together. A structure of limited size (perhaps containing
20-100 aluminum atoms, as estimated from a study of the pH drop in the
solutions as a function of time) composed of coalesced six-membered
aluminum hydroxide rings as suggested by either Hem and Roberson or
Hsu and Bates would appear reasonable.

The disappearance of Al® from solution during aging (and its ap-
parent conversion to Al°) can be noted in Figure 9 which is a plot of
minus log concentration Al’ as a function of aging time for solutions D,
E, F, G, and H. Except for solution E, which behaved as if the reaction
had been blocked for a time, the curves obtained appear to be composed
of three parts. The first part, for up to 20-30 days aging, consists of a
nonlinear but nearly flat slope region. During this time, judging from the
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Figure 9. Minus log concentration Al® as a function of aging time for
solutions D, E, F, G, and H

pH drop of the solutions, AI® particles are growing in size, but relatively
few Al particles are being converted to Al° particles.

In the time interval between 20-30 and 120-200 days’ aging, there
is a steeper slope to the curves and a roughly straight line relation between
minus log concentration Al” and aging time is to be noted. Thus, in this
region an approximate first order rate law is obeyed relative to the con-
version of Al® to Al° (and accompanying reaction of individual AI® atoms
with HoO with release of H* to the solution).

At aging times greater than 120-200 days, the slopes of the curves
become nonlinear and flatten. One explanation for this behavior would
be that as equilibrium is approached there are relatively few Al® particles
left and the rate-determining step for conversion to Al° changes to one
involving chance for encounter among A’ particles.

Electron Microscope Observations

Al° particles are of colloidal size and can be observed under an elec-
tron microscope. Figures 10, 11, and 12 show electron micrographs of
Al from the solutions. X-ray diffraction work has indicated that this ma-
terial (the hexagonal platelets) is gibbsite (8, 30). Also shown on the
micrographs are gold sol particles (small, dark spheres and tetrahedrons).

These figures show much of the detail of the particles, such as their
typical crystalline shape and imperfections. The gold sol particles as pre-
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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 r, value is as low as 0.94 and pH is near 4.

fure 10. Electron mtcros:'aph of microcrystalline
bsite from solution F wit negatwe gold particles
adsorbed
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Figure 11. Electron micrograph of mi-
crocrystalline gibbsite from solution C
with negative gold particles adsorbed

Thus, the electron micrographs show conclusively that colloidal ma-
terial is formed in the aging study solutions. Further, this material
appears to be microcrystalline gibbsite.

Effect of Rate of Addition of Base on
Quantity of A’ Initially Formed

It would seem possible that the rate of adding base in the original
mixing of the aging study solutions might in some manner affect the
amount of AI® (and also, therefore, Al°) initially formed in the aging test
solutions. An experiment was performed taking different times to add
base in making up an H solution. Results of the experiment are shown
in Figures 13 and 14. In all cases, aging time was seven days. Al® ap-
pears independent of rate of base addition but Al® decreases with increas-
ing speed of addition. The slower the base addition, the higher the solu-
tion pH and, thus, the more out of equilibrium is the solution.

Rapid addition probably promotes formation of solid A1{OH); par-
ticles, possibly originally of a partly amorphous character. These particles
appear to start organizing themselves soon into crystalline form (into
gibbsite under our experimental conditions). Slow addition gives less
opportunity for local excess of base and formation of amorphous solid
Al(OH);. With slower addition of base, more monomeric and poly-
nuclear species are formed initially. The monomeric species very rapidly
convert to polynuclear microparticles or macroions in roughly the manner
outlined by Hem and Roberson (8). This conversion stops as soon as
there are sufficient microparticles present to bring into being the particle
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size effect. The particle size effect has to do with very small particles
being more soluble than larger ones. These microparticles then slowly
grow in size with time until they reach the size and character of true
crystalline gibbsite particles. The nature of the analysis curves (such as
those shown on Figure 2) indicates, however, that there apparently is a
distinct separation or “jump” between the polynuclear macroions or mi-
croparticles and crystalline gibbsite particles.

That is, apparently, the Al’ polynuclear particles grow in size by
combining and “splitting out” protons. If the particle is smaller than
some certain size, it reacts in a moderately fast manner with ferron (over
a period of a couple of hours) according to a first order rate relative to
the Al concentration. After a certain size is achieved, the reaction with
ferron becomes very much slower, and the rate law approaches zero
order. This indicates a rather profound structural change in the particles
upon reaching a certain size.

Figure 12. Electron micrograph of microcrys-
talline gibbsite Zirom a ] solution with negative
gold particles adsorbed
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As soon as a solution is prepared, several things start happening.
One is probably a change in structure of rapidly formed Al( OH); particles
from a more or less amorphous state to crystalline gibbsite. The change
is probably complete after a few weeks aging. Secondary evidence from
electron micrographs of solutions aged a few months help confirm this
statement. The other is the slow growth of polynuclear Al® particles or
macroions accompanied by release of protons from water molecules pres-
ent in some octahedral positions. Ultimately, the particles grow to such
a size that they must be considered crystalline gibbsite. Perhaps these
particles also combine with gibbsite particles formed from the rapidly
formed Al(OH);.

SOLUTION H —
TOTAL Al = 454 X 10™* mole/liter

Al RECOVERED (mole/liter X10%)

| | 1 | |

1
40 80 120 160
ANALYSIS TIME (min.)

Figure 13. Effect of length of time of adding

base in preparing solutions on amount of AlP

formed; Al recovered as a function of analysis
time

Al® Structure and pH Drop

If it is assumed at 23 hours’ aging that the average Al’ particle size
and makeup is somewhere between Alys(OH)go!** and Algg(OH ) 264" —
i.e., the OH/Al value for this material is between 2.5 and 2.75—and that
the Al° particles after 254-259 days’ aging have the composition A1(OH)s,
it is possible to calculate how much H* ion concentration should change
during the period between 23 hours and 254-259 days. The H* ion change
can then be compared with actual measured H* ion change. This com-
parison has been made for solutions D through H.

Table V lists results obtained assuming several different average AI®
particle sizes at 23 hours’ aging.
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Table V. Actual vs. Calculated H' Ion Concentration Changes During
the Aging of Solutions from 23 Hours to 254259 Days
(Mole/Liter X 10%)

Solution  Actual Change Calculated Change, Assuming 23-Hour Size to be

Aly(OH)go"*  Alis(OH)1s'®*  Algg(OH)ps*

D 5.3 7.8 5.2¢ 3.9
E 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.

residuol

b

»H

MINUS LOG Al
2

| I S 1
ANAL vsis FIvE (S

Figure 14. First order rate plot of Alb
data from Figure 13

Summary on the Approach of the Solutions to Equilibrium

The slower base is added in aging solution preparation, the more Al®
and A’ material is initially formed. Al® formed probably starts quickly
converting to Al®> material. However, conversion of monomeric material



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch010

276 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

to A’ is stopped before equilibrium is achieved as soon as sufficient
polynuclear material is present to bring the particle size effect into being.

Thus, at any particular age time after 23 hours’ aging but prior to
the achievement of equilibrium, a solution is held at supersaturation
with respect to crystalline AI(OH); and in a metastable condition by the
particle size effect. Yet slowly the systems head toward equilibrium by
growth in size of Al® material and its conversion to Al° particles.

Since the concentration of Al* remains constant, it appears that the
monomeric species do not directly contribute to the progress of the re-
action although they should adjust their relative amounts according to
pH change in the systems. Al® decreases in amount, Al° increases, and
pH drops with time. Individual AI® particles must be combining by the
bonding of adjacent Al atoms in separate Al® particles.

All Al atoms are surrounded by some combination of six H;O mole-
cules plus OH ions. The smaller the Al® particle, the greater percentage
of these coordinated groups will be water molecules. For example, for
a single six-membered ring there will be, at least potentially, two water
molecules per aluminum. For a structure containing 54 Al ions, there
should be about 0.667 water molecules per aluminum. As aluminum
atoms, each coordinated with at least one H,O molecule, in different
particles approach each other, they bond together by deprotonation of
the coordinated water molecule. As the deprotonation takes place, the
pH of the solution drops. There is of course a charged repulsion barrier
to the reaction and the reaction should take place more readily at the
higher pH values where the individual particles should be less highly
charged. However, there is abundant evidence from the present work that
such a reaction does take place down to pH values near 4. Ultimately,
the A’ particles coalesce to Al° particles.

It is curious that for a solution made up to have a particular r, value
one always finds the solution to contain a particular set concentration of
Al* independently of how rapidly the solution was mixed and how long
the solution has aged.

Conclusions Relative to Aluminum (I11) in Mildly Acid Aqueous Media

From the aluminum hydrolysis work and electron microscopy, several
conclusions can be reached relative to the behavior of aluminum in acid
aqueous systems. These conclusions are:

1) If aluminum perchlorate solutions are made up to contain 4.54
X 107* moles/liter aluminum ( total ionic strength about 102 molar), pro-
vided the nominal ratio of OHyeuna/Al (7, value) is 3.00 or less, there will
initially be present in the system three different types of aluminum which
can be designated as Al°, Al>, and Al’. Al* appears to be composed en-
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tirely of monomeric species—i.e., AI**, AIOH?", Al(OH).’, and Al(OH),".
AI® appears to consist of polynuclear aluminum hydroxide species, prob-
ably of a general six-membered ring structure in which each aluminum is
bonded to its neighbor through shared pairs of OH ions. The individual
rings tend to coalesce into larger structures with time until they ultimately
become large enough to be filtered out and identified by electron micro-
scopy and x-ray diffraction as gibbsite crystals. The manner in which the
rings coalesce appears to be governed by a first order rate law relative
to the Al® material. The Al particles appear to range in size from around
Aly;(OH )go'* to Algg(OH)2642*" and perhaps larger. The Al is solid
material that may be initially all or partly amorphous, but rapidly becomes
crystalline and takes on the structure of gibbsite.

2) For a particular r, value, the amount of Al° is nearly constant,
at least after 23 hours’ aging, independent of how long the solution has
aged and the rate at which base was added to the solution in the initial
solution preparation. A corollary to this statement is that the amount of
AP plus Al° also is constant. The significance of these statements is great,
for they indicate that the Gibbs free energy of formation of Al® is not
much less than solid Al°. Although the concentration of Al® remains con-
stant with aging time, the activities of the individual monomeric species
adjust themselves almost instantly to change in pH of the solution.

3) The pH of the solutions decrease with aging time until equilib-
rium pH values are ultimately achieved. The equilibrium pH values are
consistent with known thermodynamic values for monomeric species and
solubility products. The equilibrium pH achieved in a particular solution
depends on its initial r, value. The lower the r, value, the lower is the
equilibrium pH. The rate at which equilibrium is approached depends
on the r, value and also on the rate at which base is added during solu-
tion make-up. The lower the r, value, the slower is the progress toward
equilibrium. For example, if r, value is around 2.8, equilibrium may be
achieved in 6 or 8 months (depending on how much AI® was initially
formed during base addition). If r, value is 1.0 or less, equilibrium prob-
ably will not be achieved after several years’” aging.

4) The amount of Al® present in solution at 23 hours” aging depends
on rate of base addition during solution preparation. The slower the
base is added, the greater the quantity of Al® plus Al’ formed and the
equivalent less Al° initially formed. Some of the Al* formed is rapidly
converted into Al’, but this conversion is limited by the particle size solu-
bility effect. Thus, as soon as enough Al’ is formed to bring this effect
into operation, the concentration of Al*° remains constant. The amount
of Al present then decreases as a function of aging time. Over the time
interval from about 20-30 days aging to about 120-200 days aging, the
disappearance of Al’ in many of the solutions is approximately first order
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with respect to concentration of Al’>. As Al® disappears from the system,
an equivalent amount of Al° is formed. It seems that Al® particles are
coalescing into larger particles as a function of time. At some critical size,
the character of the Al® particles appears to change and they behave as
the less reactive Al° particles. After equilibrium is achieved, the quantity
of AD® present is below the detection limit.
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Plutonium in the Water Environment.
II. Sorption of Aqueous Plutonium
on Silica Surfaces

THOMAS C. ROZZELL and JULIAN B. ANDELMAN

Graduate School of Public Health, University of Pittsburgh,
Pittsburgh, Pa. 15213

The sorption and desorption of aqueous plutonium in the
range of 107 to 10°M 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.

In the first paper of this series (1), the chemistry of aqueous plutonium

was reviewed, with particular reference to the ambient conditions
likely to be encountered in natural waters. In addition, experimental
work was presented concerning the effects of such variables as pH, plu-
tonium concentration, ionic strength, and the presence of complexing
agents on the particle size distribution of aqueous plutonium. It was
shown that, at least over an aging period of several days and with pH
varied from 5.4 to 8.2, there was an increase in the particle sizes of plu-
tonium in the measured range of 0.07 to 1.2x (equivalent spherical di-
ameter). Increasing the ionic strength from 0.002 to 0.1M at pH 7 also
significantly increased the sizes of the particles. Addition of 102M bicar-
bonate had a generally similar effect, but this was influenced by the
ionic strength. The presence of granular silica with particles in the range
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of 280 to 390y also significantly affected the plutonium particle size dis-
tribution while the solutions were aging for several days at pH 7. At an
ionic strength of 0.012M, such additions of silica greatly increased the
sizes of the plutonium particles, but decreased them at 0.11M.

This paper is concerned principally with the interaction of aqueous
plutonium with silica surfaces. In considering the sorption of plutonium
onto a solid surface, such as silica, in an aqueous solution, consideration
must be given to the mechanism of interaction. In the silica-Pu(IV)
system studied here, the interaction is essentially that of small negatively
charged colloidal size particles with a large negative planar surface, as
well as ion exchange of positive ions and low-molecular-weight hydrolysis
products. In order for the various species to interact with the silica par-
ticle surface, they must reach this surface by diffusion through the liquid
film adhering to the silica particle. The rate of sorption then should
involve and may be controlled by mass transfer through the solution up
to the surface.

There have been several laboratory and field studies concerned with
the uptake of aqueous plutonium by plants, marine biota, soils, minerals,
and glass. These have been discussed in the first paper of this series (1),
which shows that several solution variables, as they influence the particle
size distribution of the aqueous plutonium, greatly affect its interaction
with silica surfaces. Studies were conducted to determine the rates, equi-
libria, and mechanism of the sorption and desorption of aqueous, colloidal
plutonium-239 onto the surfaces of quartz silica. The orientation of these
studies is the understanding of the likely behavior and fate of plutonium
in environmental waters, particularly as related to its interaction with
suspended and bottom sediments.

Experimental

All chemicals, such as sodium hydroxide, nitric acid, sodium perchlo-
rate, and those comprising the buffers, were certified reagent grade. The
water used in preparation of the chemicals was demineralized and dis-
tilled by passing it through a mixed-bed ion exchanger. Water used to
prepare the plutonium solutions was also filtered through a fine-porosity
Whatman filter to remove any foreign matter such as dust particles.

The source and purity of the plutonium (IV) stock solution and the
method of dilution and pH adjustment were described in a previous paper
(I). The composition of the plutonium solutions was such that approxi-
mately 95.4% of all alpha activity was owing to 2**Pu. The only other sig-
nificant alpha-active isotope present was 24°Pu which contributed approxi-
mately 3.5% of the alpha activity. 2**Pu and 2*!Am contributed less than
0.6% each to the total alpha activity.

The plutonium concentration in the ambient sorbing solutions was
determined by alpha countin% an evaporated aliquot in a gas flow in-
ternal proportional counter, also previously descri%ed (1). The amount
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of plutonium sorbed by silica was determined by dissolving it from a
silica aliquot (~0.2 gram) with 1.0 ml of concentrated nitric acid. The
silica was first washed with a small amount of the blank ambient solution
to remove plutonium in the adhering liquid film. The washing was car-
ried out on a paper filter in a filter chimney with vacuum applied. Ex-
perimentation showed that the washing time and volume was low enough
that there was no loss of sorbed Pu during the procedure. After drying,
an aliquot of the silica was weighed and placed in a small beaker to which
the nitric acid was added. The milliliter of nitric acid removed 100%
of the Pu sorbed to the silica grains. Two planchets were prepared for
each sample, and each received a few drops of distilled water and 0.25
ml of the nitric acid containing the dissolved plutonium from the sample.
The planchet was then dried and alpha counted. In this manner, a quan-
titative determination of the amount of plutonium sorbed per gram of
silica could be calculated. The plutonium activity per square centimeter
was calculated from the specific surface area of the silica.

The precision of the plutonium analysis was determined and the
over-all error at 20 was +4.5% for 10 determinations. The 20 error
owing to the counting alone was 0.93%.

Granular silica ( crystalline quartz) and transparent silica plates (1 X
3 inches) were used for the sorption studies. The granular silica was
supplied by the Ottawa Silica Co. and the Fisher Scientific Co. The silica
was sized by dry-sieving with U. S. Standard sieves. In most cases, as
narrow a range as possible was chosen, and the mean diameters, except
where size was a variable, ranged from 275 to 387 microns. The trans-
parent silica plates were fused silica with a smooth amorphous surface.

The granular silica was first washed several times with demineralized
water to remove unwanted fine sizes and debris, and then oven-dried at
approximately 120°C. A weighed portion, usually 4 grams, was placed
in a 125-ml flask to which was added 80 ml of the plutonium solution
being studied. This gave a constant volume-to-mass ratio of 20:1. The
flasks were stoppered and placed on reciprocating shakers. Studies of
the effect of the shaking rate showed that above 125 opm (oscillations
per minute) sorption increased sharply until a speed of 200 opm was
attained, above which there was a marked decrease in sorption. A 200-
opm operating speed was chosen for all experiments.

All plutonium solutions, except where pH was a variable, were
buffered at pH 7 with phosphate. The final concentration of the phos-
phate, as KH,PO,, was typically 0.00lM. Experiments on the effect of
phosphate on plutonium sorption indicated that there should be no in-
crease in sorption resulting from formation of a plutonium—phosphate
complex at this concentration. All experiments, except where tempera-
ture was a variable, were carried out at room temperature, which was
usually between 24° and 26°C.

In one sorption experiment, the particle size distribution of the
aqueous plutonium was determined by the centrifugation technique pre-
viously described (1). Simultaneously, a study was made of the size dis-
tribution of plutonium sorbed onto silica plates by an autoradiographic
method (I, 2, 3). After the plutonium sorbed on the silica plates, the
latter were dried and clamped for 2 to 4 days to glass plates coated with
Kodak NTA nuclear emulsion. After developing the emulsion, the result-
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ing alpha tracks were counted microscopically at 400X magnification.
The number of centers with 1 to 28 tracks were tabulated for several
0.25-cm? areas. Also tabulated as a group were centers having more
than 28 tracks and transparent cores, and those with opaque cores having
a very large number (>300) tracks. There was a tabulation as well of
nonspherical aggregates which, in most cases, had too many overlapping
tracks to count. The size of each sorbed plutonium particle was deter-
mined by the count of the number of tracks emitted from a common
center in the manner developed by Leary (2). The method takes into
account the exposure time, and corrections were made for counting sta-
tistics, the details being reported elsewhere (4).
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Figure 1. Rate of sorption of aged 4 X 107 plutonium on 230-p. silica
grains at pH 7 and 0.IM ionic strength

Results

Sorption Rate. The rate of sorption of the Pu radiocolloid is typified
by results shown in Figure 1. In this case, a 4 X 107M Pu solution at a
pH of 7 and ionic strength of 0.1M was sorbed onto silica particles hav-
ing a nominal diameter of 230 microns. Characteristically, the time re-
quired to attain 50% of equilibrium was 2 to 5 days. In all experiments,
the Pu concentration in the solution was monitored, as well as that sorbed.

The plutonium colloidal aggregates vary in size with age, becoming
larger, and thus more filterable, with stirring and age (5). The effect of
aging of the plutonium colloid was, therefore, studied in relation to its
sorption onto silica. A large master solution of plutonium (107M) with
a pH of 7 was prepared. At times ranging from 0-16 days, aliquots were
aken and added to silica for sorption. The master solution was stirred
vhile aging. The amount of sorbed plutonium (in dpm per gram of
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10-Day Sorption

3-Day Sorption

SORBED PLUTONIUM (dpm/g x 10-3)

1-Day Sorption

0 2 4 6 8 10 12 " 16
AGEING TIME OF PLUTONIUM BEFORE SORPTION (DAYS)

Figure 2. Sorption of 107M plutonium at pH 7 on granular silica as a
function of solution age prior to sorption

Curve 1, 10-day sorption; Curve 2, 3-day sorption; Curve 3, 1-day sorption

silica) is shown in Figure 2 for 1, 3, and 10 days of sorption for solu-
tions which had aged for the times shown (i.e., 0, 2, 5, 9, and 16 days)
before the silica was introduced. The rate of sorption increased with
age of the solution (prior to sorption) up to 5 days and decreased there-
after.

Effect of Ionic Strength and pH on Sorption. The major contribu-
tion to the ionic strength, at low values of the latter, came from the
sodium hydroxide used to titrate the acid stock solutions, as well as the
monopotassium phosphate and sodium hydroxide in the buffer used to
maintain the pH at 7. In order to study the effect of ionic strength on
Pu sorption, three pH 7 solutions were prepared and the ionic strengths
adjusted to 0.002, 0.01, and 0.1M. The latter two solutions contained
added NaClOy, which was used to maintain the ionic strength and was
the major contributor to the ionic strength. Each of these solutions was
aged for 1 day (“fresh” solution) or 58 days (“aged” solution) prior to
sorption onto silica for 21 to 24 days, the results being shown in Table 1.

The effect of pH on sorption was studied over the pH range of 3 to
8.7 and at an ionic strength of 0.23M. In this case, there was a general
increase in sorption with increasing pH. On the other hand, when the
ionic strength was kept low (== 0.01M ), there was a decrease in sorption
with increasing pH. The details of this phenomenon were studied fur-
ther at pH 5 and 7.1 at ionic strengths of 0.004 and 0.23M. Sorption onto
silica grains was carried out for a period of 6 days. The results are shown
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Table I. Plutonium Sorbed and K, Values for Fresh and Aged
Solutions of Varying Ionic Strength at pH 7

Fresh (1-Day) Solution® Aged (58 Days) Solution®
Tonic Pu Surface Pu Surface
Strength (w.), Actinty, K,,- Activity, K,,-
M dpm/g, X 10~* Cm dpm/g, X 10—* Cm
0.002 8.0 0.04 8.2 0.04
0.01 16.5 0.11 94 0.07
0.1 43.5 0.67 28.6 0.15

¢ Values based on 24-day sorption period.

® Values based on 21-day sorption period.

¢ K, is the equilibrium concentration of sorbed Pu in dpm/cm? divided by the
equilibrium concentration in the liquid in dpm/cc.

in Table II. Indeed, at the lower ionic strength (u = 0.004M ), there
was considerably greater sorption at pH 5 than at pH 7.1. At p = 0.23M,
the opposite occurred.

The Effect of Silica Particle Size. As the particle size of the mineral
is decreased, the surface area per unit weight varies inversely with the
diameter. Generally, it is expected that sorption will be in direct pro-
portion to the available surface area (6). Using four different size frac-
tions of the same silica, with nominal diameters, d, ranging from 1.4 X
102 cm, the sorption rates and equilibria were studied for a fresh 5.3
X 10”"M Pu solution. The ionic strength of the solution was 0.1M and
the pH was 7. Four grams of silica was used in each case. The rate data
for the different size fractions are shown in Table III. Even though the
total silica surface area available for sorption was quite different for each
size fraction, the total amount of Pu removed from the solution by sorp-
tion onto the silica was not very different for each fraction. Similarly,
the amount remaining in solution at equilibrium was essentially the same
in each case.

In this and in all sorption studies utilizing a containing vessel, con-
sideration must be given to sorption onto the wall of the vessel. The
interior surface area of the 125-ml flasks used in these studies was ap-
proximately 113 cm?. This area need not be considered in experiments
where the surface area of the silica is constant, for then the ratio of the
area of the wall to the area of the silica is constant. In this case, how-

Table IL Sorption of Plutonium onto Silica in High and Low
Ionic Strength Solutions at pH 5 and 7.1

Pu Sorption (dpm/g) X 10~* K, Cm
pH w = 0004M u = 0.23M w = 0.004M w = 0.23M
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

Sorption . s
Period, Pu Sorption, dpm/g X 10~
Days A B 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, cm 14 X 1072 1.9 X 10~ 27 X 102 3.9 X 1072
Specific surface 165 118 82 56
area, cm?/g
Equilibrium amt. 1900 2600 2000 2100
of Pu in soln.,
cpm/ml
Wall area
Silica area 0.17 0.24 0.35 0.5

ever, this ratio varied, and as the particle size of the silica increased, the
fraction of the total surface represented by the wall increased. The ratio
of wall area to total silica area (specific surface area times 4 grams) is
given in Table III. There was apparently no significant difference in the
amount of influence exerted by the wall area in each of the four flasks.

Effect of Temperature. The effect of the temperature of the ambient
solution on the rate of Pu sorption onto silica was studied by sorbing
for 1.5 hours at temperatures of 5°, 26.5°, and 40°C. The initial concen-
tration of the Pu solution was 4.9 X 10"7M, with an ionic strength of 0.1M
and a pH of 7. The quantity of Pu sorbed was 2.6 X 10% 3.1 X 10% and
2.8 X 10* dpm/gram at 5°, 26°, and 40°C, respectively.

Effect of Pu Concentration on Sorption. The dependence of sorption
on the Pu equilibrium concentration was studied for fresh and aged (7
days) solutions. Six solutions of different concentrations were used for
each study. All solutions were at pH 7, had ionic strengths of 0.1M, and
were maintained at 25° = 1°C. The relationships between the Pu equi-
librium concentration at 18 days and the amount of Pu sorbed are shown
in Figure 3.

Many empirical equations have been proposed to describe sorption
behavior of aqueous species on solid surfaces. The most conventional
methods of plotting sorption data are the Freundlich and Langmuir iso-
therms (7). Both isotherms were developed for the sorption of gases by
solid surfaces. However, they often, but not always, describe the sorp-
tion of nonelectrolytes and other species from liquid solution onto solid
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surfaces. The attempts to fit the data for the fresh and aged solutions
to the Freundlich isotherm did not result in straight lines, and it was
concluded that, within the concentration range studied, this isotherm
does not adequately describe the Pu-silica system.

The Langmuir isotherm may be expressed in the form

A =KC/(1+ K'C) 1)

where A is the amount of Pu sorbed per gram of silica, and C is the con-
centration of the Pu in the liquid (in moles/liter) at equilibrium. K and
K’ are constants for the particular system under study. For the sorption
systems shown in Figure 3, Langmuir plots were made using Equation 1;
these are shown in Figure 4. Sorption from the fresh solution followed
the Langmuir isotherm quite well. However, for the aged solution, the
plot was linear only in the region shown. For the lower concentrations
(larger values of 1/C), the deviation was considerable.

Effect of Bicarbonate on Sorption. The bicarbonate and carbonate
ions are common species in natural waters and have the ability to form
complexes with Pu(IV). Starik (8) mentions that in an investigation of
the adsorption of uranium there was a decrease in the adsorption after
reaching a maximum, which was explained by the formation of negative
carbonate complexes. Kurbatov and coworkers (9) found that increas-
ing the bicarbonate ion concentration in UX; (thorium) solution de-
creased that amount of thorium which formed a colloid and became

o

-

SORBED PLUTONIUM (dpm/g x 10-5)
~N w

PLUTONIUM IN SOLUTION (molarity x 108)

Figure 3. Sorption isotherms on granular silica for fresh and aged
(7 days) plutonium solutions at pH 7 and 0.IM ionic strength
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Figure 4. Langmuir isotherm plots for sorption
of fresh and aged plutonium solutions; data corre-
spond to Figure 3

filterable. This was attributed to the formation of a soluble complex with
the bicarbonate.

In order to determine if bicarbonate may similarly affect colloidal
plutonium, a comparison was made of sorption from solutions containing
bicarbonate only from atmospheric CO; and from those with added 102M
bicarbonate. Two different ionic strengths were used in order to dis-
tinguish adequately between and rule out the possibility of an ionic
strength effect. The results of the study are given in Table IV. When
the bicarbonate concentration was increased from the equilibrium at-
mospheric value to 102M, the sorption coefficient greatly decreased at
both ionic strengths.

Plutonium Particle Size Distributions. Pu particle size distributions
were determined for an aqueous system sorbing onto silica plates. The
initial Pu concentration was 1.5 X 107M, with a pH of 7.1 and ionic
strength of 0.03M. Three silica plates were immersed in the solution and
removed after sorption periods of 1, 5, and 17 days, respectively. When
each plate was removed, aliquots of the solution were taken. Pu particle

Table IV. Effect of Bicarbonate on the Sorption of Plutonium*®

Tonic Strength (w), HCO4~ Pu Surface Act., K,,
M Cone. dpm/em?, X 1073 cm

0.112 Atmospheric 6.0 1.17

0.112 10—:M 44 0.44

0.012 Atmospheric 1.5 0.08

0.012 10—:M 0.8 0.03

@ 13-Day sorption period; pH = 7.
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size distributions were determined for these solutions by the centrifuga-
tion technique previously described (1), and for the Pu sorbed on the
plates by autoradiography. The results of these Pu size distributions are
plotted in Figure 5. It is apparent that the distributions in solution and
on the plates are quite different.

Effect of Phosphate. The pH 7 buffer solution used to maintain the
pH of the Pu(IV) solutions contained KH.PO,. Because phosphate ions
are known to complex Pu(IV) (10), a study was conducted to determine
if adjustment of the phosphate concentration would alter the nature of
the colloidal species and thereby affect the sorption onto silica.

Varying amounts of KH.PO, were added to a fresh Pu(IV) solution,
and sorption was carried out with 4 grams of silica in the usual manner.
At the end of the sorption period, the Pu(IV) concentration on the silica
was determined. The same procedure was used for a Pu(IV) solution
which was aged for 17 days prior to the addition of the phosphate and
the beginning of sorption. The results of both experiments are shown in
Table V. The ionic strengths of the solutions varied as the phosphate
concentration was increased, as shown in the table.

When KH,PO, was added to a fresh Pu(IV) solution just prior to
sorption, the sorption increased as the KH.PO, concentration increased
up to 0.1M (Table V). At 0.5M KH.,PO,, there was a decrease in the
amount of Pu(IV) sorbed. According to Denotkina et al. (11), phos-
phate complexes should form in the order PuHPO,*, Pu(HPO;),, and

2,0,
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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) Aged Pu(IV)

Conc. of KH POy, Ionic Strength, Solution,® Solution,®
M/l n K,, Cm ks, Cm
0.001 0.1 0.1 0.5
0.01 0.2 0.3 1.2
0.1 0.8 1.3 3.6
0.5 3.6 0.7 3.9

¢ 14-Day sorption period.
b 18-Day sorption period.

Pu(HPO,)4* in 2M nitric acid. The formation of the phosphate complex,
in effect, increases the average negative charge of the ionic or colloidal
plutonium species. As in the case of the bicarbonate complex, this should
reduce sorption onto the negatively charged silica surface. However, as
is shown in Table V, the sorption increased. In another experiment in
which the phosphate concentration was varied between zero and 1.25 X
10-2M, there was no significant difference in the sorption constants.

In this study, the ionic strength of the solutions increased with the
phosphate concentration. Therefore, the increase in sorption that oc-
curred is likely caused by the increase in ionic strength. The formation
of the phosphate complex is not expected to take place readily at pH 7
owing to the lack of plutonium ions. When complexation does occur, it
is a function of phosphate ion concentration (11), and the reduced sorp-
tion in the fresh solution at 0.5M KH.PO; is probably an indication that
the formation of the complex was significant at that concentration.

The effect was essentially the same in the aged Pu(IV) solution.
There should have been a larger difference in the sorption of the 0.5M
and the 0.1M KH,PO, solution on the basis of the ionic strength effect.
The fact that there wasn’t leads to the conclusion that complexation did
take place. The amount of complex formation would be expected to be
less than in the fresh solution because of the removal of ionic species
by coagulation during the aging period.

In the majority of the sorption experiments reported herein, the con-
centration of the phosphate was 0.001M. It is not expected then that
the effect of the phosphate was significant in these studies.

Desorption of Plutonium from Silica. A study was made of the effect
of pH on the rate of desorption by first sorbing Pu onto silica at pH 7,
then desorbing into an “infinite” volume solution at pH’s 5, 7, and 9. The
“infinite” volume solution condition was approximated by removing the
supernatant liquid at each sampling time and replenishing with fresh
solution of the same pH. Thus, there was no significant buildup of the
Pu concentration in the solution. The results, plotted in Figure 6, indi-
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cate that there is a significant increase in the rate of desorption at pH 5,
compared with 7 and 9. It was previously observed that there can be
significantly lower sorption at pH 5.

A second study dealt with the difference in the rates of desorption
of Pu which was fresh and that which was aged when sorbed. Pu solu-
tions of different ages sorb onto silica at different rates, as indicated in
Figure 2. However, the rates of desorption of Pu which was fresh when
sorbed and that which was 34 days old were not very different, as shown
in Figure 7. The approximately exponential desorption curves may be
rather precisely represented as reflecting two simultaneous first order
desorption processes, probably indicating the presence of two different
desorbing species. The curves can be divided into two components by
extrapolating the nearly horizontal portions (which represent slow de-
sorption of a tightly-held species) back to ¢, and subtracting this quan-
tity so as to determine the rate of desorption of the 1st (or loosely-held)
species. The equation for the 1st component of the curves is then

Ay = Ao et (2)
and that of the 2nd component

Ay = Ao 7% 3)

JE3

pH 9
L 1

SORBED PLUTONIUM (dpm/g x 10-3)

5

15 1 1 1 1 1 Il 1
0 10 20 30 40 S0 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 0.0IM
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Figure 7. Rate of desorption of plutonium from silica into an
“infinite” solution at pH 7 and 0.0IM 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 Aoy and Acc.

where A;1) and A;(z) are the Pu activities on the silica surface (in dpm/
gram) at time ¢. A1) and Ay 2, are the activities on the silica surface at
to for species 1 and 2, respectively. 8, and 8, are the desorption rate con-
stants for the two species in hr'l. The equation for the general curve
is then

Ay = Ao et 4 Ago 7! “4)

The half-time (¢;,2) for the 1st species desorbing is between 6.5 and
7.5 hours. While it is not possible accurately to determine ¢/, for the
second species from the graph, it may be calculated from the relation for
a first order decay process

tie = 0.693/5, (5)

and is equal to approximately 350 days. For both the fresh and aged Pu,
the ratios of Aoz to the initial total sorbed Pu are 0.3 and 0.35, respec-
tively. Thus, approximately one-third of the sorbed Pu is strongly held
on the silica and desorbs at a very slow rate.

Discussion

In considering the sorption of plutonium onto a solid surface, such
as silica, in an aqueous solution, the mechanism of interaction is of par-
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ticular interest. In the system studied here, the interactions are complex
and include those of charged colloidal and larger size particles, low-
molecular-weight plutonium hydrolysis products, and ion exchange of
plutonium ions with negatively charged, heterogeneous silica surfaces.

The plutonium size distribution measurements made on aging solu-
tions in the absence of silica reported in the previous paper (1) indicate
that the plutonium hydrolysis products undergo slow coagulation as the
suspension ages. In a slowly coagulating suspension, there is a continuous
decrease in the fraction of primary particles, as well as changes in the
relative amounts of larger particles. This phenomenon adds considerable
complexity to the otherwise simple picture of a colloidal size particle
diffusing to a solid surface. The 12 or more days required for sorption
“equilibrium” to be reached, as shown in Figure 1, is in contrast to the
considerably shorter periods of the order of several minutes required
for ionic species to equilibrate with the surfaces of nonporous solids, as
well as a few hours at most for monodispersed colloids, such as 0.3-mu
particles sorbing on similar planar surfaces (12). This slow “equilibra-
tion” rate for the plutonium system results from the fact that particulate
species of varying size, as well as ionic and low-molecular-weight poly-
meric hydrolysis products, are diffusing to and sorbing on the surface.
At the same time, the size distribution of such species in the ambient
solution is changing. This is clearly shown in Figure 5, which indicates
that as sorption proceeds an increasing fraction of the remaining plu-
tonium species consists of smaller particles, while simultaneously increas-
ingly larger particles are sorbed on the silica surfaces. Similarly, the
effect of aging time prior to sorption, as shown in Figure 2, is indicative
of the same kinds of effects. Here the rate of sorption varied with the
age of the solution in a nonpredictable manner.

The sorption process and the attainment of apparent equilibrium
may be regarded then as involving essentially two kinds of sorbing spe-
cies. There are a very small number of ionic plutonium species, including
monomeric and low-molecular-weight polymeric hydrolysis products (1)
which sorb relatively quickly and perhaps are involved in a true equi-
librium, such as by ion exchange with silanol sites at the silica surface.
There is evidence of such sorption of various types of univalent and
multivalent cations on silica, and both chemisorption and physical ad-
sorption processes have been deduced (13, 14, 15). Filtration of the
desorbing plutonium with a 15—40-micron porous silica disc indicated
that the very first material to desorb was essentially small, unfilterable
Pu(IV).

A second type of sorbing species is that which is essentially colloidal
or even a somewhat larger size charged particle, whose sorption on the
silica surface may be considered primarily in terms of a charged particle
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interacting with an essentially planar charged surface. As these par-
ticulate plutonium species age and increase in size, their charge-to-mass
ratio may also decrease and thereby influence their sorption character-
istics (5).

In order for the various species to interact with the silica particle
surface, they must reach it by diffusion through the unstirred liquid film
at the surface. The rate of sorption then should involve and may be
controlled by mass transfer through the solution up to the surface (16).
According to Vold (17), the major forces between colloid particles and
a surface are long-range London-van der Waals forces of attraction and
electrical double-layer interactions, the latter being repulsive for like
sign and attractive for unlike sign. However, as Bierman (18) has dem-
onstrated, even if the colloidal particle and the sorbing surface have the
same charge, attraction can occur if the interacting substances are non-
identical. The more nonidentical, the greater will be the attractive force.

Kitchener and coworkers (12, 16) have shown that when colloidal
size particles with the same charge sign as that of the planar surface
diffuse to and sorb on the latter, the rate of uptake may be considerably
less than that predicted by simple Fickian diffusion across the unstirred
liquid film, principally because of the double layer repulsive forces, as
treated in the Derjagin-Landau—Verwey-Overbeek theory of colloid sta-
bility. It was found in some systems, particularly at high ionic strength,
that the sorption rate decreased with time, eventually becoming negligible.

In the plutonium-silica systems considered here, several sorption
mechanisms are plausible and may in fact occur simultaneously. There
is no doubt that the granular quartz silica has surface heterogeneities
which could result in “favorable” sorbing sites, eventually becoming sat-
urated as the plutonium ages and sorbs. At the same time, ionic and
smaller colloid species are decreasing in number. The desorption experi-
ments shown in Figure 7 which are indicative of two different types of
sorbed plutonium, loosely and tightly held species, are an additional
indication of different types of sorbing mechanisms.

This dual process for sorption of the colloidal species may reason-
ably account for the very slow attainment of what appears as equilibrium,
as well as the different isotherms attained for the fresh and aged sorbing
systems shown in Figure 3. In addition, ionic or charged low-molecular-
weight species may sorb and equilibrate quickly, also contributing to the
complexity of the system. The successful adherence of the fresh system
to a Langmuir plot, as shown in Figure 4, might then be fortuitous, or in
any event difficult to correlate with a theoretical model.

When the ionic strength of the plutonium solutions was increased by
the addition of sodium perchlorate, there was an increase in the degree
of aggregation and formation of large particles (1). At the same time it
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was found, as shown in Table I, that for both fresh and aged solutions
at pH 7, increasing the ionic strength over the range of 0.002 to 0.1M
greatly increased the sorption. Van Olphen (19) and others point out
that increased coagulation results from compression of the electrical
double-layer, which leads to a reduction in the range of the repulsive
forces between two approaching colloidal particles. The increased ag-
gregation which occurred when the ionic strength was increased should
then have caused a decrease in sorption, if the only effect was a reduction
in the number of small-size species, and these were the principal sorbing
ones. However, the increased ionic strength will similarly reduce the
range of the repulsive forces between the surface and sorbing particles.
Thus the potential energy curves for the interaction of both large and
small colloid species are probably affected, and both such species may
then have increased their sorption capabilities. A similar increase in
sorption with ionic strength was noted by Kitchener and coworkers for
relatively monodispersed sorbing colloids (12, 16), as well as by Egerov
et al. (20).

As shown in Table II, there was an increase in sorption with increas-
ing ionic strength at pH 7.1, the opposite being obtained at pH 5. Such
phenomena may be explained in terms of the types of sorbing species
postulated earlier. It has been shown (20, 21, 22) that the nature of the
sorption of radiocolloids from aqueous solutions differs from ionic sorp-
tion. For example, Schubert and Conn (23) found that the sorption of
colloidal zirconium and niobium on a cation exchanger increased with
increasing electrolyte concentration, while addition of electrolyte effec-
tively competed with and reduced sorption of the ionic species.

There are ion exchange sites on silica surfaces for which protons and
other cations compete on a stoichiometric basis (24). Thus at the lower
pH, increasing the ionic strength may have resulted in an increased com-
petition with sorbing ionic and other small charged species, thereby re-
ducing their sorption. At the same time, as shown by Tadros and Lyklema
(14), increasing the ionic strength with a uni-univalent electrolyte slightly
increases the negative surface charge of silica at pH 5. The simultaneous
reduction of the double-layer thickness would be expected to promote
sorption of the colloidal plutonium which, however, may make a smaller
contribution at pH 5 to the total sorption than that of the low-molecular-
weight hydrolysis products and ionic species. The net result would then
be the decrease in sorption that was obtained. At the higher pH of 7.1,
the increase in sorption as the ionic strength was raised may be regarded
as owing primarily to a reduction in double-layer repulsion between the
silica surfaces and sorbing colloid species, resulting in a change in the
plutonium size distribution, perhaps forming more readily sorbed species,
as well as increasing the ability of such species to sorb.
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It is also interesting to note from Table II that, at the lower ionic
strength of 0.004M, increasing the pH reduced the sorption. This gen-
eral effect was also obtained by Samartseva (25), although the ionic
strength was not stated. This was explained by him as arising from the
increased negative charge on the colloidal plutonium as the pH was
raised, resulting in increased repulsion by the negatively charged silica
surface. Davydov has shown that the point of zero charge of the colloid
at a total plutonium concentration of approximately 7 X 107M is in the
vicinity of pH 3 (26), the particles becoming increasingly negatively
charged as the pH is raised.

In contrast, at an ionic strength of 0.23M, Table II indicates that as
pH was raised, sorption increased. In this instance, it may be assumed
that this is caused primarily by a change in the sorption of the colloidal
species, since at this ionic strength ion exchange of both plutonium ions
and other small charged species on the silica surface is inhibited. Also
at the higher pH, their relative quantities in solution are reduced. At
this ionic strength, the plutonium colloidal species were generally larger
at pH 7 as compared with 5, probably with more sorbable species being
formed (4), thereby accounting for the increase in sorption.

The results of the studies on the effect of silica particle size on sorp-
tion indicate that, in the range of silica diameter of 1.4 X 107 to 3.9 X
102 cm, there is very little difference in the final amount of plutonium
sorbed, as shown in Table III, the total weight of silica being the same
for each size fraction. The only differences lie in the surface density of
the sorbed species and the rate at which the equilibrium was approached.
As the surface area decreased (i.e., as the silica size increased), there
was more plutonium deposited per unit area of surface. Also, the smaller
size particles with the higher surface areas sorbed the plutonium at a
faster rate. These results are difficult to interpret, except with the model
of a limited number of sorbable species, all of which are taken up even-
tually by the silica. They would not, however, be consistent with the
model of a limited number of sorbing sites.

The addition of 102M bicarbonate to the plutonium-silica system
resulted in a large decrease in sorption compared with that in a solution
in equilibrium with atmospheric carbon dioxide, as shown in Table IV,
the effect being essentially the same at two values of ionic strength. The
previous paper (1) showed that the addition of such bicarbonate had
some effect on plutonium particle size distributions, but to different ex-
tents at the two ionic strengths. Qualitatively, then, the effect of bicar-
bonate addition may have been through a complexing effect, both with
small plutonium species and those at the surface of the colloid, in both
cases resulting in additional negative charge, thereby decreasing sorption.
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As noted earlier, similar effects have been found for uranium and thorium
sorption (8, 9).

A comparison of the desorption rates at pH 7, shown in Figure 7 for
the plutonium sorbed from fresh and aged solutions, indicates that the
total desorption curve may be interpreted in terms of two different sorbed
species. This is expressed in Equations 2, 3, and 4 as two first order
processes. For both the fresh and aged systems, the relative quantities
of the A1) or loosely-held species were almost identical, as were their
desorption rate constants. It is likely that the Aoz, or tightly-held species
were colloidal in size, since irreversibility is a widely known character-
istic of colloid sorption. This was found to apply, for example, in the
case of the sorption of colloidal americium on quartz (27).

The increase in the rate, as well as the quantity of desorbing plu-
tonium at pH 5, compared with that at pH 7 and 9 as shown in Figure 6,
may be interpreted partially in terms of ionic and small charged pluto-
nium species. Thus, at the lower pH there is more effective competition
by protons for ion exchange sites on the silica surface, thereby increasing
the removal of the small ionic and other species. However, the larger or
colloidal species may be similarly affected, since their interaction with
the silica are also influenced by pH, as noted above.

Although the mechanism of the interaction of aqueous plutonium
with quartz silica has been the principal focus of this discussion, the im-
plications of these interactions for the behavior of such species in natural
water environments are also of interest. For example, ionic strength
exerts a major influence on sorption characteristics. Thus, suspended
quartz will sorb plutonium differently in fresh water and estuaries. Since
aging affects sorption, a neutralized fresh plutonium effluent immediately
released will sorb differently from one held for several days prior to dilu-
tion in a stream. Both sorption and desorption were shown to be greatly
influenced by pH, but with further differences as the ionic strength was
varied. Such variations occur in natural waters and would, therefore, be
expected to influence plutonium interactions with suspended and bottom
sediments. Since only some 60% of the plutonium at pH 7 was readily
desorbed, the remainder could represent a possible cumulative hazard
when sorbed onto bottom sediments in a stream. Lowering the pH in-
creased the rate and quantity of plutonium desorbed, and thus also is a
significant effect that could be encountered in environmental waters.
Finally, the decreased sorption with increased bicarbonate concentration
is possibly an important environmental effect because of its variable con-
centration in natural waters. All of these relationships are useful in
predicting the fate of plutonium accidentally released to natural waters.
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Solutions by Electron Spin Resonance
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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 Mn* in
a stream water with pH 8.5 suggests that while the Mn*
was in an equilibrium state with regard to the solubility
product of Mn(OH ), and MnCOs,, it was not in equilibrium
relative to the oxidation—reduction conditions of the envi-
ronment. Investigation of signal strength vs. Mn®* concen-
tration as a function of pH and O;, N, and CO; saturation
suggests that Mn(H,0)s* is the major species present over
the pH range 2-6.3. A mixed precipitate of Mn(I11) com-
pounds was obtained at pH’s above 8.0.

One of the common problems encountered in studies of aqueous geo-
chemistry and water pollution is proper identification of a particular
species of an element or compound that may be present in the system.
The use of electron spin resonance (ESR) spectroscopy to determine
the presence and concentration of equilibrium and/or nonequilibrium
metal species in natural water systems has not been adequately investi-
gated. Coincidentally, Mn?, one of the easiest elemental species to detect
by ESR, is also one of the dissolved species of considerable concern in
problems related to heavy metal pollution and aqueous geochemistry.
Furthermore, with proper design there exists the possibility of using
electron spin resonance as the basis of a remote monitoring system for the
detection of appropriate heavy metals in natural water systems.

A theoretical discussion of the chemical and physical principles in-
volved in electron spin resonance can be found in appropriate texts (1, 2)
and need not be repeated here.
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Procedure

A study of the response of ESR signal vs. concentration was made
by makin§ up a set of MnSO; solutions adjusted to a desired pH. Signal
response for Mn?* concentrations of 1071, 102, 10, 10, and 10 M were
studied at different pH values. All solutions were dilutions of 10 M
MnSO, using ion-free water. Adjustments of pH were made with NaOH
and HCI by calculating the amount of one or the other needed to obtain
a certain pH at a 100-ml volume, mixing that amount of acid or base
with the MnSOj, to be diluted, adjusting volume, and measuring the exact
pH obtained. The pH was checked by meter. Determinations of the in-
fluence of dissolved N;, O,, and CO, were made at pH levels of 2, 3, 5,
and 6.3 over the 107! to 10° M range. Each solution was purged first
for 20-30 minutes with N, to remove other dissolved gases. The N, sam-
ples then were used as controls. Subsequently, appropriate solutions
were saturated with O, and CO, and run as previously described. Ex-
periments also were run using 10 M Mn? in HCO;—CO;* buffered
solutions at pH values of about 8. Lower detection limits for Mn(II)
was about 10¢ M. Signal values of several individual samples of different
Mn?* concentrations were reproducible to within 5%.

50
Sea - HZO /
pH =8.0

Figure 1. ESR spectrum of Mn(I1) in artificial sea water
Results and Discussion

Using first derivative curves of signal as a function of field strength
at a frequency of 100 K Hertz, Mn? was positively identified in our
work by the *Mn?* nuclear moment. Identification of Mn?" in all cases
was made by the characteristic and well-known six-line band of Mn*
shown in Figure 1. To simplify the comparison of the six-line band, all
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Table I. Mn? Equilibrium Data

Equilibria log K Ref.
Mn(OH),(s) = Mn?*t + 20H- —12.96 €)
Mn?** 4+ H,0 = MnOH* + H* —10.59 3
MnCOj;(s) = Mn?* + CO,2~ —10.41 3
Mn?t + HCOs_ = MHHCO;"’ +1.95 (3)

curves obtained from the solutions were converted to one modulation
amplitude and signal level. A mean value was computed for each curve
by averaging the six-line amplitudes and plotting the resulting value.
A Varian V-4502 EPR spectrometer equipped with a field modulation
and control unit (V-4560), EPR control unit (V-4500-10A), X-band
microwave bridge (V-4500-41A), selector panel (V-4595), and an output
control unit (V-4270) was used in the study.

An extensive survey of the thermodynamic and kinetic properties of
manganese in natural aqueous systems has been presented by Morgan
(3). From a thermodynamic standpoint, Mn(II) is unstable with re-
spect to oxidation in natural waters. The kinetics of the oxidation reac-
tions are sufficiently slow so that Mn(II) can exist as a metastable species
in natural waters. The solubility of Mn(II) in most natural systems prob-
ably is limited by the solubility of MnCOj;. Soluble complexes such as
MnHCO;" make varying contributions to the total soluble Mn(II) species
in natural waters. Some of the equilibria which are relevant to this study
are listed in Table I

Figures 2-4 represent results of ESR signal vs. concentration of
Mn(II) for solutions of different pH values which have been saturated
with N,, CO,, or O, respectively. The slopes of all the curves are, as
noted, essentially the same within the 5% reproducibility limit. The
ordinate intercept values are very similar for all curves. This suggests
that the manganese species giving rise to the ESR signals in the three
sets of experiments are very similar in nature.

In the solutions saturated with N., the solubility of Mn(II) is gov-
erned by the solubility product of Mn(OH).. Mn(H,0)¢* is expected
to be the major species in solution over the pH range of 2 to 6.3 used in
this study. MnOH" is not expected to make an important contribution
to the Mn(II) species in solution until pH values of about 9 are reached
(Figure 5A). Over the Mn(II) concentration range used (107! to 107
M), it was difficult to maintain a constant pH without occurrence of pre-
cipitation above a pH of about 7 in the unbuffered solutions.

The true pH range for the solutions saturated with CO. probably
is near 2-4 rather than 2-6.3. This reflects the saturating of unbuffered
solutions of slight acidity. In these solutions, the solubility product of
MnCO; controls the over-all solubility of the Mn(II) species. At pH
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Figure 2. Signal vs. concentration curves for N,-saturated solu-
tions at different pH values

values of about 6, the MnHCO;" species begins to become relatively
important. However, under the experimental conditions of this study,
it is expected that Mn(H.O)¢* is the major species in solution in the
CO.-saturated solutions (Figure 5B).

The data from the O,-saturated series indicate that oxidation over
the pH range and Mn(II) concentration range is a slow process. At pH
values of 89 in HCO; — CO,?" buffered solutions, loss of ESR signal
plus formation of a precipitate is observed from aerated 10 M Mn(II)
samples.

Precipitation is complete at pH 10. An x-ray diffraction pattern of
the precipitate is shown in Figure 6. The peaks marked + were identi-



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch012

12. ANGINO ET AL. Manganese in Water Solutions 303

fied as those belonging to A-Mn;O;. Those unmarked could not be re-
lated in any way to any manganese compounds listed on the ASTM
reference cards. We feel they probably represent a poorly organized
hydrated manganese oxide compound of open structure. Some substan-
tiation for this view is indicated in Figure 7. This is a diffraction pattern
of the sample shown in Figure 6 after heating to 450°C for 6 hours. Note
that no peaks are evident below 30°29 and that a compound identified
only as Mn(III) oxide was present. The other peaks present but not
marked were assigned similarly to different manganese oxide compounds.
What was obtained appeared to be a mixture of Mn® compounds. No
signal for Mn*" compounds was noted.
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Figure 3. Signal vs. concentration curves for CO,-saturated solu-
tions at different pH values
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Figure 4. Signal vs. concentration curves for O,-saturated solutions
at different pH values

Our limited work on the Cl- effects yields a trend toward a decrease
of signal strength with saturated NaCl solutions of Mn?. This signal
decrease is probably caused by complexing with CI". Effect of ions such
as CI', SO,%, PO,*, etc., have been reported (4, 5) but were not investi-
gated in detail in this study.

While studying the chemical characteristics of a local drainage sys-
tem, samples were taken and analyzed by ESR. The Mn?* concentration
in the water system at pH 8.5 was estimated to be about 10¢ M from the
experimentally derived plot of Mn?* concentration vs. ESR signal. The
signal obtained is shown in Figure 8. Confirmation of the approximate
Mn?" concentration level was obtained by atomic absorption analysis of
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the same sample. The discrepancy between the two analyses was a factor
of 2 at the 10 M level. Other than the Mn?" presence, nothing about
the water analysis was unusual.

To find Mn?* present in water of such a pH and low dissolved ion
content was a bit unusual. The concentration of Mn?* in this and other
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Figure 5. Solubility of Mn(Il) in noncarbonate
(A) and carbonate containing (B) solutions. Modi-
fied after Morgan (3).
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Figure 6. X-ray diffraction pattern of A-Mn,O,

similar samples appears to be well within the solubility equilibrium
ranges for Mn(OH), and MnCO; in waters of the pH found and ex-
posed to a normal atmospheric partial pressure of CO,. However, Mn?
is not in equilibrium with the redox potential of the natural system.

Investigation of ESR signal vs. pH at a Mn? concentration of 10° M
shows a behavior more complex than that expected for the solubility
equilibria of Mn(OH).. The cause of the increased complexity of the
line spectra is not known at this time.

To test further for the common occurrence of Mn?' in natural waters
at pH levels above 7 and to eliminate especially the possibility of organic
complexing, a solution of artificial sea water (“Instant Ocean”) was made
up according to directions and an ESR determination run on the resulting
solution. The pattern obtained at a solution pH of 8.0 is shown in Fig-
ure 1. Clearly, the presence of Mn?* is indicated. Furthermore, the shape
of the curve is somewhat suggestive of the possible presence of Fe® in
the solution with the actual signal observed being two signals superim-
posed one on the other, as suggested by Heise (6). A similar signal was
obtained with some of the river samples examined.

In an attempt further to test the potential of the method, a leaching
of carbonate-rich marine sediments with 20% H,SO, gave a solution
which after filtering yielded the well-defined Mn?>* ESR spectrum. The
filtrant from the H.SO, was subjected to stirring with a 20% HCI solu-
tion. Again after filtering, the solution gave the characteristic Mn?" spec-
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trum. A third portion was stirred for several hours in artificial sea water
(Mn total = 2.3 ppm) with similar results. The presence of Mn? in
these leached solutions suggests the presence of Mn? adsorbed on the
carbonates from sea water or acid-soluble Mn?* minerals in the sediments.
However, the presence of finely divided MnO; cannot be eliminated
from consideration. We lean toward the adsorbed hypothesis.

As noted, we have previously demonstrated the presence of Mn?* in
other Kansas stream samples at pH 8-8.5. This leads us to believe that
the presence of the disequilibrium state of Mn?* in natural water is much
more common than presently suspected. The divalent manganese, as
ESR spectroscopy indicates, is of special interest because it is the most
chemically reactive form in natural water systems.

Investigation of what we believe to be weak signals of other appro-
priate transition metals either as free ions or complexes in polluted and
nonpolluted natural water systems is expected.

Summary

The possibility of using ESR spectroscopy to identify the presence
of Mn?" and selected transition metal ions (e.g., Cr, V, Mo, and Cu) as

80 70 60 50 40 30
8 T T T T T T T T T 1
7r * = Mn () Oxide
ok +=Y Mn203
>5r
‘8
®
£ 4t
~
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Figure 7. X-ray diffraction pattern of heated sample shown in Figure 6
indicating peaks of several Mn(I11) compounds
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50

Waste Water

Figure 8. Typical stream or

waste water, ESR pattern show-

ing presence of low levels of
Mn? at pH 8.5

free ions or complexes in natural water systems in equilibrium or non-
equilibrium situations deserves further study. ESR may also provide
qualitative information on the concentration levels of these same species
in water and in specific problems involving polluted water. Data from
controlled laboratory experiments are consistent with the known chem-
ical behavior of Mn(II) in aqueous solutions. There also exists the pos-
sibility of using ESR as basis of a remote monitoring system for the
detection of Mn and other appropriate heavy metals in natural water
systems.
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Kinetics of the Nonbiological
Decomposition and Racemization
of Amino Acids in Natural Waters

JEFFREY L. BADA'

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.

Most of the amino acids which occur in the proteins of organisms, and

also a few nonprotein amino acids, have been found dissolved in
natural waters (1, 2, 3, 4, 5, 6,7, 8,9). The concentrations range from
about 1 to 20 ng per liter. These dissolved amino acids differ from the
amino acids associated with the particulate organic matter in natural
waters in that they are free and not bound in a peptide or polymeric
linkage. Table I summarizes some of the amino acids and concentrations
which have been reported. Amino acids not included in the table but
which may be present in low concentrations in natural waters include

? Present address: Scripps Institution of Oceanography, University of California
at San Diego, La Jolla, Calif. 92037.
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Table I. Amino Acid Concentrations

Leu +

Location (Ref.) Ala® Asp Glu Gly Iso
Irish Sea (2)
surface water 6 6 2 4 2
54° 00'N
3° 200W
Pacific Ocean (4)
32°32' N
120° 30'W
depth =200m 3 2 1 12 <1
depth =1000m 5 <1 2 10 3
depth=3120m 6 7 1 17 3
York River
estuary, is0=0.6
Virginia (5) 1.5 1.9 1.0 16.9 leu=0.6
Petroleum Brine
Waters (3)
Uinta Basin,
Utah 9 8 1 12 7
Geological age of
formation, tertiary
Black Sea (9)
surface 4.5 3.0 Tr. 7.8 Tr.
150 meters 2.4 Tr. - 7.8 Tr.

¢ Abbrevations used: Ala=a-alanine; As][: = asi)artic acid; Glu=glutamic_acid;
Gly =glycine; Leu=leucine; Iso=isoleucine; Lys=lysine; Met=methionine; Phe=
pllllenylalanine; Ser =serine; Thr=threonine; Tyr=tyrosine; Val=valine; Orn=orni-
thine.

histidine, proline, and g-alanine. Great care must be used in the isolation
of amino acids from natural waters to avoid contamination since several
of the reagents used in the isolation procedure contain minute amounts
of amino acids (10, 11, 12). The use of distilled and freshly prepared
reagents substantially reduces these amounts. Analytical blanks should
always be reported along with the amino acid analyses. Unfortunately,
this is not usually the case, and as a result most of the present available
data should be considered as only preliminary.

One of the sources of the amino acids dissolved in natural waters is
probably the excreta of living organisms (13, 14, 15, 16, 17); a sizeable
fraction likely comes from the decomposition of the proteins of dead
organisms. Rain (12) and the discharge from rivers (7) probably are
contributing sources in oceans and lakes. In recent times, the effluent
from sewage treatment plants (18) has become an increasingly significant
source in coastal and inland waters. In oceans and lakes, the amino acids
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Found in Various Natural Waters (ug/liter)

Lys Met  Phe Ser Thr  Tyr Val Orn  Total

4 4 6 4 2 - 4 - 44
<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

- - 4 15 7 - 2 8 ~72
Tr. - Tr. 8.8 2.4 Tr. Tr. - 36.9
- - Tr. Tr. - - Tr. - 15.2

are likely introduced into the water-mass in the largest quantities in
surface and shore waters. The rate at which they are mixed into the
water column depends on the mixing time of the particular water-mass,
which is on the order of 500 to 1000 years for oceanic water-masses, but
is substantially shorter in lakes. In the sea, dissolved amino acids are
more or less uniformly distributed in the water column below a depth
of a few hundred meters (4, 6). This homegeneous distribution of
amino acids in the sea is similar to the total dissolved organic matter
which also has a relatively uniform concentration in the oceanic water
column below 300 meters (19, 20, 21, 22), a situation which has been
said to imply that the dissolved organic matter in the deep sea is stable
with respect to chemical and microbial degradation (23, 24, 25). Accord-
ing to Menzel and Ryther, the entire process of synthesis and decomposi-
tion of the dissolved organic matter may take place only within the upper
200300 meters of the sea (22).
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Table II. Approximate Half-Lives (Hours) for the Oxidative
Deamination of Several Amino Acids in the
Presence of Copper Ions®
Amino acid = 10—*M; CuSOs = 10—*M
Temperature = 100°C

pH 9.6 pH 4.0

Glycine 5.6 11.2
Alanine 5.6 16.8
Glutamic acid 3.7 11.2
Phenylalanine 5.6 16.8
Tryptophan 6.8 11.2
Histidine 1.3 5.6
Threonine 3.7 74

¢ Taken from M. Ikawa and E. E. Snell (28).

The amino acids dissolved in natural waters can undergo a variety
of nonbiological reactions. To determine whether these reactions would
be important in natural waters, the kinetics of the reactions must be
considered. In this paper, the kinetics of several important amino acid
reactions are discussed, and these kinetics in turn are used to estimate
the importance of the various reactions in natural waters.

Decomposition Reactions

Oxidation. The oxidation of amino acids is probably the principal
nonbiological decomposition reaction under aerobic conditions. Except
for some preliminary studies, however, there have been few investigations
of this reaction. The reaction is likely an oxidative deamination, produc-
ing ammonia and the o-keto acid of the corresponding amino acid. The
a-keto acid may decarboxylate to give an aldehyde. The over-all reaction
sequence can be written as

o}
Il
RCHCOO- + 1/2 0, - RCCOO- + NH,+ (1)
+NH,
4) 0 0)
I -CO, || H,0 || 2

RCCOO-—— RC_. = RCH + OH-

Oxidative deamination is the major reaction which takes place during the
photolysis of aqueous solutions of amino acids under aerobic conditions
(26).
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Conway and Libby (27) estimated a half-life of 10° years for the
oxidation rate of alanine at 0°C. This slow oxidation rate indicates that
even over periods of hundreds of thousands of years dissolved amino
acids would undergo only small amounts of nonbiological oxidation.
However, metal ions appear to catalyze the oxidation of amino acids (28,
29). The apparent function of the metal ions in the reaction is to chelate
the amino acid (29). Ikawa and Snell (28) investigated the oxidative
deamination of several amino acids in the presence of Cu® ions at 100°C
and pH 9.6 and 4.0. Some of the results are shown in Table II. The rates
are very nearly the same for all of the amino acids studied with the
exception of histidine. At pH 9.6, each of the various amino acids would
be completly chelated by Cu*. At pH 4.0, however, the amino acids are
not completely chelated, and as a result the oxidation rates are slower.
A value of 0.01 yr! at 0°C can be calculated for the oxidation rate
(koxia) of alanine completely chelated by Cu®* by assuming an Arrhenius
activation energy of 25 kcal/mole and extrapolating the pH 9.6 data
shown in Table II. In the presence of pyridoxal and metal ions (28, 30),
amino acids are rapidly oxidized; pyridoxal has not been isolated, how-
ever, from any natural waters so this reaction is probably not significant.

It is difficult to estimate what the rate of the metal ion catalyzed
oxidative deamination reaction of amino acids would be in natural waters.
Hamilton and Revesz (30) found that the rate of oxidation of alanine
in the presence of pyridoxal and manganese ions was inhibited by EDTA.
Since metal ions in natural waters can be complexed by a variety of
organic and inorganic compounds, their effectiveness in catalyzing the
oxidative deamination of amino acids may be reduced. Also, the fraction
of dissolved amino acids which would be complexed by metal ions at the
pH and metal ion and amino acid concentrations found in natural waters
must be considered. At neutral pH, where the amino group of the amino
acid is protonated, the fraction of the amino acid that would be in the
form of the metal ion complex depends upon the equilibrium constant
for the formation of the complex and the pK of the amino proton of the
amino acid. The reactions for the formation of the Cu?-alanine com-
plexes can be written as

Cu** + (CH;CHCOO™) 2 Cu?* (CH;CHCOO™) + H+ 3
+NH; Il\IHz
Cu* (CH;CHCOO-) + CH;CHCOO- & Cu* (CH;CHCOO-), + H*
II\IHo +NH; NH,

(4)

The equilibrium constants for Equations 3 and 4 as a function of pH can
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be written as K;K,/(H*) and K:K,/(H"), respectively, where K, is the
stability constant for mono-alanine complex, K, the stability constant for
the di-alanine complex, and K, the equilibrium constant for the ionization
of the amino proton of alanine; at 0°C (31, 32) K:K, = 2.6 X 10 and
K:K, = 6.9 X 10 The equilibrium constants for the reactions of other
amino acids with Cu?* have similar values. In the ocean, Cu = 2 X 10"M
(33, 34), alanine — 7 X 108M (2, 35), and the pH of deep water is
about 7.7 (36). Assuming all the copper is in the form of Cu®* and sub-
stituting the above concentrations into the equilibrium expressions for
Equations 3 and 4 gives an estimate of about 17% for the amount of
alanine that would be in the form of the Cu*" complexes in the deep
ocean. Probably not all the dissolved copper is in the form of Cu®*, and
also a sizeable fraction of the Cu?* is likely complexed by carbonate ion.
Therefore, the actual amount of alanine chelated by Cu? is probably less
than the estimated 17%. For other metal ions present in the sea and other
natural waters, the equilibrium constants for reactions similar to the ones
given above for Cu?* are several orders of magnitude smaller than those
of Cu®. Although the Mg* concentration in sea water is ~ 10° times
larger than that of Cu?, the equilibrium constants for the formation of
the Mg®-amino acid complexes are on the order of 10°-10" smaller
than those for the formation of the Cu?-amino acid complexes. The
17% estimate for the fraction of alanine complexed by Cu* therefore
represents a maximum value. The fraction of amino acids complexed by
other metal ions would be much less than 17%, possibly by several orders
of magnitude.

The rate constant for the metal ion catalyzed oxidative deamination
of an amino acid when only a fraction of the amino acid is chelated is
given by

koxia = koxia (amino acid 1009, chelated) - (fraction of amino acid chelate&d;

5
Substituting into Equation 5 the value for the ko4 of completely chelated
alanine estimated previously and 0.17 for the fraction of chelated alanine
gives

koxia = (0.01yr)(0.17) = 2 X 10-3yr!

for the maximum rate of oxidation of alanine in the deep ocean. This
rate corresponds to a half-life of ~ 350 years. Since the oxidation rates
are about equal for most chelated amino acids (see Table II) the rates of
oxidation of other amino acids in the deep ocean are probably close to
the value of 2 X 1073 yr! estimated for alanine. These calculations indi-
cate that amino acids would be stable with respect to nonbiological
oxidation for periods of several hundred years. As stated earlier, the
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amino acids are homogeneously distributed in the oceanic water column
below 200-300 meters. This situation suggests that the residence time
of amino acids in the deep ocean must be less than one or two thousand
years. With longer residence times, significant amounts of oxidation
would take place, and the concentration of amino acids in the deep ocean
would become much lower than that of near surface waters, which ac-
cording to the present available data is not the case. In natural waters
where amino acids have very short residence times, only very small and
insignificant amounts of nonbiological oxidation would take place.

Deamination. Aspartic acid and asparagine undergo a slow, reversi-
ble deamination reaction. The aspartic acid deamination reaction, which
produces fumaric acid and ammonia, can be written as

—OOCCHz(IJHCOO— 2 ~00CCH=CHCOO- + NH,* (6)
+NH;

The kinetics of this reaction have been investigated in detail between
pH —1 and 13 over the temperature range 60° to 135°C (37, 38). Only
deamination of aspartic acid was observed; there was less than 0.2%
decarboxylation to a- or B-alanine. Thus, the g-alanine reported in sea
water and marine sediments (4) could not have arisen from the nonbio-
logical decarboxylation of aspartic acid. The estimated half-lives (39)
for the aspartic acid deamination reaction at pH 7 are 28 X 10° years at
0° and 96,000 years at 25°C; for pH values greater than 10, the values
are 330,000 years at 0° and 4100 years at 25°C. The rate of deamination
of asparagine (38) is 100 to 200 times faster than the aspartic acid
deamination rate. Fumaric acid has been found in several natural waters
(40, 41) but it is unlikely that it could have arisen from the deamination
of aspartic acid because the rates of the reaction are so slow. Its likely
source is from organisms. Fumaramic acid, the deamination product of
asparagine, has not been reported in any natural waters. Since this com-
pound is not known to be metabolized or synthesized by organisms, any
fumaramic acid eventually found in natural waters would have come
from the deamination of asparagine. The half-life for the asparagine
deamination at neutral pH and 0°C is of the order of 100,000 years. In
natural waters where the residence time of asparagine might be sub-
stantial, small amounts of fumaramic acid could be produced from the
asparagine deamination. However, these small quantities would be ex-
tremely difficult to detect by the present analytical methods.

Although the aspartic acid deamination reaction is slow and unim-
portant in present-day natural water systems, the reaction has geochemi-
cal implications, since it has been used to estimate the minimum NH,’
concentration in the oceans of the primitive earth (39). The argument is
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basically as follows. The kinetics and equilibrium of reactions involving
the compounds presumably needed for life to arise should be able to fix
the optimum concentrations of molecules present in the atmosphere and
oceans of the primitive earth. A relevant reaction of this type is the
reversible deamination of aspartic acid (Equation 6) since this reaction
involves ammonia, a molecule generally held to have been present on
the primitive earth (42). The heterotrophic hypothesis of the origin of
life assumes that the basic constituents of the first living organism were
available in large quantities in the primitive oceans. Aspartic acid is
assumed to be one of these constituents. The equilibrium constant for
the aspartic acid deamination reaction can be written as

(aspartate)

Although the concentration of aspartic acid in the primitive ocean cannot
be estimated, it is assumed that the ratio of aspartic and fumaric acids
did not fall substantially below 1.0. On the basis of these assumptions,
it can be said that the minimum concentration of NH,* in the primitive
ocean is given by the aspartic acid equilibrium constant (43). At 0°
and 25°C, the estimates are 1.0 X 103M and 2.7 X 1073M, respectively.
The rates of the aspartic acid deamination reactions are fast enough that
equilibrium would be attained in the time available, which is less than
10° years, but probably several hundred million years, since the earth
was formed 4.5 X 10° years ago, and the earliest evidence for life is in
rocks 3.5 X 10° years old (44). From these estimated minimum NH,
concentrations in the primitive oceans, the minimum pressure of ammonia
and hydrogen in the atmosphere can be calculated. The estimated values
at 0°C are pNH; = 2.9 X 10 atm and pH, = 3.5 X 10® atm. A maxi-
mum NH;' concentration of 0.01M can be estimated from the ion ex-
change of NH,* and K’ on clay minerals (39). These calculations repre-
sent the first attempt to calculate the possible composition of the
atmosphere and oceans of the primitive earth. Since we have no geologi-
cal record of the first billion years of the earth’s history, the use of the
kinetics and equilibria of reactions involving important prebiological
organic compounds could prove to be a powerful method of describing
the chemical environment of the primitive earth.

Decarboxylation. Most of the amino acids commonly found in pro-
teins decompose by a slow, irreversible decarboxylation. The kinetics of
decarboxylation of several amino acids have been studied by Abelson
(45, 46), Conway and Libby (27), and Vallentyne (47, 48). The decar-
boxylation rates were determined by heating unbuffered aqueous solu-
tions of the amino acids at elevated temperatures (between 100° and
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280°C). Table III gives the half-lives for several amino acids at 0°
and 25°C estimated from Arrhenius plots of the high-temperature data.
The decomposition of serine is complex: in addition to decarboxylation,
some deamination takes place (47). The half-lives for alanine and serine
seem to be the maximum and minimum values, respectively, since other
amino acids which decarboxylate have intermediate half-lives. Glutamic
acid, instead of decarboxylating directly, first undergoes a reversible
dehydration to form pyroglutamic acid. Pyroglutamic acid irreversibly
decarboxylates giving pyrrolidone. At neutral pH and 0°C, the half-life
for the over-all reaction is on the order of a million years (49).

The rates of the various decarboxylation reactions are so slow in the
temperature range of 0° to 25°C that the reactions must be considered
insignificant in all present-day natural waters.

Table III. Half-Lives (Years) for the Decarboxylation
of Several Amino Acids*

0°C 25°C
Alanine 101 101 (101w)®
Phenylalanine 5 X 108 4 X 10¢
Serine 2 X 108 17,000

¢ Taken from J. R. Vallentyne (47).
b Value from measurements of D. Conway and W. F. Libby (27).

Racemization

With the exception of glycine, the amino acids commonly found in
proteins are asymetric at the a-carbon. The amino acids can therefore
have two optical isomers, which are designated as the p and L enanti-
omers. Isoleucine and threonine, which are also asymetric at the g-carbon,
have four different optical isomers. In living organisms, only L-amino
acids are usually found.

Amino acids are racemized by concentrated acid (50, 51, 52) and
base (52, 53, 54) at elevated temperatures, and some preliminary experi-
ments have shown that at 116° aspartic acid is racemized slowly at neutral
pH values (38, 55). Also, the amino acids in fossil shells are partially
racemized, with the amounts of racemization increasing with the age of
the shell (56, 57, 58); racemization is essentially complete in shells of
Miocene age. Since the kinetics of racemization of amino acids have not
been investigated in detail at any pH, I have recently carried out a
detailed study of the kinetics of racemization of aspartic acid between
pH 0 and 13 and also the kinetics of racemization of phenylalanine, ala-
nine, and isoleucine at pH 7.6. The results of these investigations are
reported herein.
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Kinetics of Racemization of Amino Acids. Phosphate was used to
buffer solutions of the L-amino acids at pH 7.6. Solutions of L-aspartic
acid were buffered at the various pH values by either hydrochloric acid,
oxalate, succinate, phosphate, borate, or NaOH. The pH values of the
buffered solutions at the elevated temperatures were estimated as de-
scribed previously (38). Sodium chloride was added to the solutions to
adjust the final ionic strength to 0.5. The solutions were degassed and
sealed under vacuum in borosilicate glass ampules. The ampules were
sterilized immediately after being sealed by heating at 100°C for 15
to 20 minutes. The rates of racemization were determined from measure-
ments of the rate of change of optical rotation () of the solutions. The
measurements were made on a Perkin-Elmer 141 polarimeter at 365 nm.
With the exception of the aspartic acid solutions at pH values less than 2
and the phenylalanine solutions, all samples were diluted in 1M HCI
before measuring the rotation.

The racemization reaction for most amino acids can be written as

k
L-amino acid 2 D-amino acid (8)

where k is the first order rate constant for interconversion of the
enantiomers. The first order rate constant for racemization equals 2 k. At
equilibrium, the concentration of L-amino acid = concentration of p-amino
acid. The expression for the rate of disappearance of the L-amino acid
from the buffered solutions is

—d(L-amino acid)
dt

The various decomposition reactions outlined in the preceeding section
would remove amino acid from the buffered solutions, and if these reac-
tions were significant compared with the k values, Equation 9 would have
to be modified. Since the racemization was studied under anaerobic con-
ditions, the decarboxylation and deamination reactions are the only im-
portant amino acid decomposition reactions. With the exception of the
deamination of aspartic acid, the decomposition rates of the other amino
acids studied were negligible compared with the racemization rate of the
amino acid. Integration of Equation 9 yields

= k (L-amino acid) — & (D-amino acid) 9)

(L-amino acid), 1 _ .
In {2 (L-amino acid): — (L-amino acid)o | 2kt 1o

where (L-amino acid), and (L-amino acid), are the rL-amino acid con-
centrations at time zero and time ¢, respectively. Equation 10, rewritten
in terms of the optical rotation of the solution, is
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In {%’} =2kt (10a)

t

For the aspartic acid racemization reaction, Equation 9 must be
modified to

—d(L-asp)

1 = k(L-asp) — k(D-asp) + Kkdeam(L—asp) (11)

where kgeam is the rate constant for the deamination of aspartic acid.
This equation assumes that the amount of decomposition of the p-aspartic
acid is negligible. This assumption is valid since the solutions initially
contained only r-aspartic acid, and the racemization reaction was not
studied for times greater than one half-life. Integration of Equation 11
yields

(L-asp)o _ Ao _ .
In {2 (L-asp): — (L—asp)o} = In x (2k + Kgeam) - £ (12)

The racemization kinetics of isoleucine are slightly complicated by
the fact that this amino acid is asymetric at both the a- and g-carbons.
The racemization reaction for isoleucine can be written as

L-isoleucine ? D-alloisoleucine (13)
At equilibrium, the concentration of alloisoleucine does not equal that
of isoleucine (58). The rate expression for Equation 13 is similar to that
given in Equation 9 except k (p-amino acid) is replaced by k’ (p-allo-
isoleucine). Since the solutions initially contained only L-isoleucine,
when the amount of racemization is small, the term k’ (p-alloisoleu-
cine) can be neglected in the rate expression and in this case the inte-
grated rate equation is

(L-isoleucine), 2a
o N - == =k 14
In {(L—isoleucine), In ar + o ot (1)

For the isoleucine investigations, the heating times were chosen such that
only small amounts of racemization occurred. The rates of racemization
of isoleucine were therefore calculated from Equation 14.

The rate of racemization of aspartic acid as a function of pH at
117.2°C is shown in Figure 1. The rates were calculated from Equation
12. The rates of deamination of aspartic acid at each pH value were
calculated from the data given by Bada and Miller (38). The results in
Figure 1 are the average values for samples heated for at least two



Published on June 1, 1971 on http://pubs.acs.org | doi: 10.1021/ba-1971-0106.ch013

320 NONEQUILIBRIUM SYSTEMS IN NATURAL WATERS

T T T T T T T T T T T T T T T

LOG 2kroc (sec™)
<.
™
|
\.
\

Figure 1. Log 2k for aspartic acid as a function of pH
at 117.2°C

different lengths of time. The uncertainty of the measurements is about
*=3%. Figure 1 indicates that the rate of racemization of aspartic acid
is independent of pH between 10 and 13, and is approximately first order
in H* concentration at pH values less than 0. The maximum rate of
racemization of aspartic acid is at pH 3. The racemization kinetics of
other amino acids have a similar pH dependence except there is no maxi-
mum at pH 3; the rate of racemization of valine is independent of pH
between pH 3 and 8. Aspartic acid has a maximum at pH 3 because it is
a dicarboxylic amino acid. The interpretation of the kinetics and the
mechanism of the racemization reaction of amino acids will be discussed
elsewhere. An Arrhenius plot of the rate constants determined at pH 7.6
for aspartic acid, phenylalanine, alanine, and isoleucine is shown in
Figure 2. The values of E, (kcal mole), the Arrhenius activation energy,
calculated for the racemization of phenylalanine, aspartic acid, alanine,
and isoleucine at pH 7.6 are 28.6, 31.1, 31.0, and 31.5, respectively. The
data in Figure 2 were fitted by the method of least squares to give the
following equations for the interconversion rates of the various amino
acids at pH 7.6:

isoleucine log k& (yr—!) = 17.98 — 6853/T (15)
alanine log k (yr-') = 18.11 — 6750/T (16)
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aspartic acid log k (yr—!) = 18.73 — 6780/T a7
phenylalanine log k¥ (yr—!) = 17.05 — 6208/T (18)

The half-lives (i.e., when p-amino acid — 25%, L-amino acid = 75% )
for the racemization reaction can be calculated by substituting (L-amino
acid)p = 1 and (L-amino acid); = 0.75 into Equation 10. The resulting
relationship is

bty = 22— (19)

The estimated half-lives at pH 7.6 at 0° and 25°C are given in Table IV.

Metal Ion Catalyzed Racemization of Amino Acids. In dilute alkali,
metal ions like Cu®>* and AI* catalyze the racemization of amino acids
(59, 60, 61, 62, 63). The metal ions chelate the amino acid, and in this
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Figure 2. Log 2k vs. 1/T (°K) for several amino acids
atph 7.6
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Table IV. Half-Lives (Years) for Racemization of Amino Acids
at pH 7.6 and Ionic Strength of 0.5

0°C 25°C
Phenylalanine 160,000 2030
Aspartic acid 420,000 3460
Alanine 1.1 X 108 11,000
Isoleucine® 44 X 108 34,700

¢ 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 reactivity of the a-proton of the amino acid is greatly in-
creased (59, 63). The kinetics of racemization of valine and alanine in
the complex ions Co(ethylenediamine );amino acid®* have been investi-
gated by Buckingham, Marzilli, and Sargeson (59). The rate of racemi-
zation of these chelated amino acids is first order in OH" concentration.
At an ionic strength of 0.5, k = 2 X 102M! sec at 34.3° C, and E, —
17.1 kcal mole™ for the racemization of chelated alanine. Extrapolating
these data to pH 7.6 and 0°C gives k = 7 X 10 yr* for the racemiza-
tion of alanine in the complex Co(ethylenediamine), alanine®. This k
value is ~ 3000 times that of nonchelated alanine at pH 7.6 and 0°C.
In an earlier discussion of the metal ion catalyzed oxidation of amino
acids, it was estimated that only about 17% of the alanine dissolved in
natural waters would be chelated by Cu?". This indicates that the value
of k for the metal ion catalyzed racemization of alanine in natural waters
at pH 7.6 and 0°C should be on the order of 1 X 10" yr.

It is difficult to determine whether the complex ions studied by
Buckingham and coworkers would be good models of the amino acid-
metal ion complexes which may be present in natural waters. It is appar-
ent from their data, however, that the chelation of amino acids by metal
ions greatly accelerates the rate of racemization of the amino acid. A
study of the rate of racemization of amino acids at the metal ion and
amino acid concentrations and ionic strengths usually found in natural
waters would provide better estimates of the rate of the metal ion cata-
lyzed racemization of amino acids in natural waters. A detailed investi-
gation of these kinetics is in progress in this laboratory.

Racemization of Amino Acids in Natural Waters. Since the amino
acids dissolved in natural water are of biological origin, they should be
largely of the L-configuration. However, during the residence time of
amino acids in natural waters, a small amount of racemization may take
place.

The residence time of amino acids dissolved in natural waters is
likely governed by the rate at which the amino acids are removed by
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organisms. Dissolved amino acids can be utilized by a variety of organ-
isms, including invertebrates (64, 65, 66), planktonic algae (17, 67, 68,
69, 70), and bacteria (71, 72, 73, 74, 75). Of these various organisms,
the heterotrophic bacteria probably consume the largest quantity of
amino acids. In studies with glucose and acetate, Wright and Hobbie
(76) found that in Lake Erken, Sweden, the rate of algal uptake was
always less than 10% of that of the bacteria. Similar results might be
expected for the uptake of amino acids since in growth studies of marine
planktonic algae, amino acids in general have been found to be poor
sources of nitrogen (67, 69, 70). There have been few investigations of
the rate of microbial utilization of amino acids in natural waters. From
studies of the net zooplankton excretion rates, Webb and Johannes (17)
calculated a turnover time (time required to release or remove an
amount of dissolved amino acids equivalent to that in solution) of 30
days for amino acids in the surface waters of the oceans. In the York
River estuary, Hobbie and coworkers (5) measured the turnover times
of several amino acids and obtained values which ranged from a few
hours for methionine to four days for arginine. Both of these rate esti-
mates were determined in regions where there is a very high density of
microorganisms. In the deep sea where the density of microorganisms is
very low, the turnover rates would be expected to be very much longer.
Williams (77) has recently observed that while small but detectable
amounts of uptake of dissolved amino acids occurred at depths of 400
and 600 meters in the western Mediterranean Sea, no uptake was ob-
served at 2000 meters. Also, Jannasch (78) has found that marine bac-
teria at very low population densities are probably not capable of utiliz-
ing the dissolved organic matter in the sea, and in experiments with sea
water samples taken from various depths, Skerman (74) found essentially
no amino acid-requiring bacteria in deep water samples, while in surface
waters, a high percentage of the bacteria required amino acids. These
studies suggest that in the sea the rate of microbial removal of amino
acids is substantial only in the upper few hundred meters and in shallow
bays and estuaries. Once the amino acids are circulated out of these
areas, they may be fairly stable with respect to microbial breakdown
until they are recycled. In shallow lakes where the amino acids (1) and
the bacteria (79, 80) are fairly uniformly distributed in the water column,
the turnover rate of amino acids is probably fast at all depths.

The “age” of the dissolved organic carbon in the deep ocean sup-
ports the concept that below a depth of a few hundred meters the
rate of microbial consumption of dissolved organic compounds is very
slow. Based on the oxygen consumption rate in deep waters, Postma (81)
has calculated a minimum age of 500 years for the dissolved organic
matter in the deep sea, while Williams and coworkers (82) have recently
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determined an age of 3400 years from C!* measurements. If the dissolved
amino acids in the deep ocean have an age near that of the total dissolved
organic matter, they should be slightly racemized. Based on the k
values at pH 7.6 and 4°C, the amounts of racemization that would be
observed for amino acids of various ages are shown in Table V; also
included in Table V are calculated amounts of racemization for alanine
partly chelated by Cu?. Since microorganisms can probably also utilize
p-amino acids (83, 84). once the amino acids in the deep ocean are
recycled into the upper few hundred meters of the sea, both the p- and
L-amino acids are likely rapidly consumed by organisms. The process of
racemization of amino acids in the sea is shown in Figure 3.

This discussion suggests that the racemization of amino acids might
be used to calculate amino acid residence times in the sea. Assuming
that only L-amino acids are initially introduced into the oceans and that
when these rL-amino acids are mixed into deep waters racemization
occurs, the observed amount of racemization during a residence time is
given by

In {(D—amino acid) + (L—-amino acid)}
(L~amino acid) — (D-amino acid)
t = (20)
2k
where the parentheses refer to the observed concentrations of the p and L
enantiomers of a particular amino acid and k is the first order rate
constant for interconversion of the enantiomers of the amino acid in the
ocean. This equation assumes that p-amino acids are introduced into the
sea only from the racemization of L-amino acids. There may be other
contributing sources. p-amino acids have been found in insects and worms
(85), in the proteins of some bacteria (86), and possibly in algae (87).
Rain (12) has been suggested as a possible source, but this seems unlikely.
The discharge from rivers may be a contributing source. These other

Table V. Percent of D-Enantiomer® of Several Amino Acids Which
Would Be Produced During Various Residence Times

500 Years 3400 Years

Aspartic acid 0.099%, 0.6%,
Phenylalanine 0.29, 1.49,

Alanine 0.03 (~5%)* 0.029, (~25%,)
Isoleucine* 0.0099%, 0.06%

D-amino acid %
- - - - 100.
D-amino acid + L-amino acid x

b Amount of D-alanine based on the estimated value of ¥ = 10~* yr~! for the
metal ion catalyzed racemization of alanine at pH 7.6 and 0°C.

¢ Calculated as % alloisoleucine % % 100
alloisoleucine + isoleucine

e Calculated as ;
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rapid consumption of both D-and L-amino
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-—
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of microbial utilization of amino acids

sea_floor

P ST O %% %%

Figure 3. Racemization of amino acids in deep ocean

sources would introduce the p-amino acids mainly into surface waters.
To correct for this addition, Equation 20 would be rewritten as

(D-amino acid) + (L-amino acid)
(L~amino acid) — (L-amino acid) deep water

n (D-amino acid) + (L-amino acid)
(D—amino acid) — (D-amino acid)surface

2k (21)

In order to calculate amino acid residence times from Equation 21, the
ratio of the p to L enantiomers of the various amino acids are required
as a function of depth in the oceanic water column. Unfortunately, there
have been no investigations of the amino acid enantiomers dissolved in
any natural waters. The analyses are difficult because most p- and L-
amino acids are not separable by the usual amino acid analytical tech-
niques. One exception is isoleucine, which forms alloisoleucine when it
racemizes (Equation 13). Isoleucine and alloisoleucine are separable on
the buffered columns of the automatic amino acid analyzer (88). How-
ever, as can be seen from Table V, only very small amounts of alloiso-
leucine would be produced from the racemization of isoleucine, unless
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the racemization reaction is catalyzed by metal ions. The enantiomers of
other amino acids can also be determined on the automatic amino acid
analyzer by making diasterisomeric dipeptides obtained by derivitization
with an r-amino acid N-carboxyanhydride (50). Gas chromatography
can also be used to separate the p- and L-amino acids (89, 90).

Recently, I have been doing some preliminary investigations of the
alloisoleucine/isoleucine ratio in a sample taken from a depth of 2500
meters in the Atlantic Ocean. After isolating the amino acids by a pro-
cedure similar to that used by Chau and Riley (2), the sample was
analyzed for the presence of alloisoleucine on the Beckman-Spinco auto-
matic amino acid analyzer. The results indicate that a small amount of
alloisoleucine appears to be present in the sample. It is impossible to
make any conclusions from this one experiment, however, since the analy-
sis of a blank which had been carried through the same isolation steps as
the sea water sample contained a significant amount of isoleucine. Also,
several dipeptides appear at about the same location as does alloisoleucine
on the chromatogram from the automatic amino acid analyzer. Many
samples from the world’s oceans will have to be analyzed before it can
be determined whether the racemization of amino acids can be used to
calculate amino acid residence times in the sea.

Although only small amounts of racemization of the dissolved amino
acids may take place in the open ocean, relatively large amounts may
occur in certain natural water masses. For example, it would be inter-
esting to look for p-amino acids in the hot brine pools which have been
found in the Red Sea (91). Temperatures of 50°C and higher have been
recorded in these areas. If there are dissolved amino acids in these
waters, they would be racemized rapidly (for phenylalanine at pH 7.6
and 50°C, k = 0.7% vyr'). Even if the residence times of the amino
acids in the hot brine pools are only a few years, significant amounts of
racemization would take place. With long residence times in the hot
brine pools, only racemic amino acids would be observed. Another area
of interest would be the Black Sea, where organic molecules may have
long residence times, and as a result, the dissolved amino acids would
be expected to be appreciably racemized. Indeed, in any natural water
system characterized by slow mixing rates and/or relatively high tem-
peratures, the dissolved amino acids should be significantly racemized.

Racemization might also be used to estimate the age of amino acids
found in ground waters. Degens et al. (3) claim that the amino acids
isolated from various petroleum brine waters are of the same age as that
of the formation in which they are found. The formations which were
investigated ranged in age from a million to a few hundred million years.
If the amino acids found in the brine waters are the same age as the
formations, they would be expected to be completely racemized. On the
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other hand, if the amino acids were the result of recent bacterial con-
tamination, only L-amino acids would be found. The ratio of p- to L-
amino acids in the brine waters was not investigated by Degens and
coworkers. Also, in the carbonate aquifer described by Back and Han-
shaw (92) where the ground waters have ages of tens of thousands of
years and a temperature of 25°C, the amount of racemization would
appear to be an excellent indicator of the age of any dissolved amino
acids which may be present.

The slow racemization of amino acids can take place not only in
the water column but also in the bottom sediments, and this racemization
has important geochemical implications. Most of the amino acids com-
monly found in the proteins of organisms have been found in small
quantities in marine sediments (9, 35, 93, 94). The concentrations near
the sediment-sea water interface are on the order of 0.1 to 2 mg per
gram of dry sediment. The concentration decreases with increasing depth
into the sedimentary column.

Recently, it has been shown that with increasing depth into the
sedimentary column, an increasing amount of racemization of isoleucine
is observed (95). The core which was studied was taken from the
Atlantis fracture zone, about 30 nautical miles west of the crest of the
Mid-Atlantic ridge. The sedimentation rate in this general area is on
the order of 4-5 mm per 1000 years. As mentioned earlier, when isoleu-
cine is racemized, alloisoleucine is formed, and these two amino acids
are separable on the automatic amino acid analyzer. The amino acids
were isolated from various sections in the core, and the ratio of alloiso-
leucine to isoleucine has been determined as a function of depth below
the sediment-sea water interface. At 145-155 cm below the sediment—
sea water interface, alloisoleucine/isoleucine = 0.055 while at 445-455
cm, the ratio was 0.154. The racemization of isoleucine in the sedi-
mentary column was used to calculate a sedimentation rate of 4.2 mm/
1000 yrs and an age of 1.23 million years for the bottom of the core. This
estimated sedimentation rate is in close agreement with values deter-
mined in the general vicinity by both paleomagnetic and radioactive
nuclide decay techniques. Although the racemization of other amino
acids were not investigated, as can be seen in Table IV, phenylalanine,
aspartic acid, and alanine would be expected to be racemized much more
rapidly than isoleucine in the sedimentary column.

These results suggest that the slow racemization of amino acids in
the sedimentary column can be used to estimate the sedimentation rate,
and in turn the age, of both marine and fresh water sediments. In sedi-
ments from areas in the deep ocean where sedimentation rates are very
slow (i.e., a few mm per 1000 years), the amount of racemization of
isoleucine would be the easiest to determine since the investigations can
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be carried out on the automatic amino acid analyzer. In coastal areas
and in lakes with sedimentation rates on the order of 1-10 cm every
1000 years, the amount of racemization of other amino acids like aspartic
acid and phenylalanine would have to be determined in order to observe
significant amounts of racemization in a core of reasonable length. In
lakes with fast sedimentation rates (i.e., 1 cm every few years) only
small amounts of racemization of aspartic acid and phenylalanine would
be observed even with long cores unless the bottom water temperature
averaged above 15°C.

Summary

The rates of several nonbiological reactions involving the amino acids
have been evaluated and these rates used to estimate the importance of
the various reactions in natural waters. The fastest reaction under aerobic
conditions is a metal ion catalyzed oxidation. In the sea, this reaction has
an estimated half-life of ~ 350 years. Under anaerobic conditions, the
decomposition rates are very slow, and as a result there would be little
nonbiological decomposition of the amino acids dissolved in anoxic natu-
ral waters even over periods of hundreds of thousands of years. The
decomposition kinetics of the various amino acids indicate that if dis-
solved amino acids are not consumed by organisms, they would remain
in natural waters for periods of thousands of years or longer. Of the
various amino acid reactions which may take place in natural waters, the
racemization reaction is of particular interest. Small amounts of p-amino
acids may be produced in natural water from the slow racemization of
the L-amino acids arising from organisms. By measuring the ratio of the
D to L enantiomers of a particular amino acid and knowing the rate of
interconversion of the enantiomers of the amino acid, it is possible to
estimate an age of the amino acids dissolved in natural waters. Also, the
racemization of amino acids in the sedimentary column can be used to
estimate sedimentation rates and the ages of sediments.

The amino acids make up only a small fraction of the organic matter
dissolved in natural waters. By studying the kinetics of reactions involv-
ing other dissolved organic constituents, the rate of the nonbiological
decomposition and alteration of the dissolved organic matter in natural
waters can be determined. These rates would be useful in estimating
how long organic molecules would persist in the aquatic environment if
they are not degraded by organisms.
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