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FOREWORD 

In mid-FY 1980, activities at Pacific Northwest Laboratory in 
geochemical modeling related to nuclear-waste isolation became the 
responsibility of the Waste/Rock Interactions Technology Program (WRIT). 
This action was taken to bring the experimentalists deriving solubility 
and nuclide adsorption data and the geochemical modelers in closer 
association to facilitate a comprehensive and integrated product. Prior 
efforts in geochemical modeling were within the Assessment of Effectiveness 
of Geologic Isolation Syst~lS (AEGIS) Program. The main thrust of AEGIS 
has traditionally been computer modeling of ground-water hydrology, 
respository breach scenario identification and consequence analysis (see 
Geochemical Modeling of the Nuclear-Waste Repository System, Deutsch 
1980, for past AEGIS efforts on geochemical modeling). 

The initial step for the incorporation of geochemical modeling into 
WRIT is this comprehensive and widesweeping review of the extant geo
chemical models. Geochemical modeling relevant to specific interests 
and needs outside those of nuclear-waste isolation was included to 
provide a wider base of knowledge and a more general perspective. In 
this way, the review can provide a platform upon which to recommend new 
modeling activities. 

Foreword written by Jeffrey Serne, WRIT Program Manager. 
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SUMMARY 

Geochemical models are integrative tools which have evolved rapidly 
during the last decade. They permit the generation of useful information 
from numerous data concerning the interaction between water and earth 

materials. Two general families of geochemical models presently exist. 
The ion speciation-solubility group of geochemical models contain 
submodels to first calculate a distribution of aqueous species and to 
secondly test the hypothesis that the water is near equilibrium with 
particular solid phases. These models mayor may not calculate the 
adsorption of dissolved constituents and simulate the dissolution and 
precipitation (mass transfer) of solid phases. Another family of 

geochemical models, the reaction path models, simulates the stepwise 
precipitation of solid phases as a result of reacting specified amounts 
of water and rock. Reaction path models first perform an aqueous 
speciation of the dissolved constituents of the water, test solubility 
hypotheses, then perform the reaction path model ing. 

The different families of geochemical models and the model series 
within these families each have their advantages. No single model has 
yet evolved which combines a set of intrinsic properties and peripheral 
features such that it could be recommended as Iithe ll preferred geochemical 
model. Some of the models can be characterized as having data bases 
that are higher quality, more extensive, and more thoroughly documented 
than those of other models. A few models contain adsorption and/or mass 
transfer capabil ities, and some are competent to model aqueous systems 
at elevated temperatures. The mass transfer models attempt to simulate 
the precipitation and dissolution of solid phases as a result of water 
of specified composition reacting with a given mineral, mineral assemblage, 
or rock of specific chemical composition under equilibrium conditions. 

( Geochemical models are extremely useful in identifying the geo-

-. chemical processes regulating the concentration of dissolved constituents. 
Additionally, they have great potential for quantifying the effects of 
temperature, ion speciation, sorption, and solubility on the concentrations 
of dissolved constituents. These properties in turn greatly influence 
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the mobility of dissolved constituents in the geo- and bio-spheres. 
Geochemical models can also be utilized in a sensitivity analysis mode 
to assist in assigning priorities among competing research needs and 
among additional chemical characterizations of water from field and 
laboratory studies. To facilitate such applications of geochemical 
models, various attributes, constraints, and limitations of several 
geochemical models are discussed. 

Certain improvements in the present versions of these models would 
enhance their value and usefulness to applications in nuclear-waste 
isolation and other energy-related technologies. Mass-transfer calcu
lations of limited extent are certainly within the capabilities of 
state-of-the-art models. However, the reaction path models require an 
expansion of their thermodynamic data bases and systematic validation 
before they are generally accepted. In addition to the conventional 
constraint of equilibrium conditions, a much needed improvement for mass 
transfer calculations is the capability to apply kinetic control to the 
processes of mineral precipitation and dissolution. Several potential 
applications of geochemical models require that their competence be 
increased to deal with: 1) elevated temperatures between 0 and 350°C; 
2) activity calculations for saline waters; and 3) solid solution of 
minor constituents with major constituents in various solid phases. 
Moreover, sorption calculations need to be interactive with the ion 
speciation submodel to maximize the value of both submode1s and the 
applicability of the results to real world situations. A major increase 
in the applicability of geochemical models will also result from the 
addition of thermochemical data for additional elements, including the 
actinides, and solid phases, including metastable and amorphic com
pounds. However, the addition of each element and related group of 
aqueous complexes and solids to a model requires validation via the 
modeling of a variety of analyses of natural waters as well as the 
modeling of prior solubility studies. These validation procedures 
indicate if particular deficiencies exist in these data and ensure the 
adequacy of these additional thermodynamic data. 
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INTRODUCTION 

A geochemical model is a theoretical construct used to predict 
certain properties of water containing dissolved electrolytes (Nordstrom, 
Plummer et ale 1979). It can help identify geochemical processes that 
regulate the concentration of dissolved constituents and may help quantify 
the effects of temperature, speciation, sorption and solubility on the 
concentrations of dissolved constituents. An understanding of these 
phenomena, when applied to issues of nuclear-waste disposal, can aid in 
the evaluation and the analysis of geochemical effects on a breached 
repository. Thus, it is a significant tool capable of intergrating a 
large amount of analytical data. A geochemical model can also assist in 
assigning priorities to the various research efforts required to license 
a repository by identifying those phenomena that present the major 
potential environmental hazards. 

In general, geochemical models are of either two types: 1) the 
speciation-solubility models, or 2) reaction path models. A speciation 
submodel computes the activities of the uncomplexed, metal-solute species 
generally thought to possess primary biological potency (Jenne and Luoma 
1977), although other cationic complexes may also possess biological 
potency (Magnuson, Harriss, Sun, Taylor, and Glass 1979). The solubility 
submodel tests the hypothesis that certain of the dissolved constituents 
in the water at its in situ temperature are in equilibrium with particular 
solid phases. Models testing this hypothesis, called speciation-solubility 
models, compute an estimate of the closeness to equilibrium of dissolved 
constituents and solid phases. Some of the speciation-solubility models 
also have submodels which compute mass transfer. 

Speciation-solubility models with a mass transfer submodel solves 
directly for the final equilibrium state from the initial, specified 
conditions; i.e., the mass is transferred from an initial state to a 
final equilibrium state. The mass transfer is generally computed for a 
specified set of solid phases known from mineralogical observations to 
be those that dissolve and/or precipitate in a given environment. 
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Reaction path models attempt to predict the resulting composition 
of a system when a quantity of water of given chemical composition 
reacts with a given quantity of a particular mineral or mineral assemblage. 

A reaction path model solves for the final equilibrium state by 
working through the entire reaction process in iterative steps. Reaction 
path models use all solids in their data base whose free energies of 
reaction favor their dissolution or precipitation under equilibrium 
conditions. 

This review discusses the basic concepts of extant geochemical 
models, describes major families of each type of models, and presents 
some information on applications of these models. The limitations and 
deficiencies of these geochemical models are also assessed. Conclusions 
and recommendations are made concerning further develo~lent of geochemical 
models. 
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MODEL DEVELOPMENT 

To predict the distribution of dissolved constituents in water, 
aqueous speciation models may be constructed using: 1) Bjerrum ion
association theory; 2) Fuoss ion-association theory; or 3) Reilly, Wood 
and Robinson mixed electrolyte theory. Most computerized, speciation 
submodels use ion-association theory to calculate ion activity coeffi
cients, which relate the thermodynamic activity of a species to its 
mass. Methods which utilize the equilibrium constant or the minimiza
tion of the Gibbs free energy, both being thermodynamically interrelated, 
are then used to determine the distribution of the aqueous species. 
Both approaches are subject to the constraints of mass balance and 
chemical equilibrium. Basically, the mass balance constraint requires 
that the sum of the uncomplexed element and its derived complexes 
equals the initial concentration of the element. The equilibrium 
constraint requires that the most stable (minimum Gibbs free energy) 
state be computed via the equilibrium constants for all mass action 
expressions or via Gibbs free energy values for all components and 
derived species. In some models, an additional constraint of charge 
balance is used in lieu of the mass balance of oxygen and hydrogen. 

Both thermodynamic approaches state the problem numerically as one 
of finding a solution to a set of nonlinear equations. These mathe~ 
matical techniques have already been reviewed by Wolery (1978) and 
Nordstrom, Plummer et ale (1979), and discussed by Zeleznik and Gordon 
(1968) and von Zeggeren and Storey (1970). Possible nonunique solutions 
to the computational problem have been presented by Othmer (1976) and 
Caram and Schriven (1976). Other reviews include that of Perrin (1977) 
on the applications of computers to analytical chemistry and of Leggett 
(1977) on machine computational efficiency. 

All geochemical models minimally contain speciation and solubility 
submodels. The solubility submodel computes the ratio of the activity 
products, calculated in the speciation submodel, to the solubility of 
various solid phases. This ratio, the disequilibrium index, is an 
estimation of the closeness of each activity product to the solubility 
of the appropriate solid phase at equilibrium. 
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One necessary consideration when using the solubility submodel is 
to determine whether the solid phase in question is controlling the 
concentration of one or more dissolved constituents. Depending on the 
adequacy of the data base, the submodel could indicate that the con
centration of the dissolved constituents of interest could be limited or 
controlled by some other solid phase. In applying these models one must 
be aware that a limited supply rate of the constituent of interest could 
coincidentally produce a concentration similar to that resulting from 
equilibrium with the solid phase in question if too few samples are 
modeled. On the other hand, sampling and analytical errors can lead to 
the erroneous conclusion that the solid phase is not in equilibrium with 
the water, particularly when too few samples are modeled. Therefore, a 
number of aqueous samples are needed to permit objective conclusions as 
to the viability of the solubility limitation or control of a dissolved 
constituent by some solid phase. It follows that an affirmative answer 
from the solubility submodel is only permissive. 

The speciation-solubility models describe an aqueous system under 
specified conditions. However, predicting the results of changes in 
solution composition or associated solid assemblage and their masses 
would sometimes be useful. This simulation is possible with the REDEQL 
and the MIX-PHREEQE families of geochemical models. The development and 
use of these geochemical models with mass transfer capability are 
limited by: 1) the nonequilibrium state of many natural mineral assem
blages; 2) the lack of knowledge of reaction kinetics; 3) the difficulty 
of quantifying the mineralogy of solid phases involved in the modeling 
(particularly the amorphic compounds and highly substituted minerals); 
4) the lack of thermodynamic data for many minerals of interest; and 5) 
the lack of knowledge of physical parameters for waters such as redox 
potentials and partial pressures of gases (such as CO2, particularly in 
deep aquifers). 

The following sections describe briefly models that represent the 

various classes of geochemical models. The REDEQL and WATEQ families of 
speciation-solubility models are discussed in some detail in that they 
are the most widely used families of this class. The MIX-PHREEQE 
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family includes speciation-solubility submodels with an emphasis on mass 
transfer capability. EQ3/6 is also discussed as a leading reaction path 
model. 

SPECIATION-SOLUBILITY MODELS 

Speciation-solubility models largely derive from the classical 
paper of Garrels and Thompson (1962) on speciation of major ions in sea 
water. Garrels and Thompson based their model on Bjerrum's ion-association 
theory. Their model included four cations (Na, K, Ca, and Mg) and three 
anions (S04' HC03, and C03). They noted that these constituents, plus 
Cl, account for more than 99 percent of the dissolved solids in sea 
water. The Cl-complexes of the four cations were weak relative to those 
of the other three anions and were therefore omitted. Their computations 
indicated the following amounts of cations, as percentages of the total 
concentration, were present in the free state, Na = 99, K = 99, Ca = 91, 
and Mg = 87 percent. Their calculated values for uncomplexed Na and K 
were confirmed by measurements with ion specific electrodes. Adams 
(1971), in a manner analogous to that of Garrels and Thompson (1962), 
demonstrated the computation of the activities of solute species and the 
general significance of ion pairing in soil solutions. Oster and McNeal 
(1971) validated such an ion speciation model for soil solutions. They 
noted that, if one also accounts for the precipitation of gypsum and 
calcite as well as Ca-Na exchange, the change in composition of soil 
solutions could be predicted as the moisture content decreased. 

The equilibrium geochemical model WATCHEM, written by Ivan Barnes 
of the U.S. Geological Survey, was the first computerized, general 
purpose speciation-solubility model. It was used by Barnes and Clarke 
(1969) to address corrosion problems of well casings. This model 
spawned the WATEQ series of models (Truesdell and Jones 1973, 1974; 
Plummer, Jones and Truesdell 1976; Ball, Jenne and Nordstrom 1979; Ball, 
Nordstrom and Jenne 1980; Ball, Jenne and Cantrell 1981) as well as 
WATSPEC (Wigley 1977), a mini version of WATEQ, and SOLMNEQ (Kharaka and 
Barnes 1973). The WATEQ model was constructed by Truesdell and Jones in 
the late 1960's, but was not published until 1973. Another major series 
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of speciation-solubility models, known as REDEQL (Morel and Morgan 1972; 
McDuff and Morel 1973; Morel, McDuff and Morgan 1973a, 1973b; Harriss, 
Magnuson, Taylor and Sun 1978; Vuceta and Morgan 1978; Ingle, Schudlt 
and Schults 1978) also served as the parent for the models MINEQL 
(Westall, Zachary and Morel 1976) and GEOCHEM (Mattigod and Sposito 
1979; Sposito and Mattigod 1979). In view of their widespread use, the 
families of REDEQL and WATEQ models are discussed in more detail although 
other ion speciation and speciation-plus-solubility models are presented. 

REDEQL Model Series 

The REDEQL model was initially oriented towards sanitary (environ
mental) engineering and towards instruction in laboratory research. The 
initial version (Morel and Morgan 1972) was followed a year later by 
REDEQL2 (McDuff and Morel 1973). This second version required less 
computer memory and had the capability to handle mixed metal and mixed 
ligand solids, e.g., (Ca,Mg)2C03 and Al(OH)(S04). Important attributes 
of the model are: 

• mass transfer computations 

• addition and/or modification of reactions by simply modifying 
the input card deck to include the reaction equation 

• recomputation of speciation and solubility for a water analysis 
at preset changes in some parameter, such as a series of pH 
values 

• adsorption treatment via James-Healy double layer model 

• requirements of the computer code with respect to dynamic core 
memory are minimal by virtue of the mode of data input 

• organic ligands with low molecular weights are included in 
data base for use in a sensitivity-analysis mode. 

However, four principal criticisms of the REDEQL2 model are: 

• lack of quality of the thermodynamic data base 

• absence of data for many metastable, solid phases which are 
geochemically important, e.g., amorphic aluminosilicate 
compounds 
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• lack of temperature correction for temperatures other than 

25°C 

• absence of corrections for ionic strength. 

To permit the application of REDEQL2 to sea water, Jackson and 
~10rgan (1978) used the Davies equation to correct activity coefficients 
for increased ionic strength. However, it is not clear if the model was 
modified or if the activity coefficients were calculated external to 
the model. Additional upgrading of the REDEQL2 model has been under
taken at Stanford University, at the Environmental Protection Agency 
Laboratory at Corvallis, Oregon and at the University of Minnesota at 
Duluth with support from the Cincinnati Office of the Environmental 
Protection Agency. At Stanford University, uranium solutes and solids 
(Tripathi 1979), as well as the "Swiss" surface complex adsorption 
submodel (Davis and Leckie 1979), were added to the model. REDEQL2.EPA 
(Corvallis, Oregon) provides the capability of t~lperature compensation 
and contains some revisions of the thermodynamic data base (Ingle, 
Schuldt and Schults 1978). Investigators at the University of Minnesota 
at Duluth made a major effort to revise the thermodynamic data base of 
the REDEQL2 model (Harriss, Magnuson, Taylor and Sun 1978). 

GEOCHH1, probably the most noteworthy version of the REDEQL series, 
was specifically modified for applications to soils (Mattigod and Sposito 
1979). These investigators made extensive changes in the thermodynamic 
data base by adding " ___ a few hundred additional sol ub1 e compl exes and 
solids---." By referencing previously published works, they suggest the 
competency of the model to estimate single ion activity coefficients for 
ionic strengths up to 3 molal. They have also introduced a new approach 
to the orqanic ligand problem and added a submodel for mass-action ion
exchanqe. 

The problem of organic ligands was addressed in the course of 
studies of the effects of sewage-sludge additions to soils (Mattigod and 

Sposito 1979). Detailed potentiometric titrations of the extracted soil 
solutions were completed, and then matched to the acid titration curve 

by using the appropriate amounts of up to six organic ligands which were 
present in the model and used to. cover a range of association constants. 
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GEOCHEM treats adsorption via either James-Healy double layer 
theory or mass action. Sposito, Page, Mattigod, Frink, Toben and Norris 
(1979) suggest that the latter may be more useful for largely reversible 
exchanges (macro concentrations) of ions. On the other hand, the fornler 
method may be applicable when small concentrations of ions interact at 
constant-potential solid surfaces with a significant component of 
irreversibility. The required input for the James-Healy adsorption 
submode1 includes the number of adsorbing surface sites, the pH of the 
zero point of charge, dielectric constant, area of each adsorbing sur
face, and the contribution to the Gibbs free energy of adsorption from 
noncou1ombic interactions. The authors of GEOCHEM state that the mass
action exchange submode1 "---app1ies only to monovalent and bivalent 
cations interacting with a montmorillonite surface. 1I The thermodynamic 
data base for the mass-action exchange submode1 is for the Camp Bertem 
montmorillonite, which has minimal substitution in the tetrahedral 
layer, and for the Chambers montmorillonite, which has substitution in 
both the tetrahedral and octahedral layers. The mass-action exchange 
submodel has three assumptions: 

1) lithe standard free energy of the reactions 
HX(S, aq) = H+(aq) + X1(S, aq), and 
NaX(S, aq) = Na+(aq) + X- 1(S, aq) 

is zero, where (S, aq) denotes a homoionic montmorillonite or 
its anionic part in equilibrium with an aqueous electrolyte 
solution and X refers to one equivalent of the anionic part of 
the montmorillonite ll (Sposito, Page, Mattigod, Frink, Toben 
and Norris 1979). 

2) liThe standard free energy of formation of Na-montmori11onite 
may be calculated by a correlation technique of r·1attigod and 
Sposito (1979).\1 

3) liThe activity coefficients of MXm (M denotes the metal cation 
of valence m) in a mixture of homoionic montmorillonites are 
always unity. II 

These investigators note that the reactions in above item 1 are 
equivalent to the assumption that H- and Na-montmoril1onites will be 
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completely dissociated in equilibrium with an infinitely dilute solu
tion. They also pOint out that these reactions are analogous to dis
solution reactions and therefore the equilibrium constants are analogous 
to solubility product constants. 

The GEOCHEM model still has certain limitations of the original 
REDEQL model series. It is limited to the reference temperature of 25°C 
unless a user compiles and substitutes a new set of thermodynamic data 
valid for some other temperature. The model is also constrained to a 
set of 36 "metal Sll and 66 111 igands, II 20 mixed metal and/or mixed 1 igand 
solids, and about 2000 solid phases. Each valence state of a metal and 
of a "1 igand ll (i .e., NH4, N03) counts respectively as a separate metal 
and a separate "ligand. 1I As in REDEQL2; 1) electroneutra1ity is not 
used as a constraint; 2) the user must specify which solids may form in 
the precipitation mode (Sposito, Page and Frink 1980); and 3) the 
partial pressure of CO2 must be specified in the "closed system" mode. 
Convergence is an occasional problem with the GEOCHEM model. For 
example, Sposito, Page and Frink (1980) note that in simulating the 
reaction of rainfall with soil minerals, they had to utilize acetate to 
model the complexation by organic carbon because the use of citrate led 
to convergence problems. It was also observed that low input concen
trations sometimes produced difficulties with convergence (Sposito, 
Page, Mattigod, Frink, Toben, and Norris 1979). 

The MINEQL model (Westall, Zachary and Morel 1976) is another model 
in the REDEQL series which differs from REDEQL2 in four regards. t~INEQL 

does not consider mixed metal or mixed ligand solids, does not treat 
adsorption and, most importantly, employs a charge balance equation 
rather than a fixed pH constraint. The charge balance is an internal 
constraint and, if analytical cation and anion inputs are not balanced, 
the model seeks a set of speciation values that minimizes deviation from 
charge balance. The mass balance and charge balance equations are both 
solved by a multidimensional Newton-Raphson routine. Bassett (1979) has 

generated a personal version of MINEQL which contains a number of 
organic ligands. 
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WATEQ Model Series 

Truesdell and Jones (1973, 1974) constructed WATEQ speciation
solubility model while involved in studies of the geochemistry and 
mineralogy of saline lakes, as well as other natural water bodies. 
Thus, the thermodynamic data base of its solubility submodel contains 
data for a comprehensive group of saline minerals, along with other 
naturally occurring minerals. SOLMNEQ (Kharaka and Barnes 1973) was 
constructed from the earlier WATCHEM model (Barnes and Clarke 1969) as 
well as a prepublication version of WATEQ model. It is unique in that 
the model incorporates a pressure dependence in the 10glOK~ values. The 
WATEQF model is a rewritten version of WATEQ, originally in PL/l, to the 
FORTRAN computer language and includes the addition of thermodynamic 
data for Mn solutes and solids (Plummer, Jones and Truesdell 1976). 
WATEQF also contains updated thermodynamic data, modified means of 
handling carbonate equilibria, and a change which allows for a back 
substitution method for convergence on anion mass balance, which decreases 
the number of required iterations. 

These improvements were similarly incorporated into WATEQ2 by Ball, 
Jenne and Nordstrom (1979) who retained, however, the PL/l computer 
language for the code. The latter authors also added the trace elements 
Ag, As, Cd, Cs, Cu, Ni, Pb, Rb, Zn, complexes of Br and I, as well as 
polysulfides of Ag, Cu and Zn. (Thermodynamic data were not found for 
the polysulfides of other metals.) The WATEQ2 model can accept input 
concentrations for two valence states for As and Fe, and three valence 
states for both Nand S .. WATEQ3 (Ball, Jenne and Cantrell 1981) 
accepts two valence states for U. The model performs valence speciation 
for all elements whose valence speciation is not provided as input, 
providing it is given an input redox potential or analytical values for 
Fe+2 and Fe+3 concentrations. It will use a computed redox potential 
only from the Fe+2/Fe+3 couple to calculate the speciation of other 
elements. 

The WATEQ2 geochemical model generally requires only two iterations 
for convergence of the speciation submodel. Moreover, WATEQ2 is the 
only model which accepts error estimates for the analyzed chemical 
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constituents and for a selected group of solids computes a propagated, 
standard deviation appropriate to the stoichiometry of the solid phase. 
The model also carries and prints out the standard deviations for a 

limited number of 10glOK~ values, which are generally the more recent 
data additions for which the original investigator provided error terms. 
An unusual feature of the WATEQ2 model is that it carries a number of 

alternative 10qlOK~ values which are designated as "max imum ll 10glOK~ 

or "minimumll loglOK~ values. If the thermodynamic data are uncertain, 
this feature permits ready evaluation of a possibile alternative thermo
chemical value which is a better estimate of the solubility of some 
sol id phase than the IIbestll sel ected val ue. 

The l~ATEQ2 geochemical model contains one sol id phase whose stoi
chiometry is permitted to vary with the composition of the water. This 
amorphic aluminosilicate~ allophane, has an Al :Si ratio that varies with 
the pH of the water (Paces 1973a, b). The model also contains a number 
of metastable phases, such as two amorphic silica oxides, two allophane 
phases, melantherite, etc. 

Regarding the competency of this model to handle elevated temperatures, 
WATEQ2 uses the Van't Hoff equation or, where available, analytical 
expressions for dependence of 10glOK~ as a function of temperature. 
Hence, the reliability of this model can be expected to decrease pro
gressively at temperatures above 100°C. In contrast, SOLMNEQ (Kharaka 
and Barnes 1973) contains a table of equilibrium constants calculated at 
temperature increments between 0 to 350°C and interpolates between these 
increments for the actual value used in the modeling. 

A number of IIpersonal ized ll versions of the \~ATEQ model series are 
in use. Post-publication versions of SOLMNEQ, for example, include some 
organic acid ligands and ion-exchange equilibria. Boulegue and Michard 
(1979) added to a personal version of the WATEQF, the metal polysulfides 
for which association constants were available (Ag, Cu and Zn). 
polysulfides are the same species included in the WATEQ2 model. 

These 
Donald 

Runnells and his students at the University of Colorado have added to 
their version of WATEQF, which is called WATEQFC (Runnells, Lindberg, 
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Lueck and ~~arkos 1980; Runnells and Lindberg 1981), thermodynamic data 
for Mo, Se, Ra and Th as well as a chromatographic-plate adsorption 
submode1. 

Other Speciation and Solubility Models 

Some speciation models are specifically oriented to laboratory and 
theoretical studies. They are principally designed to compute specia
tion as a function of pH and concentration, and frequently only for the 
element of interest and one or two ligands. Early speciation models 
include the HALTAFALL model of Si11en and his colleagues (Ingri, Kako1owiez, 
Si11en and Warnquist 1967; Dyrssen, Jagner and Wenge1in 1968), the 
EQBRAT model (Detar 1969), and the COMICS model (Perrin 1965; Perrin and 
Sayce 1967) which has gone through several modifications (Leggett 1977) 
including the recent version known as SIAS (Fardy and Sylva 1978). 
EQUIL (Fritz 1975) is a more recent, general purpose speciation-solubility 
model that uses a combination of matrix and iterative approaches to 
solve the set of mass balance equations. Other infrequently referenced 
models include SEAWAT (Lafon 1969), MIRE (Holdren 1977), IONPAIR and NO
PAIR (Thrailkill 1970) and KATKHE (Van Breeman 1973). Finally, the 
SYSTAB model (MacCarthy and Smith 1979) should also be mentioned because 
it was developed to calculate formation constants of metal-organic 
compl exes. 

A special variety of speciation-solubility models have evolved for 
the marine environment using, for the most part, "conditional" stabil ity 
constants (Kester, Bryne and Liang 1975; Bryne and Kester 1976). 
"Conditional" stability constants utilize concentrations rather than 
activity units, except for H, and hence OH, which are commonly but not 

always in activity units. Therefore, these conditional stability con
stant models do not incorporate adjustments for single ion activity 
coefficients to other ionic strengths. These models thus cannot be used 
at salinities significantly less than that of sea water which restricts 
the extention of these models to water in estuarine or fresh water 
envi ronments. 

Numerous papers discuss small speciation-solubility models, which 
are often written for a particular application. For certain chemical 
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problems, small models of limited scope may be adequate. For example, 
to evaluate the relative effectiveness of Br2, C1 2 and I2 as disin
fectants, Rosenblatt, Meier and Small (1975) constructed a model to 
calculate the distribution of halogen species which result from the 
hydrolysis and redox reactions of these three elements at a fixed tem
perature, ionic strength, and water composition. Similarly, various 
small models have been written to calculate gypsum and sometimes calcite 
equilibria in soils (Dutt 1962; Dutt and Doneen 1963). A typical model 
of this type is that of Dufey, Petit, Goblet and Laude10ut (1979), which 
contains one liquid phase (water), 13 solute species, a gas phase (C02), 
two solid phases (gypsum and calcite), and ion exchange among Ca, Mg and 
Na. Another example of a restricted model is that of Lindberg and Borno 
(1975) who wrote a model for a hand calculator to estimate the effect of 
acid or base additions upon the pH of natural and waste waters by taking 
into account the buffering capacity via dissociation constants. 

Inconclusive results and sometimes erroneous conclusions ensue when 
models of limited scope are used on aqueous solutions containing con
stituents which are important from a viewpoint of complexation but are 
not accounted for in the model. The fallacy of geochemical "model Sll 

which include only lIimportant li reactions may be illustrated by an error 
of three orders of magnitude in the calculated solubility of U for 
specified conditions which arose from the inadvertent omission of a 
single aqueous complex, namely HF, from a geochemical model for U 
(Langmuir 1978; Tripathi 1979). Similarly Pagen~opf (1978) reported 
that A1 concentrations were 2 to 3 times that predicted from solubility 
of A1(OH)3 (crystalline) and considered that an amorphic, gibbsite 
precipitate was likely the reason. However, there are two potentially 
more important reasons for this probably erroneous conclusion. First, 
the text of Pagenkopf (1978) does not indicate whether any A1 complex 

other than A1(OH)4 was considered. It is more likely that S04 and other 
soluble hydroxide complexes account for the observed levels of dissolved 
A1 rather than the formation of an amorphic, gibbsite precipitate. 
Further, there is no indication that the samples were filtered; hence, 
A1-containing, suspended sediment may have been present. Similarly, 
various samples were computed by Pagenkopf (1978) to be oversaturated 
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with respect to the carbonates of the transition metals, possibly due to 
aqueous complexes of the transition metals, which were not taken into 
account. Other complexes of calcium and carbonate, as well as the 
possible presence of carbonate minerals in suspension, appear to have 
been ignored in these "solubil ity" calculations. 

REACTION PATH MODELS 

The other family of geochemical models is comprised of reaction 
path models. The true reaction path models transfer mass between one or 

more solids of stated chemical composition and the aqueous phase as a 
function of "reaction progress. II Computationally, one unit of reaction 
progress means that one mole of a gaseous or solid reactant has reacted 
with an aqueous system containing solid phases with which the aqueous 
phase is already at equilibrium. The chemical elements in the mole of 
added mass are distributed among possible soluble species by a speciation 
submodel. The most stable solid phases computed to be supersaturated in 
the aqueous phase are precipitated until supersaturation is eliminated 
and chemical equilibrium is again achieved between aqueous and solid 
phases. These models are generally run in one of two modes. In Mode I, 
a mineral is not allowed to dissolve once it has precipitated. In 
Mode II the precipitate may redissolve, i.e., reacting reversibly during 
subsequent reaction progress. Therefore, an early product formed in the 
second mode may disappear at a later stage of reaction progress. These 
computations are, of course, do'ne without regard to activation energies 
and rates of precipitation or of dissolution because reaction path 
models are designed to compute the state of minimum free energy. 

PATHCALC Model Series 

The original reaction path model, PATHCALC, was developed by H. C. 
Helgeson, his colleagues and students at Northwestern University· 
(Helgeson 1968; 1971; Helgeson, Garrels and MacKenzie 1969; Helgeson, 
Brown, Nigrini and Jones 1970) from which derive EQUILIB (Shannon, 
Morrey and Smith 1977; Shannon and Lessor 1978), EQ3/6 (Wolery 1978; 
1979) and FASTCALC (Kennecott, Inc., Salt Lake City), the latter being a 

stripped down version of PATHCALC. 
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The PATHCALC model calculates the incremental equilibrium step by 
expanding the nonlinear expressions for equilibrium constants and 
solubility products into a second order Taylor series. This model 
integrates a set of ordinary differential equations obtained by dif
ferentiation of a related set of algebraic equations defining mass
balance, charge, and mass-action relationships. Reaction progress 
proceeds via a large number of incremental steps. Because these step
wise solutions are approximate and consume a large amount of computer 
time, various users of this model have modified the calculation tech
nique. Claude Herrick (Los Alamos National Laboratory, Los Alamos, NM) 
replaced the Taylor series technique with a predictor-corrector method 
described by Gear (1971a, b) resulting in greater computational efficiency 
(Miller, Pivinskii and Yamauchi 1977). 

However, the use of the Gear high-order predictor integrators may 
result in considerable JldriftJl error during integration which requires 
additional code to correct. Besides modifying this approach to avoid 
the problem of drift error, Wolery (1978) in EQ3/6 has added a set of 
semi-empirical algorithms for phase selection which permits the model to 
deal with mineral supersaturation and to improve the task of adding or 
deleting phases in the process of Gibbs free energy minimization. His 
EQ6 model permits reaction simulation at any temperature up to 300°C, 
rather than at the eight predetermined temperatures of the earlier 
Hel geson model. 

Another model of the PATHCALC family is EQUILIB(a),·which is pro
prietary to the Electric Power Research Institute of Palo Alto, CA. 
EQUILIB was specifically designed to be competent for geothermal fluids 
(Shannon, Morrey and Smith 1977; Shannon and Lessor 1978). An adjunct 
model, FLOSCAL, is the only model known to the author which utilizes a 
speciation-solubility model as input to a model with kinetic constraints 
on precipitation. It is designed to model the precipitation of silica, 
calcite and certain metal sulfides. 

(a) This version was modified at Battelle, Pacific Northwest Laboratory 
by J. R. Morrey and D. W. Shannon with contributions from R. P. Smith 
and D. L. Lessor, whereas R. J. Robertus contributed to the adjunct 
kinetic precipitation model. 
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PHREEQE Model 

The documentation on a new reaction path geochemical model, PHREEQE, 
was received during the completion of this review. This model has been 
constructed by Parkhurst, Thorstenson and Plummer (1980), and follows 
the MIX1 and MIX2 mass transfer models of Plummer and associates (Plummer 
1975; P1 ummer, Parkhurst and Kosiur 1975). A1 though related to the 
PATHCALC model which automatically determines the precipitating phases, 
PHREEQE differs markedly in that it requires the user to specify the 
reacting solids. The aqueous speciation submode1 for PHREEQE is based 
on ion-association theory, but this can be modified by the user. In the 
mass balance computations, this model does not exp1icity include Hand 
O. Instead, it permits calculation of H from the constraint of electrical 
neutrality, and calculation of OH from H as well as the dissociation 
constant of water. The thermodynamic data base of PHREEQE is largely 
that of WATEQ2 (Parkhurst, Thorstenson and Plummer 1980). 
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APPLICATIONS 

There are numerous potential applications of geochemical modeling 

for the understanding of basic geochemical processes and pollution 
potentials of solid wastes from the nuclear and fossil energy technology 
programs. It is just beginning to be recognized that these models are 
very useful in organizing extant data into useful information and in 

prioritizing present and subsequent research. An important use of 
computerized geochemical models which contain a maximum suite of elements 
and aqueous complexes is that of performing sensitivity analyses. In 
this mode, the speciation submodels can be used to determine the maximum 
error in the activity of uncomplexed cations and anions generated by the 
omission of some particular element from the analyses of the water 
sample. Such an application would help avoid possible erroneous con
clusions concerning oversaturation with particular solid phases as 
demonstrated in an earlier example (e.g., Pagenkopf 1978). The absence 
of ligands, such as S(-II) which form strong complexes with metals, may 
be the cause of apparent oversaturation as shown by Jenne, Ball, Burchard, 
Vivit and Barks (1980). Used in a sensitivity analysiS mode, the 
speciation-solubility models permit objective decisions on the value of 
obtaining analytical data for one ligand as opposed to another. If 
modeling is applied during the collection of the analytical data, the 
modeling results may indicate changes in the sampling density. 

Because accurate thermochemical data are quite important, another 
application of geochemical models is to provide a basis for selecting 
among discordant thermochemical data (Nordstrom and Jenne 1977). This 
is facilitated by a geochemical model such as WATEQ2 which calculates 
solubility controls with up to two alternative thermodynamic values as 
well as with the selected value. This particular use of geochemical 
models may be a very important capability when geochemical modeling of 
the actinides is undertaken. 

SPECIATION-SOLUBILITY MODELS 

The speciation-solubility geochemical models may also be utilized 
in a predictive mode, drawing on available geochemical and mineralogical 
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knowledge. Such an application was recently made by Sposito, Page and 
Frink (1980) to compute probable concentrations of Al and Fe in soil 
solutions as a result of acid rainfall in the northeastern U.S. Although 
they used a convoluted approach, in essence they determined the con
centration of Al and Fe in acid rainfall following its reaction with 

amorphic gibbsite, Al(OH)3' and ferrihydrite, amorphic Fe(OH)3. A 
related problem was addressed in an earlier study of the use of Colorado 
River water for artificial recharge in the Coachella Valley of California 
(Jenne and Truesdell 1973). In this study the Al level was set equal to 
its equilibrium solubility with crystalline gibbsite in surface and 
ground waters to evaluate the effect of mineral dissolution on dissolved 
solids from recharge through the unsaturated zone. In the study of 
Sposito, Page and Frink (1980) it would have been desirable to have 
included the level of dissolved Si, as recent modeling (E. A. Jenne, 
Battelle, Pacific Northwest Laboratory) indicates that the solubility of 
allophane, rather than gibbsite, frequently limits the solubility of Al 
during the initial reaction of rain with soils and other geologic 
materials. 

The sophistication of speciation-solubility models and recent 
improvements in the thermochemical data base have reached the level 
where the solubility of some trace elements can be effectively modeled. 
A recent application of this capability has led to greater understanding 
of ore deposits and insight into processes that occur during ~ situ 
mining. Potter, Thompson, C1ynne and Thurmond (1979) reported that 
kinetic and possibly chromatographic effects significantly modified 
solubility equilibria during ~ situ mining of U. Geochemical modeling, 
however, has not yet been applied to the problem of the environmental 
consequences of in situ, underground mining of U-ore bodies. Runnells, 
Lindberg, Lueck and Markos (1980) report that, using certain assumptions 
concerning the redox status, ground waters in the vicinity of a known 
ore body "--cl early define the location of the ore body II as evidenced by 
near equilibrium of the waters within the ore body with uraninite, U02. 
This suggests the use of geochemical modeling as a valuable prospecting 
tool for metal ore deposits. 
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Geochemical modeling of ground, mine, surface and tailings pile 
runoff waters in tri-state cadmium-lead mining district of the Missouri, 
Oklahoma and Kansas, indicated the following solubility limitations for 
trace elements: BaS04 for Ba, CdC03 for Cd, ZnC03 and possibly ZnSi04 
for Zn, and rarely, CaF2 for F, and PbS04 for Pb (Jenne, Ball, Burchard, 
Vivit and Barks 1980). Furthermore, sensitivity analyses indicated that 
the concentrations of both Pb and ~1n may have been 1 imited by the 
solubility of their phosphate compounds, Pb 5C1(P04 )3 and MnHP04 , respec
tively. Dissolved phosphate values were not obtained for the modeling 
study, so values used for these sensitivity analyses were taken from 
other sources for a creek in the area. 

Solubility and its temperature dependence provides the basis for 
the Na-K-Ca geothermometer which is frequently utilized to estimate the 
temperature of hot water at depth. The temperature of geothermal waters 
is computed internally in the SOLMNEQ model (Kharaka and Barnes 1973) 
and in a plotting program which is an adjunct to WATEQ2 (Ball, Jenne and 
Nordstrom 1979). 

One of the more important uses of geochemical models is to permit 
the interpretation of bioavai1ability and studies of acute toxicity of 
aqueous species. Similar modeling may also be applicable to investiga
tions of chronic toxicity, although this reviewer is unaware of pub
lished reports on this subject. The principal evidence of the importance 
of speciation to the interpretation of bioavailability has been that it 
is the "free" (i .e., uncomplexed) metal ion that has biological potency 
(Jenne and Luoma 1977). Magnuson, Harriss, Sun, Taylor and Glass (1979) 
modeled solute speciation in the water used in a pr,evious Daphnia magna 
toxicity study (Andrew, Biesinger and Glass 1977). Magnuson et a1. 
reached the tentative conclusion that lithe carbonate copper complexes 
are not toxic, the anionic hydroxo copper complexes contribute 15 to 
18 percent to the toxicity of copper, and that free copper and/or the 
neutral and/or cationic hydroxy copper complexes are responsible for 60 
to 70 percent of the toxicity in this set of experiments. II 

Although it is not generally recognized, speciation may be vital 
to an understanding as well as a quantitative description of the mechanisms 
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for adsorption of ions onto inorganic substrates. For example, various 
studies show that the "half-adsorption ll point varies markedly for the 
different elements as a function of pH. The IIconventional wisdom" among 
a subset of adsorption chemists for the last decade has been that the 
adsorption of first transition series metals is a function of the amount 
of the first hydrolysis product of the metal formed in solution. This 
is illustrated by the careful work of" Fordham (1969) for Fe. His work 
shows that the percent adsorption onto kaolinite was a linear function 
of the calculated activity of FeOH+2 in solution below pH 2.7. Between 
pH 2.7 and 3.6, the adsorption data were partially linearized by plotting 
them against the activity of Fe(OH);. In the more recent study of 
adsorption on kaolinite by Mattigod, Gibali and Page (1979), it was 
concluded that adsorption was a nearly linear function of the activity 
of Ni+2. However, the very different slopes obtained in plots of Ni 
sorbed against the activity of Ni+2 from N03 solutions, as opposed to 
504 solutions, suggest that the adsorption of positively charged, mono
valent Ni species may also have major importance. 

Published works of transport studies take little account of speciation 
in computing retardation factors or distribution coefficients for aqueous 
species, in spite of the work of Fordham (1969) and of Mattigod, Gibali 
and Page (1979) showing the importance of speciation on absorption. 
"Water quality," hydrodynamic models often acconmodate some nonconserva
tive constituents, e.g., constituents which are permitted to increase or 
decrease during transport. For examp1 e, an early study (Dept. Sc i ence 
Ind. Res. 1964) of the Thames Estuary considered the formation of ammonia 
from organic nitrogen, its oxidation to N03 , and the oxidation of organic 
carbon, all as first order reactions. Thomann, O'Conner and Toro (1970) 
similarly used first order kinetics for the oxidation of N02 and algal 
nitrogen, according to Williams and Hinwood (1976). In a hydrodynamic 
model of Westernport Bay, Australia, Williams and Hinwood (1976) included 
a "chemical kinetic and interaction" submode1 which computes the oxida
tion of organic carbon and conversion of organic nitrogen to ammonia 
according to first order kinetics. Each of these processes is assumed 
to vary with temperature according to the relationship 
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", 

k - k e T - 1 

where T is temperature and the values k1 and e are constants from the 
Thames Estuary Study (Dept. Science Ind. Res. 1964). 

Few transport models permit even limited chemical reactions although 
precipitation in rare instances and adsorption occasionally are per
mitted. The inclusion of adsorption in the transport model is generally 
described by distribution coefficients. However, Rubin and James (1973) 
included adsorption via an adsorption isotherm in their unidirectional, 
steady state, flow model. In another case, adsorption was described in 
terms of a first order reaction which is equivalent to a constant ratio 
between the solution concentrations and the amount adsorbed, with a 
coefficient that may vary with the "rock type" in the aquifer (INTERA 
1979). The Mul ticomponent Mass Transport model (Ah1 strom, Foote, 
Arnett, Cole and Serne 1977) for saturated and unsaturated transport in 
sediments utilizes PERCOL (Routson and Serne 1972) to model selected 
constituents present in macro concentrations: 1) the binary exchange 
reactions Na-K, Na-Ca and Mg-Ca; 2) one solute complex, casO~; and 
3) two solid phases, gypsum, CaS04'2H20, and calcite, CaC03, The Multi
component Mass Transport model also utilizes PERCOL to model radio
nuclides sorption via a regression relationship of the Sr and Cs 
distribution coefficients with Ca, K, Na and pH, The instream transport 
models SERATRA and FETRA (Onishi 1977; Onishi and Wise 1978; Onishi, 
Olsen, Ambrose and Faleo 1979) have a dissolved contaminant submodel 
which handles sorption/desorption via distribution coeffiCients and 
contains a term for transfer rate between dissolved and sorbed states. 
These two models also permit radioactive decay and the degradation of 
dissolved organic compounds by five separate mechanisms. 

Another area of future significance is that of using speciation 
modeling to improve age dating calculations. This capability may best 
be obtained with an additional submode1 which would utilize existing 
speciation and solubility submodels and then provide tests of compata-
bi1ity of the various data. The pertinent study of Reardon and Fritz 
(1978) suggests the feasibility of this approach. 
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REACTION PATH MODELS 

There are few applications and validations of reaction path models. 
Wolery (1978) reported general agreement between mineralogical observa
tions and reaction path simulation of basalt/sea water reactions using 
the EQ3/6 model. Benson, Carnahan, Apps, Mouton, Corrigan, Frisch and 
Shomura (1978) applied the FASTCALC reaction path model to the inter
action of water with the Pomona member of the Columbia River basalts. 
They assumed that the basalt consisted primarily of glass which dissolved 
in water according to the following reaction: 

0.55 Si02 + 0.09 A1 203 + 0.10 FeO + 0.12 MgO + 0.11 CaD + 

0.025 Na20 + 0.005 K20 + 1.26 H + 0.47 H20 = 0.55 H4Si04 + 

0.18 A1 + 0.10 Fe + 0.12 Mg + 0.11 Ca + 0.05 Na + 0.01 K. 

The further assumption was made that the reactants were 0.1 mole of CO2 
plus 0.9 mole of Pomona basalt. The reason for using this ratio of CO2 
to basalt is unclear. Differences in the equilibrium mineral assemblage 
simulated for the open versus closed systems (Table 1) were attributed 
to the rather high pH value of 11, calculated for the CO2-free system. 
Thus, the need for hard data in the setting of such parameters becomes 
obvious. 

Benson, Carnahan, Apps, Mouton, Corrigan, Frisch and Shomura (1978, 
Table 11-14) reported another study in which ground waters of the Umtanum 
Formation in the Pasco Basin, which is within the Columbia River basalt 
province, were analyzed by the speciation-solubility submode1s of both 
the FASTCALC and EQ3/6 models. These results (Table 2) show notable 
differences between the two models, which are primarily due to the large 
differences in the minerals included in the data bases of the two models. 
This suggests that the thermodynamic data base of the reaction path 
models must be significantly increased to give assurance that simulations 
with these models will be meaningful. Because of the sequential nature 
of the reaction path model calculations, the omission of one or more 
significant minerals from the data base can have a major effect on the 
results of these simulations. 
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TABLE 1. Reaction Path Mass Transfer Simulation for Pomona Basalt With 
the FASTCALC Model for the Closed System Case (from Benson 
et ale 1978~ Table 9) 

r~i nera 1 s Without CO2 With CO (a) 
2-

calcite (CaC03) X(0.984)(b) 

siderite (FeC03) X(0.0016) 

talc (Mg3Si4O(OH)2) X(0.036) 

kaolinite (A1 2Si 205(OH)4) X(c) 

montmorillonite-Ca (Ca. 165A 12•33 
X(c) 

Si3.670l0(OH)2) 

montmorillonite-Na (Na. 3l1 2•33 X(0.534) 
Si3.67010(OH)2) 

tremol ite (Ca2~1g5Si8022(OH)2) X(0.01483) 

prehnite (Ca2A12Si3010(OH)2) X(0.02950) 

faya1ite (Fe2Si04) X(0.05) X(O.0442) 

laumontite (CaA1 2Si408(OH)8) X(0.2133) X(0.0006) 

adularia (KA1Si 308) X(O.01) X(0.009) 

albite-low (NaA1Si 308) X(0.05) X(0.0272) 

ch1orite-Mg U1g5A 12Si 301 O( OH)8) X(d) X(d) 

corundum (A1 203) X(d) X(d) 

(a) Molar ratio of 9:1 of Pomona basalt:carbon dioxide. 
(b) X indicates the phase formed, the number in parenthesis is moles 

precipitated in the simulation. 
(c) Listed as being formed in presence of CO2 (Benson et ale 1978, p. 10), 

but not listed in terms of molar quantities formed in the presence of 
carbon dioxide (Benson et ale 1978, p. 12). Table 9 in the cited reference 
indicates both were precipitated with carbonate present, but are later 
partially consumed. Table 9 also indicates that corundum is initially 
precipitated, but then dissolves partially. 

(d) Transient product formed during initial reaction progress. 
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TABLE 2. Minerals Calculated to be Oversaturated in Ground Water Models 
from Below the Umtanum Formation by Two Reaction Path Models, 
Presumably at 60°C (from Benson et a1. 1978, Tables 11-15) 

FASTCALC 

corundum 
gibbsite 
sanidine-high 
microc1ine 
albite-low 
anorthite 
dickite 
kaolinite 
halloysite 
talc 
montmori11onite-Ca 
montmori11onite-K 
montmori11onite-Mg 
montmori11onite-Na 
montmori11onite-25SW 
ch1orite-Mg 
illite 
muscovite 
biotite 
spinel 
sill imanite 
warrakite 
zoesite 
kyamite 
adularia 
anda1usite 
prehnite 
laumontite 
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EQ6 

corundum 
bohemite 
sanidine-high 
diaspore 
quartz 
chalcedony 
cri stoba 1 ite 
hematite 
magnetite 
alunite 
micrococ1ine- l maximum" 
a1 bite 
albite-low 
albite-high 
fe1dspar-K 

anda1usite 
andradite 
epidote-ordered 
kao1 inite 
pyrophy1 ite 
smectite-Reykjanes 
beide11ite-Na 
beidell ite-K 
beide11ite-Ca 
beidel1ite-Mg 
beidell ite-H 



LIMITATIONS AND RECOMMENDATIONS 

EQUILIBRIUM MODELS: SPECIATION-SOLUBILITY AND REACTION PATH MODELS 

In general, the speciation-solubility and reaction path families of 
geochemical models need improved capabilities in their speciation, 
solubility, and adsorption submodels •. Each of these areas limit the 
capabilities of the current models in addressing pertinent geochemical 
problems. The limitations discussed below principally derive from 
application needs in the nuclear and fossil fuel energy technologies. 
The relative importance of the various limitations of extant geochemical 
models depends upon the intended application, and any priority listing 
is overly dependent on one's individual perspective. However, the 
limitations and deficiencies of equilibrium geochemical models fall into 
four general categories: 

• inadequate theoretical understanding and formulation, e.g., 
activity coefficients over a wide range of ionic strengths, 
ion substitution in solids (solid solution), and redox potential 

• inadequate critical evaluation of available thermodynamic 
data, and the lack of other data for particular solids and 
complexes, free energy and enthalpy as a function of tem
peratures and pressure 

• incompetence of the models for particular applications in 
terms of elements, complexes and solids which have not been 
included in the models but for which thermodynamic data 
exists 

• inadequacy of water analyses used, e.g., limited number of 
constituents analyzed for, quality of data, especially the 
physicochemical parameters of deep aquifers, estimates of 
sampling and analytical errors. 

With respect to a theoretical understanding, a significant limita
tion of thermodynamic equilibrium models is the absence of an adequate 
theory of individual ion activities which would bridge the present 
theories of dilute and concentrated electrolyte solutions. Several 
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approaches to this problem have been proposed (Whitfield 1975a,b; Marcus 
1977; Potter and Haas 1978; Van Luik and Jurinak 1979). However, in 
each approach to resolving the activity coefficient problem, one encoun
ters the dual problems of an inadequate theoretical framework to permit 
extrapolation over wide ranges in ionic strength and a lack of experi
mental data for a comprehensive suite of ions to permit adequate calcu
lation of ion activities. Consequently, speciation-solubility modeling 
of many natural waters and complex aqueous solutions of intermediate 
ionic strength is difficult. 

A general theory for ion substitution in solid phases (or "solid 
solution") is required for the equilibrium models which eliminates the 
need to experimentally determine the aqueous- and solid-concentration 
relationships for structurally identical solids with compositional 
variations. This capability would result in a major increase in the 
natural and polluted waters determined to have chemistries limited by 
the solubility of solid phases. Many solid compounds are members of a 
particular solid solution series, but, in the geochemical models, they 
are normally represented by an average stoichiometry or by specific end
member compositions. This may result in an apparents but not real, 
departure from equilibrium for such solid solution minerals. In the 
WATEQ2 model, the only solid solution mineral whose stoichiometry is 
permitted to vary with the composition of the equilibrating water is the 
amorphic aluminosilicate, a110phane. The importance of solid solution 
is indicated by the solubility of magnesium calcite, which varies by 
more than a factor of ten as the mole fraction of substituted MgC03 
ranges from 0 to 25 mole percent (Thorstenson and Plummer 1977). This 
variation in calcite solubility as a function of the Mg/Ca ratio has 
recently been observed in a creek draining an area with some retorted 
oil shale (E. A. Jenne, A. Felmy, J. Zachara, T. Garland, and R. Wildung, 
Battelle, Pacific Northwest Laboratory). The reliable modeling of 
solubility controls will be markedly facilitated by the development of 
analytical expressions for the variation in SOlid-phase stoichiometry 
with solution-phase composition, in conjunction with analytical expres
sions of solubility as a function of its stoichiometry. The inability 
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to account for solubility changes due to solid solution severely limits 
our capability to model secondary layer silicates, substituted manganese 
oxides, and apatites. Solid solution may be a major problem in the 

150°C to 350°C temperature range. 

The greatest error in speciation and, hence, solubility modeling of 
any element having multiple valence states is likely to be the problem 
of knowing the appropriate redox potential. Moreover, no theoretical 
basis exists for dealing with the observed disequilibrium among redox 
couples. The kinetics of redox reactions are often slow, resulting in 
disequilibrium between redox couples in the short term (Table 3). As 
evidenced previously (Table 4), it is meaningless to apply the redox 
potential calculated from one analytically determined redox couple to 
certain other couples in natural waters. However, because redox couples 
of interest are often analytically unaccessible (i.e., one or both 
valence states are below detection), meaningful redox speciation may not 
be presently possible. Intensive studies of the kinetics of redox 
reactions between couples and of the extent of disequilibrium among 
couples in both the laboratory and field environments are urgently 
needed. The potential value of such studies is indicated by two obser
vations. One is the finding of Nordstrom, Jenne and Ball (1979) that, 
if analytical concentrations of Fe(II) and Fe(III) were corrected for 
complexation, the redox potentials calculated from the Fe+2/Fe+3 couple 
agreed quite well with the redox potential measured with the bright 
platinum electrode in acidic mine water drainage. The other pertinent 
observation is that both the E~t (platinum electrode potential referenced 
to the hydrogen electrode potential) and E~e+2/+3 potentials may relate 
to the Mn+2/Mn+4 couple in well poised systems (Holdren 1977; E. A. 
Jenne, Battelle, Pacific Northwest Laboratory). One valuable aspect of 
the WATEQ2 and EQUILIB models is that all states of a multivalent 
element which are analytically accessible can be entered so there is no 
degradation of analytical, valence speciation information. The capa
bility to accept input of analytical valence states for Cu(I) and Mn(IV), 
however, have not been provided in WATEQ2 due to the lack of analytical 
data for these valence states of Cu and Mn. Because Mn+4 is very 
insoluble and Mn+3 is highly unstable, it has not been possible to date 
to determine a Mn-redox couple analytically. 
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TABLE 3. Evidence of Disequilibrium Among Redox Couples in Poorly 
Poised System (from Jenne, Girvin, Ball and Burchard 1978) 

Redox coup1e(a) Redox Potential 

N03/N02 

Pt electrode 

NO/NH4 

Fe+3/Fe+2 

S04/S-2 

- - mv - -

440 to 430 

390 to 360 

330 to 320 

120 to 50 

-170 to -200 

(a) Calculated from analytical values except for the bright p1atinium 
electrode values; the samples were from San Francisco Bay, California 
ranging from minimum to near maximum salinity. Computed by an early 
version of WATEQ2. .. 

TABLE 4. Log Activities of Particular Solute Species Computed by WATEQ2 
Using the Various Redox Potentials for Valence Speciation 
(from Nordstrom et a1. 1979, Table XI) 

Redox Redox(a) 
Fe+2 Fe+3 0 -2 Coup1 e Potent ia 1 ~As03 HAs2~ 

-mv- - - - - - - min vs log activity - - - - -

°2/H20 793 17.89 17.25 38.03 7.60 

N03/N02 445 11.87 17.25 25.98 7.60 

Pt electrode 440 11.78 17.25 25.80 7.60 

NO/NH4 328 9.78 17.25 21.81 7.60 

°2/H202 141 6.81 17.61 15.14 7.60 

Fe+3/Fe+2 73 6.58 18.50 12.72 7.60 

S04/S-2 -532 6.56 29.36 7.59 24.04 

(a) Computed from analytical values from a low dissolved solids surface 
water. 
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The adequacy of thermodynamic data is an important limitation to 
geochemical modeling both from the standpoint of missing data and of 
inaccurate data. Thermochemical data relating to the solubility of 
several key minerals and related solids are nonexistant, as in the case 
of data for several zeolites and substituted manganese oxides. Although 
estimation techniques permit the calculation of a Gibbs free energy of 
formation (Mattigod and Sposito 1978;" Tardy and Garrels 1974), the 
reliability of this approach has generally not been determined except 
for layer silicates. One method to ascertain the reliability of avail
able thermodynamic data is to utilize a thermodynamic model, such as 
PHAS20, which solves a set of simultaneous regression equations such 
that the more reliable data are weighted according to the supplied error 
terms (Haas 1974; Haas and Fisher 1976). Application of this model to a 
particular solid requires that the PHAS20 model first be used to optimize 
the thermochemical data for each related aqueous and solid reactant and 
product. Although a very powerful tool, it has to date been applied 
only infrequently (Nordstrom and Jenne 1977; Potter 1977; Haas, Robinson 
and Hemingway 1980). 

PHAS20 could assist in choosing among available but contradictory 
metal-ligand association constants. such as the second hydrolysis con
stant of Cu (Paulson 1978; 1980), which otherwise requires careful 
redetermination. Unfortunately, many papers and even PhD theses report
ing these studies frequently do not provide sufficient information to 
permit adequate evaluation and/or recalculation of reported association 
constants. Other ion association constants also require determination 
or redetermination (Jenne 1979). 

Although it is clear that complexation of metals by dissolved 
organic compounds is also of major importance in many waters (Jenne and 
Luoma 1977; Jenne 1977), a completely satisfactory way of dealing with 
this problem has not emerged. A simulation of the potentiometric titra
tion curve of dissolved organic compounds by six organic ligands, as in 
the GEOCHEM model (Mattigod and Sposito 1979), appears to require the 
assumption that the complexation strength of dissolved organics for 
metals is strictly proportional to their complexation strength for H. 
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There is a major need for association constants of various metal ions 
and natural, as well as synthetic, organic ligands. 

Additional experimental data will also be required to reliably 
model water chemistries and water rock interactions at elevated tem
peratures. For example, when PATHCALC was used to estimate the satura
tion molality of NaCl as a function of temperature (0 to 300°C), the 
error ranged from plus 1 molal to minus 2 molal (Miller, Pivinskii and 
Yamauchi 1977). However, it must be borne in mind that lack of model 
competence in terms of missing complexes, such as CaCl+, appropriate to 
the NaCl example could be responsible for the apparent undersaturation 
or oversaturation. Wolery (1978, p. 62) has pointed out that an increase 
in the temperature of sea water to 300°C can cause a thousand-fold 
increase in the activity of H due to the change in various ion associa
tion constants with temperature. 

Corrections for the pressure dependence of the equilibrium constants 
such as SOLMNEQ and EQ6 perform (Nordstrom, Plummer et al. 1979) are 
required when geochemical models are applied to pressurized aquifers or 
to the deep ocean. Pressure corrections are especially pertinent to 
dissolved CO2 and equilibria with carbonate minerals. 

Inadequate competency of extant geochemical models is probably a 
more serious limitation to useful modeling applications than is the 
inadequacy of thermodynamic data. This problem becomes apparent in the 
case of reaction path modeling. Benson, Carnahan, Apps, Mouton, Corrigan, 
Frisch, and Shomura (1978, p. 13) note that the results of the reaction 
path modeling of ground waters in the Umtanum formation were not in 
agreement with the alteration products observed in the Pasco Basin 
basalts. This was attributed to absence of some minerals observed in 
the basalts from the thermodynamic data bases of the reaction path 
models, EQ3/6 and FASTCALC. Of 28 minerals calculated by the FASTCALC 
model to be oversaturated in this ground water, only five of them were 
computed to be oversaturated by EQ3/6. Thus, precipitation of Ca, 
before calcite saturation occurred, was simulated by the FASTCALC model 
as laumontite, instead of heulandite plus clinoptilolite, the zeolites 
which naturally occur on the basalt fractures. Most of these differences 
are simply the result of different minerals in the data base. 
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Geochemists using speciation-solubility models are usually aware of 
which minerals are likely to precipitate in a specified environment, 
given a state of oversaturation or equilibrium between the aqueous phase 
and solid phase in question. Other solid phases which compute to be 
oversaturated are usually disregarded. However, reaction path models 
are designed to compute the most stable phases based on the condition of 
true equilibrium. Thus, except at elevated temperatures where equilib
rium is achieved more rapidly, their simulations are less likely to 
agree with field observations. structural properties of certain minerals 
often preclude their fornlation in low-temperature, aqueous environments 
in favor of phases which nucleate more readily under these conditions. 
Thus, the fact that free energy calculations indicated that a ground 
water is oversaturated with corundum (Benson et ale 1978, p. 36) is not 
meaningful when one considers the high-temperature reactions normally 
responsible for the existence of corundum. 

Traditionally, petrologists have been interested in the crystalline 
minerals, almost to the exclusion of amorphic (i.e., amorphous like) 
minerals and surface coatings (Jenne 1977). The amorphic minerals (such 
as opal, allophane) are very important to mass transfer modeling because 
they are nearly ubiquitous and, as a group, dissolve more rapidly than 
their crystalline analogues. Since these amorphic phases are usually 
metastable, they are generally absent from the thermodynamic data base 
of reaction path models. Moreover, by being amorphic, individual members 
of this mineral group are likely to display a range of crystallinites 
with an accompanying range of solubility values. This is a significant 
complication. It suggests that an appropriate error estimate, based on 
the range of thermodynamic data for the amorphic minerals and on the 
uncertainties in the analytical values, would be a beginning to the 
development of reliable estimates for use in testing hypotheses of 
solubility equilibria. 

The quality of analytical data, although not a limitation of the 
geochemical models themselves, severely limits our capability to inter
pret geochemical processes of natural waters. Available analyses are 
limited both with respect to the analyzed constituents, to the accuracy 
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and preclslon of the analyses, and to the measured physicochemical 
parameters (i.e., pH and E~t). 

The sampling plus analytical errors of constituents involved in 
complex solids are commonly large enough that one is often forced to 
draw subjective conclusions relative to whether the equilibrium con
dition exists or not. Although the analytical measurement of dissolved 
constituents in water samples is commonly the only step for which stan
dard deviations are available, an adequate error estimate would have to 
include the sampling and sample preservation steps. The propagated 
standard deviation should be calculated in the speciation-solubility 
model and reported adjacent to the solid phase disequilibrium index. In 
the absence of adequate error terms, appropriate plotting techniques 
external to the model can permit objective estimation of the probability 
that an equilibrium condition exists (Nordstrom and Jenne 1977; Jenne, 
Ball, Burchard, V;vit and Barks 1980). 

A practical problem in reaction path modeling is the required data 
for certain physicochemical parameters of aquifers at hundreds to thou
sands of feet in depth. The partial pressure of a gas, such as CO2, may 
be several atmospheres in geothermal waters and is frequently above 
atmospheric pressure in confined aquifers. The exact partial pressure 
of CO2 is important because it affects the activity of HCO; and CO;2 in 
the water, hence the pH and the activity of Ca+2 and Mg+2 (due to 
formation of caHCO;, caco~, M9HCO;, etc., species). This in turn affects 
the tendency of Ca- and Mg-containing carbonates and silicates, etc., to 
precipitate as opposed to non-Ca and/or Mg-bearing silicates. Moreover, 
the partial pressures of one or more of the gases O2, H2 and H2S generally 
need to be stipulated in order to permit the initial redox speciation. 
For the reaction path simulations to be meaningful, these variables must 
be accurately known because they place vital and interrelated constraints 
on the aqueous system. 

ADSORPTION MODELS 

Adsorption needs to be a component of both equilibrium and kinetic 
geochemical modeling. However, there are major limitations to the 
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treatment of adsorption by any of the geochemical models described in 
this review. The REDEqL2 model, for example, treats adsorption accord
ing to double-layer theory. However, because most adsorption modeling 
studies to date have been on pure phase substrates of silica, alumina, 
and either Fe203 or amorphous Fe(OH3), it has not been demonstrated that 
the double-layer approach works for heterogeneous substrates of earth 
material. The GEOCHEM model contains a mass-action exchange submode1 
for macro ions, in addition to the double-layer submode1. Mattigod and 
Sposito (1979) suggest that it is appropriate to use the mass-action 
model for reversible exchange of macro ions and the double-layer model 
for adsorption of trace concentrations, which commonly is at least 
partially irreversible. In contrast, the PHREEQE model handles ion 
exchange by fixing the activity ratio of the two exchanging ions (Parkhurst, 
Thorstenson and Plummer 1980). However, according to these authors, 
some ingenuity is required to handle the simultaneous exchange of more 
than two ions in such a model. 

KINETIC MODELS 

A major limitation of geochemical modeling is the absence of kinetic 
capabilities. If an application study requires knowledge of the water 
composition and/or changes in the mineral assemblage at equilibrium, 
then rates of reaction are not needed. However, most real world prob
lems involve a time frame in which solid phase equilibrium is not a 
reasonable assumption. Many situations, especially temperature changes 
or mixing of waters, result in supersaturation of water with respect to 
solid phases. The rate at which precipitation actually occurs deter
mines the extent and localization of mineral build up on rock fractures, 
in geothermal piping, and near the injection point for disposal wells, 
as well as the extent of movement of trace elements in surface and 
ground waters, and of radionuclides away from breached disposal sites. 
Obviously, if the kinetics of the major reactions were known as a function 
of temperature, the applicability of mass transfer modeling would be 
vastly greater. However, a considerable amount of reliable kinetic data 
are required before kinetic submode1s become a reality. 
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The EQUILIB model of the Electric Power Research Institute is on~ 
of the very few models which takes speciation into account in dealing 
with precipitation of solid phases during flow of geothermal-type fluids 
(Shannon, Morrey and Smith 1977; Shannon and Lessor 1978). It is unique 
among the extant geochemical models in that it is linked to another 
model (FLOSCAL) which simulates the precipitation of selected solids 
(silica, calcite and several metal sulfides) according to kinetic rather 
than equilibrium constraints in the piping carrying geothermal water. 

The kinetics of sorption may also be of significance. Unfortunately, 
few sorption studies contain enough data points as a function of time, 
particularly at the initial stages of each experiment, to permit kinetic 
analyses. Temperature may affect both the rate and extent of adsorp
tion. However, little data exists. If the kinetics of sorption are 
shown to be important to water-earth material interactions, a three-way 
link will be necessary between speciation-solubility, kinetic and adsorp
tion submodels to apply geochemical modeling to complicated real world 
problems. 
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CONCLUSIONS 

In a long review t Florence and Batley (1981) reach the following 
pessimistic conclusion: IIfor natural waters at least t the prospects of 
developing an analytical procedure which can measure the concentrations 
of all individual chemical species present in water are very bleak. 
Computer modeling techniques aim to perform this function t but until a 
great deal more reliable thermodynamic data become available, chemical 
modeling methods are unlikely to produce results which even approximate 
the true situation." It is impossible to measure all individual chemical 
species in natural waters; however, validated chemical models can approxi
mate the true chemistries of many aqueous systems. In contrast to 
hydraulic and hydrologic modeling where users understood the need and 
performed verification (obtaining a similar modeling result with a 
different model) and validation, chemical modeling has been used by many 
who blatantly ignored the need for verification and validation of the 
model s. Where appropriate "partia 111 val idat ion has been carri ed out 
(Nordstrom and Jenne 1977; Jenne, Girvin, Burchard and Ball 1978; Jenne, 
Ball, Burchard, Vivit and Barks 1980), a considerable amount of very 
useful information has been derived for aqueous systems. At this point 
in the development of the science of geochemical modeling, increased 
competence and validation of the models are much more important and 
timely than increased mathematical sophistication. 

Thus, it is concluded that the major limitations of geochemical 
modeling are: 1) limited verification and validation of models carried 
out to date; 2) lack of competence of models in terms of inclusion of 
known species and solids and of the known effects of temperature, ionic 
strength and solid solution; 3) inadequacy of the present theoretical 
foundation for single ion activity coefficients at intermediate and high 
ionic strengths; 4) lack of data on the temperature dependence of 
association constants of solutes and solubilities for solids; 5) lack of 
adequate theory and/or data on solid phases which form solid solution 
series; 6) lack of thermochemical data for some solutes and solids, 
especially association constants for natural metal-organic ligands; and 
7) estimation and application of redox potentials. 
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Model verification, a key to future model applications, is obtained 

by computing a similar result for a specified water composition with an 
entirely different model. This test was found very profitable following 
the addition of U to WATEQ2 (Ball, Jenne and Cantrell 1981). Validation 
in turn is carried out by the modeling of both solubility experiments 
and the analyses of water samples from mines, ground waters and other 
sources. The combination of model verification and validation provides 
a gauge to ascertain the ability of those particular models to approxi
mate the chemistries of natural waters and other aqueous systems. 

A significant limitation of many models is that they are incompetent; 
that is, they contain insufficient metals, ligands, complexes, and 
solids for the problem(s) to which they are applied. This major effect 
has been demonstrated for aqueous systems containing sulfide complexes 
(Jenne, Girvin, Burchard and Ball 1978; Jenne, Ball, Burchard, Vivit and 
Barks 1980). Moreover, the effect a single complex may have is shown 
dramatically by Nordstrom, Plummer et ale (1979, Table VI), wherein the 
inclusion of MgCl and CaCl complexes in the GEOCHEM model which results 
in noticeably lower computed activities for Mg+2 and Ca+2 in comparison 

to those results computed by other models for the same water chemistry. 

Some limitations of geochemical models, such as lack of specific 
elements, are obvious by inspection. Other limitations, such as missing 
solid phases, may require searching and evaluation of geochemical and 
mineralogical literature. Still others will become apparent by failure 
of the models to simulate solutes and solids in specific applications. 
Therefore, these models must not be used blindly but each application 
should be viewed as a partial validation. Any questions and problems 
must be resolved in conjunction with each application in order to more 
closely predict useful results for waters and water-earth material 
interactions. t1oreover, the reader need not share the pessimistic 
conclusion of Florence and Batley (1981) towards chemical modeling 
methods. Underlying this review is the concept that geochemical models 

provide a scientific framework for understanding and interpreting the 
chemistry of natural and polluted waters, as well as for predicting the 
results of anthropogenic contamination of natural waters. 
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