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A model takes on the quality of theory when it abstracts from raw data the
facts that its inventor perceives to be fundamental and controlling, and puts
these into relation to each other in ways that were not understood before—
thereby generating predictions of surprising new facts.

H. F. Judson (1980), The Search for Solutions

7.2.1 Introduction

Geochemical modeling is widely used for a number of appli-
cations from research on the fundamental processes of
water-rock interactions to regulatory requirements and policy
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decisions regarding permits for industrial and hazardous
wastes. In low-temperature environments, generally thought
of as those in the temperature range of 0-100 °C and close to
atmospheric  pressure (1 atm=1.01325 bar=101 325 Pa),
complex hydrobiogeochemical reactions participate in an
array of interconnected processes that affect us, and that, in
turn, we affect. Understanding these complex processes often
requires tools that are sufficiently sophisticated to portray mul-
ticomponent, multiphase chemical reactions yet transparent
enough to reveal the main driving forces. Geochemical models
are such tools. The major processes that they are required to
model include mineral dissolution and precipitation; aqueous
inorganic speciation and complexation; solute adsorption and
desorption; ion exchange; oxidation-reduction or redox
transformations; gas uptake or production; organic matter spe-
ciation and complexation; evaporation; dilution; water mixing;
reaction during fluid flow; reactions involving microbial
activity; and photoactivity. These processes occur in rain,
snow, fog, dry atmosphere, soils, bedrock weathering, streams,
rivers, lakes, groundwaters, estuaries, brines, and diagenetic
environments. Geochemical modeling attempts to understand
the redistribution of elements and compounds, through
anthropogenic and natural means, for a large range of scale
from nanometer to global. ‘Aqueous geochemistry’ and
‘environmental geochemistry’ are often used interchangeably
with ‘low-temperature geochemistry’ to emphasize hydrologic
or environmental objectives.

Recognition of the strategy or philosophy behind geochem-
ical modeling is not often discussed or explicitly described.
Two approaches for modeling groundwater chemistry
have been described (i) ‘forward modeling,” which predicts
water compositions from hypothesized reactions and user
assumptions, and (ii) ‘inverse modeling,” which uses specific
water, mineral, and isotopic compositions to constrain
hypothesized reactions (Glynn and Plummer, 2005). These
approaches simply reflect the amount of field information
that one has available. With minimal information on a site, a
modeler is forced to rely on forward modeling and his/her
knowledge of hydrogeochemical processes. Optimal informa-
tion would include detailed mineralogy on drill cores or well
cuttings combined with detailed water analyses at varying
depths and sufficient spatial distribution to follow geoche-
mical reactions and mixing of waters along defined flow
paths. With optimal information, a modeler will depend on
inverse modeling.

This chapter outlines the main concepts and key deve-
lopments in the field of geochemical modeling for low-
temperature environments and illustrates their use with
examples. It proceeds with a short discussion of what model-
ing is, continues with concepts and definitions commonly
used, and follows with a short history of geochemical models,
a discussion of databases, the codes that embody models, and
recent examples of how these codes have been used in water-
rock interactions. An important new stage of development
has been reached in this field with questions of reliability
and validity of models. Future work will be obligated to
document ranges of certainty and sources of uncertainty,
sensitivity of models and codes to parameter errors and
assumptions, propagation of errors, and delineation of the
range of applicability.

7.2.1.1 What Is a Model?

A ‘model’ has a relation to ‘reality,” but reality is experiential, and
the moment we attempt to convey the experience, we are seri-
ously constrained by three limitations: our own ability to com-
municate, the capability of the communication medium to
portray the experience, and the ability of the person receiving
the communication to understand it. Communication requires
the use of language and the use of percepts and concepts, and the
process of perceiving, conceiving, and communicating is an
abstracting process that removes us from the immediate experi-
ence. Any attempt to transform an experience into language
suffers from this abstraction process so that we lose the imme-
diate experience to gain some understanding of it. The problem
is to transform existential knowledge to communicated or
processed knowledge. To communicate knowledge, we must
use a simplified and abstract symbolism (words, mathematics,
pictures, diagrams, analogues, allegories, three-dimensional
physical constructs, etc.) to describe a material object or phe-
nomenon, thatis, a model. Models take on many forms, but they
are all characterized by being a simplification or idealization of
reality. “... models include only properties and relationships
that are needed to understand those aspects of the real system
that we are interested in ...” (Derry, 1999). Assumptions, both
explicit and implicit, are made in model construction, because
either we do not know all the necessary properties or we do
not need to know them. Hopefully, models have caught the
essential properties of that which they are attempting to portray
so that they are useful and lead to new insights and to better
answers for existing questions and problems.

Scientific models begin as ideas and opinions that are for-
malized into a language, often, but not necessarily, mathemat-
ical language. Furthermore, they must have testable
consequences. The emphasis on testability, or falsifiability, is
a fundamental attribute (Popper, 1934). Greenwood (1989)
stated that the word model should be reserved “... for well-
constrained logical propositions, not necessarily mathemati-
cal, that have necessary and testable consequences, and avoid
the use of the word if we are merely constructing a scenario of
possibilities.” A scientific model is a testable idea, hypothesis,
theory, or combination of theories that provides new insight
or a new interpretation of an existing problem. An additional
quality often attributed to a model or theory is its ability to
explain a large number of observations while maintaining
simplicity (Occam'’s razor). The simplest model that explains
the most observations is the one that will have the most appeal
and applicability.

Models are applied to a ‘system’ or a portion of the observ-
able universe separated by well-defined boundaries for the
purpose of investigation. A chemical model is a theoretical
construct that permits the calculation of chemical properties
and processes, such as the thermodynamic, kinetic, or quan-
tum mechanical properties of a system. A geochemical model
is a chemical model developed for geologic systems. Geochem-
ical models often incorporate chemical models, such as ion
association (IA) and aqueous speciation, together with miner-
alogical data and assumptions about mass transfer to study
water-rock interactions.

A computer code is obviously not a model. It is unfortunate
that one commonly finds, in the literature, reference to the
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MINTEQ model, the PHREEQC model, or the EQ3/6 model
when these are not models but computer codes. Some of the
models used by these codes are the same so that a different
code name does not necessarily mean a different model is
being used. Even within a single code, different models coexist.
A computer code that incorporates a geochemical model is
one of several possible tools for interpreting water-rock
interactions in low-temperature geochemistry. Although low-
temperature geochemical processes and their models will be
the main focus of this chapter, computer codes in common
use and examples of their application are also covered.

7.2.2 Modeling Concepts and Definitions
7.2.2.1 Modeling Concepts

Many different forms of models are utilized, usually dictated
by the objectives of research. Conceptual models are the most
fundamental (Bredehoeft, 2003, 2005). The success or failure
of a model depends on the robustness of the conceptual
model, not the code. It also depends on the creativity of the
modeler (Adams, 1974) and whether Chamberlin’s method
of ‘multiple working hypotheses’” has been followed
(Chamberlin, 1897). All of us have some kind of concept of
water-rock interactions. For a groundwater interacting with
aquifer minerals, one might conceive that most minerals
would be undersaturated in the area of recharge but that
some minerals (those that dissolve fastest) would become
saturated at some point downgradient, having reached their
equilibrium solubility (a state of partial equilibrium). The con-
ceptual model can be formalized into a set of mathematical
equations using chemical principles, the mathematical model,
entered into a computer program, or code; predictions can be
made to test assumptions and databases against results from
real field data. This exercise helps to quantify and constrain the
possible reactions that might occur in the subsurface. Mathe-
matical equations for complex interacting variables are not
always solved exactly, and therefore, systems of numerical
approximations, or numerical models, have been developed.
Alternatively, an experiment could be set up in the laboratory
with columns made of aquifer material with groundwater
flowing through to simulate the reactions, the experimental
model or scale model. Having obtained results from a mathe-
matical or scale model, some unexpected results often occur,
which force us to change our original conceptual model. This
example demonstrates how science works; it is an ongoing
process of approximation that iterates between idea, theory,
observational testing of theory, and back to modifications of
theory or development of new theories.

7.2.2.2 Modeling Definitions

In low-temperature geochemistry and geochemical modeling,
itis helpful to define several words and phrases in common use.

Aqueous speciation. The distribution of dissolved compo-
nents among free ions, ion pairs, and complexes. For example,
dissolved iron in acid mine drainage (AMD) can be present as
Fe(aq)2+ (free ferrous iron), FeSO4(aq)0 (ion pair), Fe(aqf”r (free
ferric iron), Fe(OH)aq)>", and FeSO4(.q) ™ species. These spe-
cies are present in a single phase, an aqueous solution.

Aqueous speciation is not uniquely defined but depends on
the theoretical formulation of mass-action equilibria and activ-
ity coefficients; that is, it is model-dependent. Some aqueous
speciation can be determined analytically, but operational
definitions and assumptions are still unavoidable.

Phase. Commonly defined as a uniform, homogeneous,
physically distinct, and mechanically separable part of a sys-
tem. Unfortunately, mineral phases are often not uniform,
homogeneous, or mechanically separable except in theory.
Sophisticated microscopic and spectroscopic techniques and
operational definitions are needed to define some mineral
phases.

Phase speciation. The distribution of components among
two or more phases. In a wet soil, iron can be present in at
least three phases: as the x-ray amorphous oxyhydroxide,
ferrihydrite; as goethite; and as dissolved aqueous iron.

Mass transfer. The transfer of mass between two or more
phases, for example, the precipitation and dissolution of
minerals in a groundwater.

Reaction-path calculation. A sequence of mass-transfer cal-
culations that follows defined phase (or reaction) boundaries
during incremental steps of reaction progress.

Mass transport. Solute movement by mass flow of a fluid
(could be liquid, gas, or a mixture of solid and liquid and/
or gas).

Reactive transport. Mass transfer combined with mass trans-
port; commonly refers to geochemical reactions during stream
flow or groundwater flow.

Forward geochemical modeling. Given an initial water of
known composition and a rock of known mineralogy and
composition, the rock and water are computationally reacted
under a given set of conditions (constant or variable temp-
erature, pressure, and water composition) to produce rock and
water (or set of rocks and waters). In forward modeling, the
products are inferred from an assumed set of conditions
(equilibrium or not, phases allowed to precipitate or not,
etc.) and thermodynamic and/or kinetic data are necessary.

Inverse geochemical modeling. Given a set of two or more
actual water analyses along a flow path that have already
reacted with a rock of known mineralogy, the reactions are
inferred. In inverse modeling, the reactions are computed
from the known field conditions (known water-chemistry
evolution and known mineralogy) and assumed mineral reac-
tivity. Inverse modeling is based on mass or mole balancing,
and thermodynamic and kinetic data are not necessary,
although saturation indices provide useful constraints.
Relativistic kinetics (i.e., relative mineral reaction rates) are
deduced as part of the results.

7.2.2.3
Balancing

Inverse Modeling, Mass Balancing, and Mole

A key concept to interpreting water-rock interactions is mass
balancing between water-chemistry data, mineral/gas transfor-
mations, and biologic uptake or release. The mass-balance
concept is a means of keeping track of reacting phases that
transfer mass during fluid flow. It is an integral part of the
continuity equation for steady-state and transient-state flow
conditions. Formalizing mass balances for solutes during
fluid flow is simple if the solutes are conservative but more
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complex when reactions take place. For applications to the
environment, different types of mass balances have been used
and these require some explanation.

Three closely related types of mass-balance approaches
will be discussed. In its simplest form, mass balancing is an
expression of the law of conservation of mass; that is, any parti-
tioning of mass through a system must equal the total sum. The
first type of mass-balance approach, catchment mass balances
(or mass fluxes), use ‘input-output’ accounting methods to
identify overall gains and losses of solutes during the flow of
water from meteoric inputs to stream outflow at a specified point
(Bormann and Likens, 1967; Likens et al., 1977). Paces (1983,
1984) called this the integral mass-balance approach:

[Massrate;, — Massrateyy| == Mass rateineernal
= Rate of accumulation/depletion [1]

In difference form,

Amn’ans Amim _ Amtot
At At At

(2]

where Amy,,/At is the difference in rate of mass (of some
component) transported into and out of the system via fluid
flow, Am;,/At is the rate of mass produced or removed from
the fluid by internal chemical reaction, and Am/At is the
total rate of change in mass for a component in the fluid.
Steady-state conditions are often assumed so that the accumu-
lation/depletion rate becomes zero and the difference between
input and output for a component becomes equal to the
internal processes that produce or remove that component.
These mass rates of change are usually obtained as integral
mass fluxes (computed as discharge times concentration).

For catchments in which input from precipitation and dry
deposition can be measured and the output through a weir or
similar confining outflow can be measured, the difference in
solute flow averaged over an appropriate period of time pro-
vides an accounting of solutes gained or lost. Overviews and
summaries of essential concepts of catchment mass balances
have been presented by Drever (1997a,b), Bassett (1997), and
Bricker et al. (2003). The input-output mass-balance treats the
catchment as a black box, but knowledge of biogeochemical
processes, use of lab experiments, additional field data, and
well-controlled small-scale field-plot studies can help to
identify the dominant processes causing the gain or loss of
a particular solute. Load (or mass flux) calculations for a river
or stream use the same type of accounting procedure.

A second type of mass-balance approach is quantitative
incorporation of mass balances within a reactive-transport
model and can be applied to groundwaters, surface waters,
and surface water-groundwater interactions. Paces (1983,
1984) called this the local mass-balance approach. There are
numerous examples and explanations of this approach (e.g.,
Domenico and Schwartz, 1990; Freeze and Cherry, 1979;
Steefel et al., 2005; Zhu and Anderson, 2002). It is also based
on eqn [2] but uses a partial differential equation with terms
for advection, reaction, and dispersion, respectively:

(%) _ (%;) _ X::Ri N D(ZTC) 3]

where ¢; is the concentration of component i, t is time, v is the
linear velocity along a flow line, > %R; is the sum of all

chemical reaction rates involving component i from n to k,
and D is the dispersion coefficient. Thermal effects, variably
saturated flow, and sedimentation can also be modeled by
incorporating the appropriate terms.

A third type of mass-balance approach is to leave the phys-
ical flow conditions implicit, assume steady-state flow along a
flow line in an aquifer, and account for observed chemical
changes that occur as the groundwater flows from recharge to
discharge (Plummer, 1977; Plummer and Back, 1980). This
approach was introduced formally by the classic publications
of Garrels (1967) and Garrels and Mackenzie (1967), who
calculated mass balances derived from springwater data in the
Sierra Nevada Mountains of California. The modeler begins
with aqueous chemical data along a flow path in an aquifer (or
catchment) of known mineralogy and accounts for changes in
solute concentrations by specified reaction sources and sinks.
The analytical solution is achieved by solving a set of simulta-
neous linear equations known as mole balancing:

j
Z bpo, = Am; =Mj(ginal) — Mi(initial) [4]
=

in which m; is the number of moles of element/component i
per kilogram of water, o} is the stoichiometric coefficient of
element i in phase p, b, is the mass-transfer coefficient of the
pth phase, and j is the number of phases (Plummer et al.,
1983). Because groundwaters are frequently mixtures of differ-
ent water-quality types, mixing fractions can also be employed
in the matrix array. Redox chemistry can be included through
conservation of electrons, and water balance can be used to
simulate evaporation. Plummer (1984) has called this type of
modeling the inverse method, because it proceeds in a reverse
manner to that of forward modeling; that is, it backs out the
probable reactions from known data on water chemistry, iso-
topes, and mineralogy. Parkhurst (1997) simply referred to it
as mole balancing. Semantics aside, this model is developed
for water-rock interactions from “a set of mixing fractions of
initial aqueous solutions and mole transfers of minerals and
gases that quantitatively account for the chemical composition
of the final solution” (Parkhurst, 1997). This third type of mass
balancing has been developed in more detail by Bricker et al.
(2003) and Bowser and Jones (2002).

Three papers are worth mentioning to demonstrate the
fundamental nature of mole balancing for interpreting ground-
water chemistry. Plummer (1984) described attempts to model
the Madison Limestone aquifer, in parts of South Dakota,
Wyoming, and Montana, by both forward and inverse
methods. Two valuable conclusions from this paper were that
information gained from mole balancing was needed to pro-
vide relativistic reaction rates for forward modeling and that
even with these rates, the well-water compositions could not be
closely matched, whereas they can be exactly matched with
inverse modeling. Furthermore, forward modeling required
much more effort and contained more uncertainty. Similar
conclusions were reached by Glynn and Brown (1996, 2012)
in their detailed study of the acidic plume moving in the Pinal
Creek Basin in Arizona. They found that the best approach
was to pursue a series of mole-balance calculations, imp-
roving their modeling with each reexamination of the
phases and reactions considered. Then they took their refined
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mole-balance results and made further improvements by for-
ward modeling. Inverse modeling, however, was a key to their
successful interpretation. The complex nature of interpreting a
dispersed contaminant plume and the associated mineral dis-
solution front required the use of reactive-transport modeling.
The reactive-transport modeling, however, would have been
much more uncertain without the inverse modeling at the
front end.

The inverse or mass-balance modeling approach provides
additional constraints on reactant and product mineral phases
when the mineral mass transfers are plotted as a function of the
range of solid-solution compositions. Bowser and Jones
(2002) discovered this application when investigating the
effect of compositional ranges of feldspars, phyllosilicates,
and amphiboles on mass balances for catchments and ground-
waters dominated by silicate hydrolysis.

It has been pointed out that inverse modeling assumes
advective, steady-state flow and that ‘reaction inversion’ does
not occur (Steefel and Van Cappellen, 1998). Although these
are important issues, they are often not serious limitations.
These assumptions are not a firm requirement for the system
being studied; it is only essential that the consequences of
assuming them for non-steady-state flow (with or without
dispersion) do not have a significant effect on the results of
the calculation. For example, it can be argued that over a long
enough period of time or for a large enough aquifer, steady-
state conditions never truly apply. Indeed, steady state is an
approximation of the physical and chemical state of an aquifer
system that works well for many, if not most, aquifers. As Zhu
and Anderson (2002) stated, the most important criterion is
that the same parcel of water has traveled from point A to point
B. They also stated that chemical steady state is sufficient but
not necessary “because the underlying mathematical equations
to be solved. .. are the integrated forms of mass conservation
(Lichtner, 1996).” At the Iron Mountain Mines, northern
California (Alpers et al., 1992), high concentrations of sulfate
(tens of grams per liter) and metals (grams per liter) discharge
from two major portals. The groundwater movement is
complex because it has advective and nonadvective (dispersive
and convective) properties. There are substantial thermal and
chemical gradients that affect flow regime in addition to
head distribution. The variable effluent flows would indicate
transient-state conditions. The chemistry, however, is still
dominated by oxidation of sulfide minerals and acid dissolu-
tion of aluminosilicate minerals, and a mass-balance calcula-
tion will still reflect these geochemical processes. A mass
balance going from rainwater to portal effluent will delineate
the key minerals that dissolve and precipitate along the flow
path. Steefel and Van Cappellen (1998) correctly stated that
inverse modeling cannot be applied to contaminant plumes or
reaction fronts unless the spatial delineation of the reaction
front is clearly defined. ‘Reaction inversion,” such as the disso-
lution of a particular mineral changing to precipitation
between two points along a flow path such that no overall
reaction appears to have taken place, is an interesting problem.
Without additional information, it would not be possible
to distinguish between no reaction and reaction inversion.
In such instances, it makes no difference to the modeling or
the conclusions, because the net result is the same. It is as if the
element of concern was conserved in the solid phase during

that increment of fluid flow, a safe assumption for silica in
quartz but not for silica from weathering feldspars. It might
only matter if these small-scale processes affect other processes
such as the unidirectional release or attenuation of trace
elements (released upon mineral dissolution but not copre-
cipitated or adsorbed upon mineral precipitation or vice versa)
or similar irreversible processes involving nutrients. Further
discussion of inverse modeling is found in Sections 7.2.7.1
and 7.2.8.4.6.

7.2.3 Solving the Chemical Equilibrium Problem

Although both kinetic and equilibrium expressions can be used
in geochemical modeling computations, the ‘equilibrium
problem’ is the foundation of most calculations of this type.
Simply stated, the chemical equilibrium problem is the deter-
mination of the most stable state of a system for a given set of
pressure (P), temperature (T), and compositional constraints
(Xi). These variables, P, T, and X;, need not be fixed, but they
must be defined for the given system. The chemical state of
a system is given by the total Gibbs free energy, G, and its
differential change with the extent of reaction or progress
variable, ¢ (De Donder, 1920), denotes the state of the system
in mathematical terms. For a system at equilibrium,

(%)= o

and any perturbation from equilibrium will cause this
differential to be other than 0. The progress variable is a singular
quantity that expresses the extent to which a reaction has taken
place. It is equal to the change in the number of moles, n;
of a reactant (or product) normalized to the stoichiometric
coefficient, v;, for that component, element, or species. In differ-
ential form,
. 6n,~
o = 7 (6]
Solving the equilibrium problem means finding the mini-
mum in the free energy surface for the defined system. Two
general approaches have been used: the equilibrium constant
approach and the free energy minimization approach. As the
names suggest, they primarily use equilibrium constants to
solve the problem or they use free energies. Of course, the
approaches are basically the same because they are related by
A,G°=—RT In K, where R is the universal gas constant, T is the
absolute temperature in Kelvin, and K is the equilibrium con-
stant, but the logarithmic conversion leads to different numer-
ical techniques. Both approaches have to employ mass-balance
and mass-action equations. Upon substitution of mass-action
into mass-balance expressions (or vice versa), a set of nonlinear
equations is derived that are readily solved by a numerical
method coded for a computer. The mathematical formulation
of the chemical equilibrium problem is explained in Zeleznik
and Gordon (1968), Van Zeggeren and Storey (1970), Wolery
(1979), and Smith and Missen (1982). Harvie and Weare
(1980) and Harvie et al. (1987) have improved the free energy
minimization algorithm for solving the general chemical equi-
librium problem and applied it to finding parameters for the
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Pitzer method of calculating equilibria in brines. Rubin (1983,
1990) provided more formalism for dealing with reactive-
transport and nonequilibrium conditions. Further discussion
of the numerical techniques can be found in the books by
Smith and Missen (1982), Nordstrom and Munoz (1994),
Appelo and Postma (2005), Bethke (2008), and Bundschuh
and Zilberbrand (2012). A simple problem involving
speciation of an aqueous solution at equilibrium with gypsum
is solved by both the Newton-Raphson method and the
‘continued fraction’ method in Nordstrom and Munoz (1994).

7.2.4 Historical Background to Geochemical
Modeling

The founders of geochemistry, F. W. Clarke, G. M. Goldschmidt,
V. L. Vernadsky, and A. E. Fersman, clearly made major
contributions to our ‘models’ of geochemical processes.
Today, however, we think of geochemical models in terms of
high-speed quantitative computations of water-rock interac-
tions made possible with fast processors and disks with large
memories. This direction of research began with the principles
of physical chemistry adapted for solving aqueous low-
temperature geochemical problems by Hem (1959), Garrels
(1960), Silléen (1961), Garrels and Christ (1965), and
Krauskopf (1967). The scholarly structures that these authors
built would not have been possible without the foundations
laid by those who came before and developed the science of
physical chemistry: Wilhelm Ostwald, Jacobus Henricus van't
Hoff, and Svante Arrhenius (Servos, 1990). These chemists,
along with numerous others they influenced, established the
principles upon which aqueous low-temperature geochemistry
and geochemical modeling is based. van’t Hoff himself was an
early developer of geochemical models in his efforts to apply
physical chemistry to the interpretation of the equilibrium
factors determining the stability of gypsum and anhydrite
(van't Hoff et al,, 1903) and the equilibrium interpretation
of the Permian Zechstein evaporite deposits (Eugster, 1971;
van't Hoff, 1905, 1909, 1912).

Probably the earliest paper to apply a speciation calculation
to natural water was Goldberg's (1954) estimate of the differ-
ent forms of dissolved copper in seawater based on Niels
Bjerrum’s theory of ion-pair formation and Jannik Bjerrum'’s
data (see Bjerrum, 1950). He found that 65% was in the free
ion (Cu”") form and another 33% was present as either a
cation or neutral species form (copper-chloride complexes).
This calculation, however, did not take into account simulta-
neous competitive complexing from all the other ions and
organic matter in seawater. The free copper ion is estimated
to be <0.012% of the total dissolved copper (Donat and
Bruland, 1995). Speciation was central to Krauskopf's (1951)
study on gold solubility, his discussion of trace-metal enrich-
ment in sedimentary deposits (Krauskopf, 1955), and his
examination of the factors controlling trace-metal concentra-
tions in seawater (Krauskopf, 1956). In the US Geological
Survey (USGS), Hem and Cropper (1959) and Hem (1961)
were estimating distribution of ionic species and activities of
ions at chemical equilibrium in natural waters. Sillén’s (1961)
first paper on seawater considered hydrolysis and complex

formation. At this time, he and his colleagues were pioneering
the application of computers to solve complex aqueous solu-
tion equilibria (Dyrssen et al., 1968; Ingri and Sillén, 1962;
Ingri et al., 1967; Sillén, 1962). The classic paper that applied
aqueous speciation to natural water was that of Garrels and
Thompson (1962) in their ‘Chemical Model of Seawater.’
This model contained unique features such as the mean-
salt method for estimating activity coefficients and was the
first to calculate simultaneously the major aqueous seawater
species.

The adaptation of water-rock geochemical modeling to
computers was pioneered by Helgeson and his colleagues,
who focused on ore deposits and high-temperature, high-
pressure reactions (Helgeson, 1964, 1967, 1969) but also
considered low-temperature processes (Helgeson et al., 1969,
1970). Helgeson’s (1971) research continued with the appli-
cation of computers to the calculation of geochemical kinetics.
Theoretical approaches were developed for geochemical kinet-
ics (Aagard and Helgeson, 1982; Helgeson and Murphy, 1983)
and computations compared to measured reaction rates
(Helgeson et al., 1984; Murphy and Helgeson, 1987) and cou-
pled with diffusion (Murphy et al., 1989). These approaches
provide insight to the mechanisms of controlled laboratory
studies on mineral dissolution rates, but difficulties are
encountered when applications are made to the complex
conditions of the natural environment. Experimental and the-
oretical approaches to mineral dissolution fail to predict the
actual dissolution rates in catchments, because experiments
do not reproduce the composition and structure of natural
mineral surfaces, they do not account for adsorbed inhibitors,
they do not consider the effect of variable climate and hydro-
logic flow rates, and they do not account for biologic activity
(Brantley and Olsen, Chapter 7.3). These factors may have
taken anywhere from decades to millennia to develop, and
they can change over short periods of time. Computer codes
that incorporate reaction kinetics into groundwater or catch-
ment codes usually do so with some type of generalized
first-order rate law.

Beginning in the 1960s and expanding considerably dur-
ing the 1970s, a series of computer codes were developed that
could perform a wide variety of aqueous geochemical calcu-
lations (Bassett and Melchior, 1990; Mangold and Tsang,
1991), and these evolved considerably during the 1980s and
1990s to include simulation of more processes, coupling of
processes (especially reaction with transport), and the avail-
ability of more options (Alpers and Nordstrom, 1999). The
advances in geochemical modeling are apparent in the evolu-
tion of Barnes’ Geochemistry of Hydrothermal Ore Deposits from
first edition (Barnes, 1967) to third edition (Barnes, 1997), in
the American Chemical Society (ACS) books Chemical Model-
ing in Aqueous Systems that have shown significant advances
from the first (Jenne, 1979) to the second (Melchior and
Bassett, 1990), and in the plethora of papers on this subject
since the 1980s. Nevertheless, advanced sophistication for
geochemical codes does not imply a parallel advance in our
understanding of geochemical processes. The sophistication
of software has outdistanced our capacity to evaluate the
software over a range of conditions, and it has outdistanced
our ability to obtain the field data to constrain and test
the software.
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7.2.5 The Problem of Activity Coefficients
7.2.5.1 Activity Coefficients

Aqueous electrolytes and the equilibrium constants that
define various reactions in low-temperature geochemistry are
inexorably linked with the problem of activity coefficients or
the problem of nonideality for aqueous electrolyte solutions.
Thermodynamic equilibrium constants, defined by an extrap-
olation to infinite dilution for the standard-state condition
(not the only possible standard state), require the use of activ-
ity coefficients. Unfortunately, there is neither a simple nor
universal nonideality method that works for all electrolytes
under all conditions. This section provides a brief overview of
a major subject still undergoing research and development but
for which several satisfactory approaches are available.

If the activity of a solute or ion was ideal, it could be taken
as equivalent to the molal concentration, m;, of the i ion or
solute. However, interactions with other ions and with the
solvent water are strong enough to cause nonideal behavior,
and the characteristic variable relating concentration to
chemical potential is the activity coefficient, y;,

ai = 7imi [7]

With the accumulation of activity coefficient measurements
and the search for a theoretical expression, it was discovered
that in dilute solutions, the logarithm of the activity coefficient
was an approximate function of the square root of the molality:

Iny; = —om? (8]

where «; was simply a constant. Bronsted (1922) introduced a
linear term to eqn [8] in which the coefficient, f3, is a ‘specific-
ion interaction parameter,’

Iny, = —ociml-l/2 — pm; [9]

Later modifications of this general approach became
known as the specific-ion interaction theory (SIT) because of
the explicit dependence on the solute or ions being considered.

An important concept that aided in the development of
electrolyte theory was the ionic strength, I, introduced by
Lewis and Randall (1921):

1
=5 > miz} [10]

where z; is the ionic charge. Thereafter, the ionic strength was
used as a parameter in activity coefficient equations. Debye and
Hiickel (1923) derived an equation from electrostatic theory,
which, in the limit of infinite dilution (hence, the Debye-
Hiickel limiting law), becomes

logy; = fAz,-ZII/2 [11]

where A is a Debye-Hiickel solvent parameter (dependent on
the properties of the solvent).

Their extended Debye-Hiickel equation is
AR

15 Ball? [12]

logy; = —
where B is another Debye-Hiickel solvent parameter and a; is
an ion-size diameter derived by empirical fit but approximates
the hydrated ion diameter. This equation is applicable up to

about 0.1 molal. The use of the extended Debye-Hiickel equa-
tion with the appropriate equilibrium constants for mass-
action expressions to solve a complex chemical equilibrium
problem is known as the IA method. The method uses the
concept of attraction between ions of opposite charge bonding
to make an ion pair or triplet that reduces the concentration of
charged ions. Hence, the total ionic strength would be without
any ion-pair association, and the effective ionic strength would
be less because it would include IA.

Hiickel (1925) demonstrated that by adding the linear term
with a fitted coefficient to the extended Debye-Hiickel equa-
tion (eqn [12]), activity coefficients for ionic strengths up to a
few molal for simple single electrolytes could be reliably fit:

211/2
logyi:—%;p/z—&—bil [13]

Eqn [13] was adopted in the original aqueous model devel-
oped by Helgeson and colleagues (Ielgeson, 1969; Helgeson
etal.,, 1981) and by Truesdell and Jones (1974). The IA method
using eqn [13] for major ions (mixed electrolytes) in natural
water compares well with other more precise methods (see the
succeeding text) up to an effective ionic strength of seawater
(0.7 m, whereas the total ionic strength is nearly 1 molal) but
not much higher.

Further modifications of these equations were tried over the
next several decades. The next better approximation is to allow the
linear coefficient to be a function of the ionic strength (Pitzer and
Brewer, 1961), and it was utilized by Helgeson and Kirkham
(1974a,b, 1976), Helgeson et al. (1981), and Tanger and
Helgeson (1988) in the development of the Helgeson-Kirkham-
Flowers (HKF) equations, which is based on the Born function
(using the dielectric constant of the solvent) and ion hydration.

Contributions by Guggenheim (1935) and Scatchard
(1936) and the KTH Swedish group (Grenthe et al., 1992,
1997) became the Breonsted-Guggenheim-Scatchard or SIT
(specific-ion interaction theory) method:

AZTV2
logy;, = — 1+151]/2+Z e(i,k,I)m, [14]
in which the linear term is a function of molality summed for
all the other ions in solutions, k, and ¢(i, k, I) tends to be
constant at higher molalities but solute- or ion-specific.
The last term in eqn [14] represents the deviation of the exper-
imentally measured activity coefficient from the prediction of
the simplified Debye-Hiickel equation.

Pitzer (1973) reexamined the statistical mechanics of aque-
ous electrolytes in water and derived a different semiempirical
method for activity coefficients, commonly termed the Pitzer
specific-ion-interaction model. He fitted a slightly different
function for behavior at low concentrations and used a virial
coefficient formulation for high concentrations. The results
have proved extremely fruitful for modeling activity coeffi-
cients over a very large range of molality. The general equation
limited to the second-order term is

A 2v, v
Iny. = = Slezf() + == B(I)m

)3/2 [15]
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where

11/2

Ne— 41671 (1 1.211/2>
JU) = e F1e7In(1+

and
_ o 2ﬂ, 1/2 1 2 _oi/2
B(I) = 26"+ 5 {1 (1+od S7)e

and where ° and f§' are specific-ion parameters, « is a constant
for a similarly charged class of electrolytes, and C is a specific-
ion parameter independent of ionic strength. The B and C
parameters are second and third virial coefficients. The param-
eter v=v, +v_ is the sum of the stoichiometric coefficients for
the cation, v, and the anion, v_, of the solute. The Pitzer
parameters have been fitted for a wide range of solutes and
have been used for mixed electrolyte solutions to model the
mineral solubility behavior in brines (Harvie and Weare, 1980;
Harvie et al., 1980). Grenthe et al. (1997) made an extensive
comparison of the SIT method with the Pitzer method in detail
and came to the following conclusions: (i) the more exten-
sively parameterized Pitzer model allows the most precise and
accurate modeling of activity coefficients and equilibrium
constants, provided that all the interaction coefficients are
known; (ii) when Pitzer parameters are missing (not available
from experimental data), they must be estimated and the pre-
cision and accuracy of the activity coefficients can be signifi-
cantly compromised; (iii) the parameters in the SIT model can
be related to those in the Pitzer model and provide another
means of estimating Pitzer parameters; (iv) the SIT model is in
good agreement with the Pitzer model for the range m=0.1-
4 mol kg™'; and (v) the Pitzer model is the preferred formalism
for solutions or brines of high ionic strength. An extensive
discussion of the development of the Pitzer model and several
hybrid approaches can be found in Pitzer (1991a) and Millero
(2001). It appears that hybrid approaches provide the best
promise in the future, because they combine the extensive
data available on equilibrium constants with a better formula-
tion of activity coefficients.

The difference between the extended Debye-Hiickel
equation and the Pitzer equations has to do with how much
of the nonideality of electrostatic interactions is incorporated
into mass-action expressions and how much into the activity
coefficient expression. It is important to remember that the
expression for activity coefficients is inexorably bound up
with equilibrium constants and they must be consistent with
each other in a chemical model. Ion-pair interactions can be
quantified in two ways, explicitly through stability constants
(IA method) or implicitly through empirical fits with activity
coefficient parameters (Pitzer method). Both approaches can
be successful with enough effort to achieve consistency. At the
present, the Pitzer method works much better for brines, and
the IA method works better for dilute waters because of the
greater number of components and species for which basic
data exist. When the effort is made to compare both
approaches for the same set of high-quality data and the
ionic strengths are not too high, they appear to be comparable
(Felmy et al., 1990). The primary challenge for the future
will be to ensure that consistency is maintained between
the thermodynamic data, the expressions for nonideality, and

the mass-action expressions in geochemical modeling codes
and to incorporate more trace elements and redox species
within the same formulation.

7.2.5.2 Saturation Indices

After speciation and activities have been calculated for all the
free ions, ion pairs, triplets, etc., a mineral saturation index can
be computed. The saturation index, SI, is defined as the loga-
rithm of the ratio of the ion-activity product, IAP, to the
solubility product constant, K,

IAP} (6]

SI = log |:Ksp
If the solution is at equilibrium, the IAP =K, and the SI=0. If
the SI> 0, then the solution is supersaturated and the mineral
would tend to precipitate; if the SI<O0, the solution is under-
saturated and the mineral would tend to dissolve, if present.
Because the SI is affected by the stoichiometry of the mineral
formula, it is best to normalize the SI to the total mineral
stoichiometry, as pointed out by Zhang and Nancollas (1990):

IAP} 1o (7]

SI = log |:Ksp
where v=v, +v_, the sum of the stoichiometries of the positive
and negative components in the mineral formula. For the
saturation index of calcite, the IAP is (ac,+)(acp,>-) and the
Ky, is the same product at solubility equilibrium and v=2.
Including the stoichiometric coefficient makes comparisons
between different mineral saturation indices on the same
basis for the same water sample.

Saturation index computations describe the ‘tendency’ of a
water sample to be saturated, but they do not necessarily
demonstrate whether mineral dissolution or precipitation
actually happens. For dissolution to occur, the mineral must
be present and it must dissolve at a rate that is fast enough
relative to the flow rate of the water to affect the water chem-
istry (Berner, 1978). Likewise for a mineral to precipitate, it
must precipitate at a rate fast enough to affect the water chem-
istry. The kinetics of precipitation and dissolution reactions
must be applied to get a realistic interpretation of water-rock
interactions.

7.2.6 Geochemical Databases

Input for aqueous geochemical codes consists of field data
(geology, petrology, mineralogy, and water analyses), thermo-
dynamic and aqueous electrolyte data, and kinetic and sorp-
tion data if the code includes these processes. Thermodynamic
data are fundamental to most geochemical computations,
and several major compilations are available. Although the
guidelines and necessary relations for thermodynamic con-
sistency are well established (Haas and Fisher, 1976; Helgeson,
1968, 1969; Nordstrom and Munoz, 1994; Nordstrom et al.,
1990; Rossini et al., 1952; Wagman et al., 1982), it has been
difficult to employ them in the development of databases. Two
general approaches have been recognized: serial networks and
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simultaneous regression. With serial networks, an evaluator
begins with a single starting point, such as the standard-state
properties for an element (or all elements) and gradually
builds in the properties of compounds through the appropriate
reaction combinations. Serial networks, such as that developed
by the former National Bureau of Standards (National Institute
of Standards and Technology) database (Wagman et al., 1982),
achieved continuity for a large data set but lost some thermo-
dynamic constraints, whereas simultaneous regression, which
preserves thermodynamic relationships, can only be done on a
limited subset of data, and the weighting of the regression
fit depends on the judgment of the evaluator (Archer and
Nordstrom, 2003). Computer codes have been developed for
the purpose of correlating and evaluating a diversity of ther-
modynamic data (Ball et al., 1988; Haas, 1974, 1989), but they
have not been widely used and have now been replaced by
spreadsheet computations. Serious discrepancies in thermody-
namic properties do appear among these compilations, and
some of the discrepancies have been incorporated into the
databases of geochemical codes. Many users of these codes
are not familiar with these databases, and the possible uncer-
tainties propagated through the computations from thermo-
dynamic errors. Such error propagation may or may not be
important, depending on the specific objectives of the geo-
chemical problem being addressed. Users must be aware of
the errors associated with thermodynamic data when making
these computations.

7.2.6.1 Thermodynamic Databases

Since the early compilations of thermodynamic data (e.g.,
Lewis and Randall, 1923), numerous measurements were
made during the twentieth century leading to the well-known
compilations of Latimer (1952) and Rossini et al. (1952).
Measurements and compilations continued to expand through
the latter part of the twentieth century, and comprehensive
inventories, such as Sillén and Martell (1964, 1971), Martell
and Smith (1974-1976), Perrin (1979, 1982), Serjeant and
Dempsey (1979), Wagman et al. (1982), Hogfeldt (1982),
Gurvich et al. (1989ab, 1993), Robie and Hemingway
(1995), and Chase (1998), summarized and organized a con-
siderable amount of data. Unfortunately, these were primarily
compilations and not evaluations, with the exception of
Wagman et al. (1982) in which references were not reported
and Gurvich et al. (1993), Chase (1998), and Robie and Hem-
ingway (1995). Notable evaluations were the publication of
the CODATA tables (Cox et al., 1989; Garvin et al., 1987), the
Organisation Economic Co-operation and Development/
Nuclear Energy Agency Thermochemical Database (OECD/
NEA TDB) publications (Brown et al.,, 2005; Bruno et al,,
2007; Gamsjager et al. 2005; Grenthe et al., 1992; Guillamont
etal., 2003; Hummel et al., 2005; Lemire et al., 2001; Olin et al.
2005; Rand et al., 2009; Rard et al., 1999; Silva et al., 1995), the
Swiss radioactive waste management agency Nagra/PSI publica-
tion on evaluating data for nuclear waste objectives (Hummel
et al, 2002; Thoenen et al, 2004), and the International
Union of Pure and Applied Chemistry (IUPAC) solubility data
series compilations (e.g., Dirkse, 1986; Lambert and Clever,
1992; Scharlin, 1996). The OECD/NEA TDB, although focusing
on radionuclides of most concern to safe disposal of

high-level radioactive wastes and military wastes, contains a
considerable amount of auxiliary data on other common aque-
ous and solid species that had to be evaluated along with the
actinides.

Additional work on compilation and evaluation of thermo-
dynamic databases within the chemical community has pro-
gressed in recent years (Voigt et al.,, 2007). A commercial
database known as DDB (Dortmund Data Bank) has been
underway in Germany since 1973, begun at the University of
Dortmund and now located at the University of Oldenburg
(http://www.ddbst.de; last accessed 3 May 2012). They store
original data (>50 000 references) and derived thermody-
namic data. The Paris School of Mines launched a database
project, CDT (Common Thermodynamic Database) to coordi-
nate geochemical data and to have a common review platform.
Storage, traceability, and internal consistency are all part of the
objectives. Geoscience Australia has a thermodynamic data-
base project called FreeGs that has freely accessible standard-
state data for minerals and reactions over a wide range of
temperature and pressure (http://dbforms.ga.gov.au/www/
thermo.thermo_reports_pkg.reports_exec; last accessed 3 May
2012 and not the website found in Voigt et al., 2007). The
THEREDA (Thermodynamic Reference Database) is supported
by the German Nuclear Safety and Reactor Safety federal agen-
cies and Freiberg Technical University so that it, such as the
NEA TDB and LLNL databases, is focused on radionuclide- and
groundwater-related data that might affect near-field and far-
field processes. It is in the early stages of development, and in
their third release (21 February 2012), they have parameters
for Na, Mg, Ca, K, Cl, SO4, HCO3/CO5(g), and H,O (https://
www.thereda.de/; last accessed 4 May 2012).

For aqueous geochemical modeling, the equilibrium con-
stant tables of Nordstrom et al. (1990) have proven useful and
are found in USGS and US Environmental Protection Agency
(USEPA) codes described in the succeeding text and in popular
water-chemistry/aqueous-geochemistry textbooks (Appelo and
Postma, 2005; Drever, 1997a; Langmuir, 1997; Stumm and
Morgan, 1996). These tables have been recompiled, expanded,
and tabulated in terms of thermodynamic properties (G, H, S,
Cp, and log K for reaction and individual species, Nordstrom
and Munoz, 1994). The tabulation of Nordstrom and Munoz
(1994) was organized in such a way that individual species
can be compared with reactions measured independently to
demonstrate consistency. Consequently, it is easy to check
thermodynamic relations to see if the properties for individual
species are consistent with tabulated reaction equilibria.
Only values that agreed within a close range of the stated
uncertainties were included in the tables.

Internally consistent data, primarily for high-temperature
mineral phases, have been developed by Berman (1988),
Holland and Powell (1998), and Gottschalk (1997). Applica-
tion of the HKF model for water-mineral equilibria has led to
extensive tables of thermodynamic data for a wide range of
temperature and pressure (up to 5 kbar and 1000 °C, Shock
and Helgeson, 1988, 1990; Oelkers et al., 1995). These tables
were compiled with the aid of the SUPCRT92 code (Johnson
etal., 1992). An online updated data listing and free interactive
support for SUPCRT92 are maintained at Arizona State
University at http://geopig3.la.asu.edu:8080/GEOPIG/ (last
accessed 4 May 2012). A number of US Department of Energy
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thermodynamic data qualification reports, known as the Yucca
Mountain database, were issued beginning in 2000, which
led to the major evaluation and update of the SUPCRT92
database incorporating many new measurements (Apps and
Spycher, 2004; Wolery and Jove-Colon, 2004, 2007).

Another database that has focused on internal consistency
can be found online under Thermo-Calc (Andersson et al.,
2002; Lukas et al., 2007), and it is closely tied into equilibrium
phase diagrams because it is designed primarily for alloys
and metallurgical objectives. The National Institute for Stan-
dards and Technology (NIST) maintains thermodynamic prop-
erties on a website (http://webbook.nist.gov/; last accessed
4 May 2012) and published an extensive list of thermophysical
and thermochemical properties (Lide and Kehiaian,
1994). Additional pre-1993 compilations and sources of
specific thermodynamic data can be found in Nordstrom and
Munoz (1994).

As mentioned in the review of thermodynamic databases
by Oelkers et al. (2009), a convergence of thermodynamic
properties of the same minerals from many different sources
is a hopeful sign that consistency is improving over time.

7.2.6.2 Kinetic Databases

There are limited kinetic databases for aquatic geochemistry,
partly because of the enormous range of conditions that need
to be measured and normalized. Another approach would be
to compile relative reaction rates for minerals based on both
lab studies and field studies that could be a guide for modelers.
White and Buss (Chapter 7.4) have compiled data for dissolu-
tion rates of common silicate minerals and discussed their
relation to solute fluxes from drainage basins. Brantley and
Olsen (Chapter 7.3) have compiled more data on dissolution
rates for calcite, silicates, and oxides and outlined the basic
kinetic equations, temperature dependence, and effects of
organic and inorganic ligands. Rate coefficients for an even
larger group of silicates, oxides, hydroxides, carbonates, sul-
fates, sulfides, phosphates, and halides have been compiled by
Palandri and Kharaka (2004).

7.2.6.3 Electrolyte Databases

The classic books by Harned and Owen (1958) and Robinson
and Stokes (1959) put electrolyte theory on a firm basis and
provided important tabulations of electrolyte data for calcula-
tions of activity coefficients and related properties. A compre-
hensive compilation of electrolyte data (activity and diffusion
coefficients, viscosity, density, and conductance) can be found
in Lobo and Quaresma (1989).

Advances in electrolyte theory, especially the use of the
Pitzer method (Pitzer, 1973, 1979), led to alternate methods
of calculating activities and speciation. The books edited first
by Pytkowicz (1979) and later by Pitzer (1991b) provided a
general overview of the different approaches and hybrid
approaches to these computations. A more recent reference
providing a thorough overview of the subject with tables of
molal properties, activity coefficients and parameters, and
dissociation/association constants is Millero (2001). These ref-
erences explain the general use of the IA method with extended

forms of Debye-Hiickel equations, the Pitzer specific-ion
interaction method, and hybrid approaches that take advan-
tage of the best aspects of both approaches.

7.2.7 Geochemical Codes

This listing and description of geochemical codes is not meant
to be either exhaustive or complete. It is meant to be a brief
overview of several codes in current and common use. Earlier
reviews by Yeh and Tripathi (1989a), Mangold and Tsang
(1991), Parkhurst and Plummer (1993), and Alpers and
Nordstrom (1999) provide information on more codes, their
evolution, and references to earlier reviews on codes and geo-
chemical modeling. More recently, Bethke (2008), Oelkers
et al. (2009), and Zilberbrand (2012) provided lists of recent
codes in common use. Loeppert et al. (1995) also contains
useful information on geochemical codes and modeling,
especially for soil interactions. It is important to remember
that most codes in active use often undergo enhancements,
database updates, and other improvements. The descriptions
given in this section may not apply to some of these same
codes a few years from now.

7.2.7.1 USGS Codes

The USGS has developed several codes that are useful for the
interpretation of water-chemistry data and for simulating
water-rock interactions. Two similar aqueous speciation
codes were developed in parallel, WATEQ (Truesdell and
Jones, 1974) and SOLMNEQ (Kharaka and Barnes, 1973).
The primary aim of these programs was to aid in the interpreta-
tion of water-quality data. SOLMNEQ, however, had a different
subroutine for calculating temperature and pressure dependence
and could calculate reaction equilibria above 100 °C. WATEQ
was intended for temperatures of 0-100 °C. Both of these pro-
grams have been updated. WATEQA4F v.2 (Ball and Nordstrom,
1991, with database updates to 2012) uses the IA method with
an expanded form of the extended Debye-Hiickel equation for
major ions (Hiickel, 1925; Nordstrom and Munoz 1994; Trues-
dell and Jones, 1974), includes independent redox speciation
computations that assume redox disequilibrium, and has data-
base updates for uranium (Grenthe et al.,, 1992), chromium
(Ball and Nordstrom, 1998), arsenic redox species (Archer and
Nordstrom, 2003; Nordstrom and Archer, 2003), and conduc-
tivity calculations (McCleskey et al, 2012). SOLMINEQ.88
(Kharaka et al., 1988; Perkins et al., 1990) covers the tempera-
ture range of 0-350 °C and 1-1000 bar pressure, includes both
the IA method and the Pitzer method, and has mass-transfer
options such as boiling, fluid mixing, gas partitioning, mineral
precipitation, mineral dissolution, ion exchange, and sorption.
It has been found to be particularly applicable to deep sedi-
mentary basins, especially those containing oil and gas
deposits. The latest version, SOLMINEQ.GW, is explained in
an introductory text on groundwater geochemistry (Hitchon
etal, 1996).

Parkhurst et al. (1980) developed the PHREEQE code to
compute, in addition to aqueous speciation, mass transfer
and reaction paths. A separate but similar code, PHRQPITZ,
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uses the Pitzer method for brine calculations (Plummer and
Parkhurst, 1990; Plummer et al., 1988). The PHREEQE code
has been regularly upgraded, and the recent version, PHREEQC
version 2, includes ion exchange, evaporation, fluid mixing,
sorption, solid-solution equilibria, kinetics, one-dimensional
transport (advection, dispersion, and diffusion into stagnant
zones or dual porosity), and inverse modeling (Parkhurst and
Appelo, 1999). An interface (PHREEQCI) was developed for
interactive modification of the input files by Charlton et al.
(1997). The latest development in this series is PHAST, which
includes three-dimensional transport (Parkhurst et al., 2004)
and several enhancements and new features found in version 2
(Parkhurst et al., 2010). The program PHAST uses the solute-
transport simulator HST3D (Kipp, 1987, 1998) and iterates at
every time step with PHREEQC. Thorstenson and Parkhurst
(2002) have developed the theory needed to calculate individ-
ual isotope equilibrium constants for use in geochemical
models and utilized them in PHREEQC to calculate carbon-
isotope compositions in unsaturated zone with seasonally
varying CO, production (Parkhurst et al., 2001). Appelo and
Postma (2005) have published a textbook on groundwater
geochemistry that uses PHREEQC in many of its examples,
and Merkel and Planer-Friedrich (2008) have published
a practical guide to modeling aquatic systems using PHREEQC
extensively with numerous examples for the beginning user.
Charlton and Parkhurst (2011) have developed a set of
modules that allows easy integration of PHREEQC into
other software.

Geochemical modeling of reactants in flowing mountain-
ous stream systems can be done with the USGS codes OTIS
(Runkel, 1998) and OTEQ (Runkel, 2010; Runkel et al., 19963,
b, 1999) that model solute transport and reactive transport,
respectively. OTIS, or one-dimensional transport with inflow
and storage, is based on the earlier work of Bencala (1983) and
Bencala and Walters (1983). The OTEQ code combines the
OTIS code with MINTEQA2 for chemical reaction at each
incremental step of transport. These codes are calibrated with
constant-flow tracer-injection studies and testable assumptions
regarding the solubility product constant of the precipitating
phases (Kimball et al., 2003). They have been tested in numer-
ous settings, primarily with the objective of quantifying and
predicting the sources, transport, and fate of acid drainage
from mined environments in the Western United States,
including the evaluation of remedial alternatives (Ball et al.,
2004; Broshears et al., 1996; Kimball and Runkel, 2010;
Kimball et al., 2010; Runkel and Kimball, 2002; Runkel et al.,
1996a,b, 1999, 2007, 2012).

Codes for inverse modeling began with the program BAL-
ANCE (Parkhurst et al., 1982) from which the interactive code
NETPATH (Plummer et al., 1991) evolved. NETPATH, in addi-
tion to mass balancing, allows database management for a
suite of wells and can compute speciation and saturation indi-
ces with WATEQ. Inverse modeling has now been programmed
into PHREEQC along with uncertainty propagation (Parkhurst,
1997). Bowser and Jones (1990, 2002) have incorporated the
mass-balance approach into a spreadsheet format that allows
graphical output and a quick reconnaissance of ranges of min-
eral compositions that are permissible models for silicate solid-
solution series. USGS codes and manuals can be downloaded
free. The current version and additional bibliographic and

information files for PHREEQC are available at http://
wwwbrr.cr.usgs.gov/projects/ GWC_coupled/ (last accessed 19
June 2012).

7.2.7.2 LLNL/LBNL Codes

A set of computer codes known as EQ3/6 was originally devel-
oped by Wolery (1979) to model rock-water interactions in
hydrothermal systems for the temperature range of 0-300 °C.
Software development was later sponsored by the US Depart-
ment of Energy at Lawrence Livermore National Laboratories
(LLNL) to model geochemical processes anticipated in high-
level nuclear waste repositories. This geochemical code has
become one of the most sophisticated and most applicable
for a wide range of conditions and processes. In addition to
speciation and mass-transfer computations, it allows for equi-
librium and nonequilibrium reactions, solid-solution reac-
tions, kinetics, IA and Pitzer methods, and both inorganic
and organic species. The program has been used for several
municipal and industrial waste situations to assess natural and
engineered remediation processes, to model geologic CO,
sequestration (Johnson et al., 2005), to model mineral precip-
itation at high ionic strengths (Brown and Ebinger, 1998), and
to model evaporative evolution of a Yucca Mountain brine
(Alai et al, 2005). It has five supporting thermodynamic
data files, and the thermodynamic data are evaluated and
updated with the SUPCRT92 software (Johnson et al., 1992),
based on Helgeson's formulation for activity coefficients and
aqueous thermodynamic properties over a wide range of
temperature and pressure (Helgeson and Kirkham, 1974a,b,
1976; Helgeson et al., 1981) and solid-phase thermodynamic
properties (Helgeson et al., 1978). Thermodynamic data are
updated with the availability of published research (e.g., Shock
and Helgeson, 1988, 1990; Shock et al., 1989; Wolery and
Jove-Colon, 2007).

Pruess (1991, 2004) developed the TOUGH code for multi-
phase fluid and heat flow at Lawrence Berkeley National
Laboratory (LBNL), which was expanded and modified to
include chemical reaction (TOUGHREACT, Xu et al., 1997,
2008, 2009; Xu and Pruess, 1998, 2001). It has been applied
to a wide range of geochemical processes, including pyrite
oxidation (Xu et al., 2000), CO, sequestration (Xu et al.,
2003, 2004, 2006), supercritical water conditions (Croucher
and O'Sullivan, 2008), supergene copper enrichment (Xu
et al, 2001), and water-rock interactions in geothermal
systems (Dobson et al., 2004). Thermodynamic data are
largely based on SUPCRT92 with appropriate updates from
more recent literature sources.

7.2.7.3 Miami Code

It would be difficult to find more comprehensive or more
detailed studies on the physical chemistry of seawater than
those done at the University of Miami (Millero, 2001). Several
codes were developed for calculation of activity coefficients
and speciation of both major ions and trace elements in sea-
water. The activity coefficient models have been influenced
strongly by the Pitzer method but are best described as hybrid
because of the use of ion-pair formation constants (Millero
and Schreiber, 1982). The current code uses QBASIC to
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compute activity coefficients for 12 major cations and anions,
seven neutral solutes, and more than 36 minor or trace ions.
At 25 °C, the ionic strength range is 0-6 m. For major compo-
nents, the temperature range has been extended to 0-50 °C,
and in many cases, the temperature dependence is reasonably
estimated to 75 °C. Details of the model and the parameters
and their sources can be found in Millero and Roy (1997) and
Millero and Pierrot (1998). Comparison of some computed
(with the Miami code) and measured individual-ion-activity
coefficients for seawater is shown in Section 7.2.8.8 on model
reliability.

7.2.7.4 The Geochemist’s Workbench™

A set of five programs known as The Geochemist's
Workbench™ or GWB was developed by Bethke (1994) with
a wide range of capabilities similar to EQ3/6 and PHREEQC
v.2. The GWB performs speciation, mass transfer, reaction-path
calculations, isotopic calculations, temperature dependence
for 0-300 °C, independent redox calculations, and sorption
calculations. Several electrolyte databases are available includ-
ing IA with Debye-Hiickel activity coefficients, the Pitzer
formulation, the Harvie-Moller-Weare formulation, and a
PHRQPITZ-compatible formulation. The default database is
that of LLNL, but any database in GWB format can be used,
such as those from PHREEQC, Visual MINTEQ, WATEQ4F,
and Dzombak and Morel (1990) for sorption on hydrous ferric
oxides. The program X2t allows the coupling of two-
dimensional transport with geochemical reaction. Basin3 is a
basin-modeling program that can be linked to GWB. Another
advantageous feature is the plotting capability that can pro-
duce pe-pH or activity-activity or fugacity-fugacity diagrams
from GWB output. Bethke (2008) has published a textbook on
Geochemical and Biogeochemical Reaction Modeling that guides
the reader through a variety of geochemical computations
using GWB and provides the basis for a course in geochemical
modeling. The most recent release at the time of publication is
GWB 9.0, which incorporates a new user interface and new
kinetic options (http://www.gwb.com/gwb.htm; last accessed
30 April 2012). Applications include CO, sequestration
(Moore et al., 2005; Nondotf et al., 2011; Parry et al., 2007;
Rosenqvist et al, 2012), AMD (Berger et al., 2000), and
microbial respiration (Bethke et al., 2011; Jin and Bethke,
2005, 2007).

7.2.7.5 REDEQL-MINTEQ Codes

One of the first speciation programs that included mass-
transfer reactions at equilibrium was REDEQL (Morel and
Morgan, 1972). The primary aim of this set of codes was to
compute the equilibrium chemistry of dilute aqueous solu-
tions in the laboratory and was among the first to include
sorption. It also has been widely used to interpret water quality
in environmental systems. This FORTRAN code has evolved
through several versions, parallel with advances in computer
hardware and software. Incorporation of the WATEQ3 data-
base (Ball et al., 1981) with the MINEQL program (Westall
et al., 1976) produced MINTEQ (Felmy et al., 1984), which
became the USEPA-supported code, MINTEQA2 (Allison
et al, 1991). The more recent upgrade is MINTEQA2/

PRODEFA2 v. 4 (USEPA, 1998, 1999 (revised)) and contains
code revisions, updates in thermodynamic data, and modifi-
cations to minimize nonconvergence problems to improve
titration modeling, to minimize phase rule violations, to
enhance execution speed, and to allow output of selected
results to spreadsheets. PRODEFA2 is an ancillary program
that produces MINTEQA2 input files using an interactive
preprocessor. Thermodynamic data and computational abilities
for Be, Co(Il/IlI), Mo(IV), and Sn(Il, IV) species have been
added to the program. Numerous researchers have made their
own modifications to the program so that several versions exist
that differ in their databases and reliability. Examples of test
cases to demonstrate the input setup, capabilities of the code,
and comparisons of standard test cases have not been included
in the documentation, as has been done for other programs.

Perhaps the most noteworthy aspect of the upgraded MIN-
TEQA2 code is the Gaussian model for interactions of dis-
solved organic matter with cations. The model formulation is
based on the statistical treatment of proton binding (Posner,
1964) that was developed by Perdue and Lytle (1983), Perdue
et al. (1984), and Dobbs et al. (1989). This approach uses a
continuous distribution of sites as opposed to discrete site
binding. It is equivalent to a collection of monoprotic ligands,
each able to bind protons and metal cations, with the varia-
tions in log K described by a single Gaussian distribution for
each class of sites. Another code, MODELm (Huber et al.,
2002), uses a linear differential equilibrium function to
account for trace-metal complexation with natural organic
matter and was compared to those done by MINTEQA2. MOD-
ELm predicted greater amounts of metal-organic complexing
than MINTEQAZ2, but no conclusions were drawn as to the
cause of this difference. MODELm can be used in MINTEQA2
instead of the Gaussian distribution model. Although cation-
organic binding in natural waters is a highly complex and
challenging subject to quantify for modeling purposes,
advances since the early 1990s are leading us much closer to
practical approaches that can be incorporated into computer-
ized equilibrium and nonequilibrium chemical codes. Geo-
chemistry will benefit from continued research in this area
because organic matter exerts such a strong control on the
behavior of trace elements in most aquatic systems. More
testing and evaluation of a range of natural waters with differ-
ent trace-element concentration and organic matter types is
needed in the future. Evaluation should be accomplished by
comparing analytical speciation with computed speciation.

A Windows version of MINTEQA2 v. 4.0, known as Visual
MINTEQ, is available at no cost from http://www2.Iwr.kth.se/
English/OurSoftware/vminteq/ at The Royal Institute of
Technology, Sweden (last accessed 14 April 2012). It is sup-
ported by two Swedish research councils, VR and MISTRA. The
code includes the NIST database, adsorption with five surface-
complexation models, ion exchange, and metal-humate
complexation with either the Gaussian DOM Model or the
Stockholm Humic Model. Input data are accepted from Excel
spreadsheets, and output is exported to Excel. A major update
was completed in January 2011 (version 3.0). The Royal Insti-
tute of Technology also has produced HYDRA and MEDUSA
for creating a database for a given system and creating activity-
activity and pe-pH diagrams. Links to other similar programs
can be found online.
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A Windows version of MINTEQA2, known as MINEQL+ v.
4.6, has several enhancements that make it an attractive alter-
native to other versions. The user interface with a relational
database technique for scanning thermodynamic data, a utility
for creating a personal database, a relational spreadsheet editor
for modifying chemical species, a multirun manager, special
reports for convenient data extraction or additional calcula-
tions, and a tutorial with several examples provides a much
more flexible and practical code for modelers. It also provides
graphic output for log C-pH plots, ion-fraction diagrams, sol-
ubility plots, titration curves, and sensitivity plots. It is limited
in temperature to 0-50 °C and ionic strength <0.5 M. The
program is available through Environmental Research Soft-
ware (http://www.mineql.com/; last accessed 14 April 2012).

7.2.7.6 Waterloo Codes

A considerable history of hydrogeochemical modeling and its
application has evolved at the University of Waterloo, Ontario,
Canada, and a series of reactive-transport codes have evolved
with it. These codes have been primarily applied to mine
tailings piles. A finite element transport module, PLUME2D,
was utilized with the MINTEQA2 module in an efficient two-
step sequential solution algorithm to produce MINTRAN
(Walter et al., 1994). Leachates from heterogeneous mine
overburden spoil piles that made a contaminant front were
modeled with MINTRAN and other codes at open-pit lignite
mines in Germany (Gerke et al.,, 1998). When a numerical
model that coupled oxygen diffusion and sulfide-mineral oxi-
dation, PYROX, was added to MINTRAN, it became MINTOX
(Wunderly et al., 1996). MINTOX proved to be capable of
simulating 35 years of contaminant transport at the Nickel
Rim mine tailings impoundment (Bain et al, 2000).
The more recent version is MIN3P (Mayer et al., 1999),
which is a general reactive-transport code for variably saturated
media. It has been applied to the Nickel Rim impoundment
and to the contaminated groundwater downgradient of the
Konigstein uranium mine in Saxony, Germany (Bain et al.,
2001). At Konigstein, reactions involving iron, uranium, sul-
fate, cadmium, chromium, nickel, lead, and zinc were all
modeled. A short review of similar codes and an update on
those codes can be found in Mayer et al. (2003).

7.2.7.7 Harvie-Mgller-Weare Code

With the arrival of the Pitzer method for calculating activity
coefficients at high ionic strengths (>1 m), research by Harvie
and Weare (1980) led to computations of equilibrium mineral
solubilities for brines. They could calculate solubility data from
gypsum (I<0.06 m) to bischofite saturation (>20 m). This
capability made it possible to more accurately calculate the
mineral sequences during seawater evaporation and quantita-
tively solve a problem that had puzzled van't Hoff (Harvie
et al., 1980). The original model included the components
Na, K, Mg, Ca, Cl, SO4 and H,O and was applied to the
simpler salt systems and to mineral equilibria in seawater
(Eugster et al., 1980). With further revision of the parameters,
the model was expanded to include more complex electrolyte
mixtures and their salts for seawater evaporation (Harvie et al.,
1982). Later, the number of components was expanded to

include H, OH, HCOj3;, CO3, and CO, (Harvie et al., 1984).
Incorporating the temperature dependence to allow calcula-
tions from 25 to 250 °C was achieved by Moller (1988) and for
lower temperatures (0-250°C) by Greenberg and Moller
(1989) and Spencer et al. (1990). Marion and Farren (1999)
extended the model of Spencer et al. (1990) for more sulfate
minerals during evaporation and freezing of seawater down
to temperatures of —37 °C. Pressure dependence for aqueous
solutes and minerals in the Na-Ca-Cl-SO4-H,0O system to
200°C and 1 kbar was obtained by Monnin (1990) and
applied to deep Red Sea brines and sediment pore waters
(Monnin and Ramboz, 1996). Moller et al. (1998) developed
the TEQUIL code for geothermal brines. Ptacek and Blowes
(2000) and Ptacek and Blowes (2003) have reviewed the status
of the Pitzer method applications for sulfate mineral solubil-
ities and demonstrated the applicability of a modified Harvie-
Moller-Weare (HMW) to mineral solubilities in mine tailings
piles. Numerous publications have expanded the Pitzer param-
eter database, such as Christov (2004), Tosca et al. (2007), and
Marion et al. (2008) for Fe(II/III) species and Christov (2001,
2003) and Christov et al. (2007) for aluminum species. Chris-
tov and Moller (2004a,b) have expanded the range of temper-
ature up to 250 °C and high concentration for acidic and basic
alkali and calcium chloride and sulfate systems.

7.2.7.8 FREZCHEM Code

Version 1 of FREZCHEM (Marion and Grant, 1994) extended the
Spencer-Moller—-Weare model (Spencer et al.,, 1990) so that it
could compute equilibria at subzero temperatures (currently
to —70 and to —113 °C for some limited systems). Later versions
added more components and species and improved the algo-
rithm. Important additions include carbonate chemistry
(Marion, 2001), strong acids (Marion, 2002), ferrous iron
(Marion et al., 2003), ferrous and ferric iron (Marion et al.,
2008), pressure dependence up to 1 kbar and calculation of
density (Marion, 2007; Marion et al., 2005), gas hydrates
(Marion et al., 2006), and aluminum-silicon chemistry in acid
playa lakes (Marion et al., 2009). More recently, the temperature
range has been extended upward to 100 °C and applied to hot
spring chemistry (Marion et al., 2011). This extended code has
been named CHEMCHAU (FREZCHEM Version 14.2). Two
publications describe the code and its database and capabilities
(Marion and Kargel, 2008; Marion et al., 2010), and a
user-friendly online access offers modelers the opportunity
of making computations (http://frezchem.dri.edu/Archive/
Release_Notes_142.pdf; last accessed 15 April 2012).

7.2.7.9 Windermere Humic Aqueous Model Codes

Tipping (1994) proposed an alternative and practical model
for humic acid-metal binding embodied in the speciation
code Windermere Humic Aqueous Model (WHAM) that has
two versions, one for water and one for soils (Tipping, 1998).
This aqueous metal-organic model is based on the concept of
electrostatic interactions at discrete sites. Hence, it is readily
amenable to use with inorganic chemical speciation programs
for aqueous solutions and includes ionic strength and temper-
ature effects. Tipping et al. (2002) provide a thorough evalua-
tion of humic substance binding with aluminum and iron in
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freshwaters. They demonstrate that 60-70% of the dissolved
organic carbon (DOC) in their samples was humic substances
involved in metal complexation: after accounting for organic
complexation, the inorganic speciation is consistent with con-
trol of dissolved aluminum and iron concentration by their
hydrous oxides. A full explanation of the developments that
led up to the WHAM model and descriptions of many other
models (multiple versus single discrete models, continuous
models, competitive versus noncompetitive models, empi-
rical models, site heterogeneity/polyelectrolyte models, and
Gaussian distribution models) can be found in Tipping
(2002). The WHAM model has been used for additional
aluminum speciation studies (De Wit et al., 1999, 2001; Jansen
et al., 2005; Lofts et al., 2001; Tipping and Carter, 2011), for
mercury-humic interactions (Tipping, 2007), and most impor-
tantly, for comparisons with trace-metal speciation determined
analytically (Guthrie et al., 2005; Jansen et al., 2003; Lofts and
Tipping, 2011) and modeling trace-metal speciation in seawa-
ter (Stockdale et al. 2011). The latest WHAM code, version 7,
which now includes rare earth elements (REE), silver, uncertainty
calculations, and precipitation of iron and aluminum hydrox-
ides, is available at http://www.ife.ac.uk/aquatic_processes/
wham/WHAMtitlebar.htm (Tipping et al., 2011; last accessed
17 April 2012). The WHAM-F,,, code uses the WHAM code
along with the assumption that cation binding to organic matter
will be similar to cation binding onto macroinvertebrates to
model toxicity (Stockdale et al., 2010). An example of a contin-
uous distribution for binding sites can be found in the develop-
ment of the Natural Organic Anion Equilibrium Model, or
NOAEM (Gryzb, 1995), which also can be used in conjunction
with ionic components and electrostatic theory.

7.2.7.10 Additional Codes

The coupled code developed by Steefel and Lasaga (1994) for
multicomponent reactive transport with kinetics of precipi-
tation and dissolution of minerals has been developed further
into the OS3D/GIMRT code (Steefel and Yabusaki, 1996). This
model has been applied to reaction fronts in fracture-
dominated flow systems (Steefel and Lichtner, 1998). Further
developments for nonuniform velocity fields by Yabusaki et al.
(1998) required the use of massively parallel processing
computers, although “... the accuracy of the numerical for-
mulation coupling the nonlinear processes becomes difficult
to verify.” Steefel (2007) has continued to develop reactive-
transport modeling with the CrunchFlow code and modeled
biostimulation of a uranium-contaminated aquifer to reduce
and precipitate uranium (Li et al., 2011) and to reduce sulfate
(Druhan et al.,, 2012).

The code BIOKEMOD has been developed to simulate
geochemical and microbiological reactions in batch aqueous
solutions (Salvage and Yeh, 1998). It has been tested and
found to simulate a range of processes that include comple-
xation, adsorption, ion exchange, precipitation/dissolution,
biomass growth, degradation of chemicals by metabolism of
substrates, metabolism of nutrients, and redox. The code has
been coupled to HYDROGEOCHEM (Yeh and Cheng, 1999;
Yeh and Tripathi, 1989b) for simulation of reactive-transport
modeling with biogeochemical transformation of pollutants
in groundwaters. HYDROGEOCHEM simulates transient and

steady-state density-dependent conditions with transient or
steady-state distribution of reactive species for saturated or
unsaturated media. Recent versions of HYDROGEOCHEM
(1 and 2) can be obtained from Scientific Software Group
(http://www.scisoftware.com/products/hydrogeochem_over
view/hydrogeochem_overview.html; last accessed 1 June
2006).

The code FEREACT was developed for two-dimensional
steady-state flow with equilibrium and kinetically controlled
reactions (Tebes-Stevens et al., 1998). Another code, which
was developed for biogeochemical transport and interactions
of oxidative decay of organics with oxygen, iron, manganese,
and sulfur redox species, has been introduced by Hunter
etal. (1998).

Lichtner (2001) developed the computer code FLOTRAN,
with coupled thermal-hydrologic-chemical (THC) processes
in variably saturated, nonisothermal, porous media in one,
two, or three spatial dimensions. Chemical reactions included
in FLOTRAN consist of homogeneous gaseous reactions, min-
eral precipitation/dissolution, ion exchange, and adsorption.
Kinetic rate laws and redox disequilibrium are allowed with
this code. Debye-Hiickel and Pitzer options are both available
for computing activity coefficients, and thermodynamic data
are based on the EQ3/6 database or user-defined databases.
Several options are available in FLOTRAN for representing
fractured media. The equivalent continuum model formula-
tion represents fracture and matrix continua as an equivalent
single continuum. Two distinct forms of dual continuum
models also are available, defined in terms of connectivity of
the matrix. These models are the dual continuum connected
matrix and the dual continuum disconnected matrix options.
A parallel version of the code, PFLOTRAN, has been developed
based on the PETSC parallel library at Argonne National
Laboratory.

Park and Ortoleva (2003) have developed WRIS.TEQ,
a comprehensive reaction-transport-mechanical simulator
that includes kinetic and thermodynamic properties with
mass transport (advection and diffusion). A unique property
of this code is a dynamic compositional and textural model
specifically designed for sediment alteration during diagenesis.

The RATAP program was developed by Scharer et al. (1994)
to predict acid generation in sulfide tailings piles. It includes
sulfide-mineral oxidation kinetics, oxygen diffusion, tempera-
ture effects, and fluid transport. It was reviewed as part of the
MEND program (Mine Environment Neutral Drainage) in a
1990 report. Another program that serves a similar purpose is
SULFIDOX (Pantelis et al., 2002; Ritchie, 2003). The geochem-
istry module in SULFIDOX is based on PHREEQE, and the
program has been developed from considerations of oxygen
transport and temperature gradients developed within waste-
rock piles.

Two other programs designed to simulate reactive transport
include CHEMFRONTS (Béaverman et al., 1999) and RETRASO
(Saaltink et al., 2004).

The CHESS code, originally developed for coupling to
transport codes at the School of Mines in Paris (Van der Lee,
1998; Van der Lee and De Windt, 2001), computes a wide
variety of useful processes including speciation, sorption, ion
exchange, mass-transfer equilibria and kinetics, colloid forma-
tion, redox reactions, temperature dependence (0-300 °C),
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titrations, mixing, and with JCHESS, the ability to plot activity
diagrams and Piper diagrams. Available for downloads on
Windows, Mac OS, Linux, and Solaris systems and with the
possibility of using PHREEQC, EQ3/6, MINTEQ, and NEA
databases in addition to its own database; it can be accessed at
http://chess.geosciences.ensmp.fr/ (last accessed 30 April 2012).

Further research on reactive-transport theory, modeling,
and codes can be found in the Reviews in Mineralogy volume
edited by Lichtner et al. (1996), the Reviews volume edited by
Oelkers and Schott (2009), and the special issue of Journal of
Hydrology, vol. 209 (1998).

7.2.8 Water-Rock Interactions

About a dozen or so major hydrogeochemical processes dom-
inate the compositions of most surface and groundwaters.
These processes include calcite dissolution and precipitation,
gypsum dissolution and precipitation, pyrite oxidation and
formation of hydrous ferric oxides, silicate mineral dissolution
(feldspars, micas, chlorites, amphiboles, olivines, and pyrox-
enes) and clay mineral formation (kaolinitization, saprolitiza-
tion, laterization, and illitization), dolomite dissolution and
calcite precipitation (dedolomitization), dolomite formation
(dolomitization), sulfate reduction and pyrite formation,
silica precipitation, evaporation, and cation exchange. They
are explained in several available textbooks (e.g., Appelo and
Postma, 2005; Bethke, 2008; Drever, 1997a; Langmuir, 1997),
and only a few examples are given here to demonstrate how
complex geochemistry can be simulated with available codes.
Aqueous speciation is discussed first, because it is required for
more complex computations. For geochemical modeling,
aqueous speciation usually occurs so quickly that it can safely
be assumed to be at equilibrium. This assumption is valid for
the vast majority of aqueous reactions but not for redox
reactions and some reactions involving complex stoichiometry
or organics. Because of the importance of redox reactions, a
section follows on modeling aqueous redox kinetics and
microbial growth kinetics. In this section, water-mineral
reaction modeling includes calcite dissolution/precipitation,
pyrite oxidation, pyrite oxidation in the presence of calcite
both with and without oxygen, seawater-groundwater
mixing, dedolomitization based on modeling of the Madison
Limestone aquifer, and evaporation of seawater.

7.2.8.1 Aqueous Speciation

Some brief examples of aqueous speciation are given here to
demonstrate the large decreases in free ion concentration or
activity that occur as a result of ion-pair formation or complex-
ation. Dissolved aqueous ions can have negative or positive
charges, and ion-pair formation arises when two ions of oppo-
site charge are attracted to each other and become bonded.
Polyvalent ions have a greater tendency to associate with other
ions of opposite charge, and among polyvalent cations that are
found commonly in waters, iron and aluminum are prime
examples. Alpers and Nordstrom (1999) tabulated analyses
of four acid mine waters with pH in the range 4.9-0.48 and
showed the effects of speciation for copper, sulfate, aluminum,
and iron using the WATEQA4F code. Table 1 shows the total

Table 1 Example of aqueous aluminum and sulfate speciation for
acid mine waters covering a range of pH and composition

Sample AMD-A  AMD-B  AMD-C  AMD-D
Temperature (°C) 16.0 19.5 24.0 34.8
pH 49 3.25 1.10 0.48
Total dissolved Al (mg =) 5.06 19.8 1410 2210
% as AI** 29 26 10 4.1
% as AISO, " 51 66 57 61
% as Al(S04), 2 45 32 32
Total dissolved S0, (mg1~") 206 483 50000 118000
% as $04%~ 83 71 18 8
% as HS04~ 0 2 32 53
% as AISO, " and AI(SO4), 4.5 1 12 8
% as Fe(lI/111)-S04 ions 0 2 29 26
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Figure 1 Species predominance diagram for dissolved arsenic at 25 °C
and 1 bar. Reproduced from Nordstrom DK and Archer DG (2003)
Arsenic thermodynamic data and environmental geochemistry. In:
Welch AH and Stollenwerk KG (eds) Arsenic in Ground Water, pp. 1-25.
Boston, MA: Kluwer.

dissolved concentrations and the main species for aluminum
and sulfate. Several conclusions are readily apparent. First,
to approximate the free ion concentrations by the total dis-
solved concentrations is fair, as for sulfate in AMD-A (83%),
to poor, as for aluminum in AMD-D (4.1%). Furthermore, for
a wide range of total dissolved sulfate concentration, the AISOZ
ion pair is always important (50-70% of the dissolved
aluminum), but with increasing sulfate concentration and
decreasing pH, the Al(SO,), ion triplet becomes increasingly
important. This ion triplet has an association constant that is
not well established, and some codes might not include it in
their database.

Another example of aqueous speciation that includes redox
can be shown with the arsenic pe-pH diagram shown in
Figure 1. Arsenic can exist in several oxidation states, including
As(—III) as in arsine gas (AsH3), As(0) as in elemental arsenic,
As(IT) as in realgar (AsS), As(IIT) as in orpiment (As,S3) and
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dissolved arsenite, and As(V) as in dissolved arsenate. Figure 1
shows the dominant dissolved species, arsenate and arsenite,
and their hydrolysis products as a function of redox potential
and pH based on the thermodynamic evaluation of Nordstrom
and Archer (2003). These results show the dominance of
hydrolysis for arsenate species, but it is of minor consequence
for the arsenite species. Hydrolysis is of major importance in
understanding mineral reactions, kinetics of reactions, and
sorption behavior. At neutral to high pH, the adsorption of
arsenate onto hydrous ferric oxides is weaker, and the high
anionic charge on the dissolved arsenate developed through
hydrolysis combined with negatively charged surfaces helps
to account for this lack of adsorption. The lack of signifi-
cant arsenite hydrolysis helps explain the more competitive
adsorption of arsenate relative to arsenite.

7.2.8.2 Sorption Reactions

Although sorption modeling should be included in our dis-
cussion, this extensively researched area warrants an entirely
separate chapter. Several books cover the subject well, includ-
ing Dzombak and Morel (1990), Davis and Hayes (1986),
Stumm (1987), Hochella and White (1990), a new volume
from OECD/NEA (2012), and the chapters by Kulik (2009)
and Sherman (2009).

7.2.8.3 Aqueous Redox Kinetics and Microbial Growth

Equilibrium thermodynamics describes the energetics of reac-
tions and provides a quantitative answer to what reactions are
possible. Kinetics describes the rates and mechanisms of reac-
tions. Kinetics and thermodynamics are linked because the
inherent energy driving a reaction will affect its rate. Also, it
can be shown that when the forward rate of a reaction is equal to
the reverse rate, then the ratio of the rates can be directly related
to the equilibrium constant (Boudart, 1976; van't Hoff, 1898).
Microbial kinetics complicates interpretations because of the
numerous factors that affect microbial metabolism, such as
temperature, nutrient concentrations, carbon source, redox con-
ditions, and enzyme inhibitors. Interpreting environmental
aqueous kinetics adds another layer of complexity because of
additional factors such as discerning biotic from abiotic rates,
microbial competition, symbiosis, predator-prey dynamics, and
dynamic changes in water saturation.

The basic concepts of chemical kinetics are described exten-
sively in a number of publications (e.g., Benson, 1960; Laidler,
1987; Langmuir, 1997; Morel and Hering, 1993; Nordstrom
1999; Stone and Morgan, 1990; Stumm and Morgan 1996) but
will be discussed briefly here as an overview. The rate of reac-
tion is defined as the time rate of formation of products or
consumption of reactants. It is the differential change in the
number of moles of reactant or product (proportional to the
stoichiometric coefficient) with a differential change in time

oM _om_oc
T viot viot ot

(18]

which we recognize as the differential change in the progress
variable with time (eqn [6]), v; is the stoichiometric coefficient
of component or species i, n; is the number of moles, and M; is

molar concentration. Equation [18] is written such that the rate
is independent of which reactant or product species is chosen,
and it is assumed to be at constant volume.

The rate law is the empirical equation that links the rate of
reaction to the concentrations of species. For an elementary
reaction (single reaction step),

aA + bB — cC [19]

where lowercase letters are the stoichiometric coefficients of
the reaction, the reaction rate law can be written
oM oM oM
r=—C=_A__"7B [20]
cot aot bot
Reaction rates are usually dependent on the concentrations
of the reactants, and the general rate equation can be derived
from the equilibrium constant expression (van’t Hoff, 1898).
Many (but not all) reaction rates take the general form

r=kMIMp MY [21]

where k is the empirically determined rate constant.

For reaction [19], we have
= kMIMY [22]

Rate constants only apply to elementary reactions; when
several steps are involved, the composite proportionality con-
stant is a rate coefficient (Laidler and Meiser, 1982). The order
of the reaction with respect to a reactant is defined by the
stoichiometric coefficient (e.g., the order of the reaction with
respect to ‘A’ species is ‘a’), and the overall reaction order is
defined as the sum of exponents (a+b). Rates can be of a
fractional order, depending on the stoichiometric coefficients.
Rates are rarely more than second order. The rate constant
often increases as temperature (T in Kelvin) increases, and the
dependence of k on T can be expressed with the Arrhenius
equation (Arrhenius, 1889):

k= Ae F/RT [23]

where A is a constant, E is the energy of activation, and R is the
gas constant. The rate can also be dependent on ionic strength
such that increasing ionic strength usually increases reaction
rates between anions and cations, usually decreases the rate
between like-charged species, and has no effect when species
are uncharged (Stone and Morgan, 1990).

When reactions exhibit reversibility (i.e., reactions near
equilibrium), the forward and backward reactions must be
incorporated through the mathematical relation between the
equilibrium constant, K, and the forward and reverse rate
constants (kg and ky,y, respectively):

kra
= — 24
o [24]
For a simple first-order reaction such as
A—B [25]

the reaction rate can be written

dMm 1
d—tA = —kgMa + kpcMp = —kgg (MA - KMB> [26]

Additional examples of reaction rates near equilibrium can be
found in Atkins (1998).
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An example of chemical kinetics applied to a common
geochemical reaction is abiotic Fe*™ oxidation under acidic
conditions (2.2<pH<3.5) (Langmuir, 1997; Morel and
Hering, 1993 and references therein). Ferrous iron is oxidized
to Fe(III) according to

F€2++1/402+1/2H20 — FGOI_Ier [27]

Assuming water is in excess and does not change enough to
contribute to the rate, the rate law can be expressed as

dMpe:

L = oM (1 Po, [28]

where k=10"%?bar ' day™' at 20°C (Langmuir, 1997).
Based on this rate, the half-life of Fe’* is on the order of
years. However, the actual rate of Fe(Il) oxidation in the envi-
ronment has been observed to be five to six orders of magni-
tude faster due to the presence of acidophilic iron-oxidizing
microorganisms (Nordstrom, 1985, 2003; Singer and Stumm,
1970). Abiotic rates under circumneutral conditions are more
complicated and may depend on total iron concentration and
solution composition and speciation (e.g., Santana-Casiano
et al., 2006).

As illustrated by this example, microorganisms can pro-
foundly affect the geochemical conditions in numerous envi-
ronments, from extremes of acidic conditions in acid rock
drainage to highly contaminated aquifers. Many redox reac-
tions are controlled by activity of microorganisms; where there
is thermodynamically available energy for metabolism (chem-
ical disequilibrium), there is often an organism that will cata-
lyze the redox process. In some cases, these processes have
been harnessed in engineered treatment or remediation. One
example is the use of chemolithoautotrophs in heap bioleach-
ing of metal ores, allowing more efficient extraction of metals
than traditional chemical and mechanical separation proce-
dures (Johnson, 2001). In both engineered and natural sys-
tems, it is often necessary or desirable to quantitatively
understand the biogeochemical processes controlling impor-
tant redox processes, generally accomplished through incorpo-
ration of microbial growth kinetics into a model.

Microbial growth kinetics constitute a particular set of
mathematical expressions due to the nature of microbial
metabolism and exponential growth (cell division). A simpli-
fied scheme of microbial growth follows a general pattern
shown in Figure 2. The lag phase is often a physiological
adaptation to conditions, requiring production or activation
of important enzymes. Growth rate becomes nonzero during
the acceleration and exponential growth phases, where cell
division is occurring. Upon exhaustion of nutrients, accumu-
lation of toxic by-products, or significant changes in geochem-
istry (e.g., pH), the cells are no longer able to grow,
constituting the stationary phase, ultimately ending in cell
death (Monod, 1949). During acceleration and growth phases,
redox reactions are driven by substrate concentrations and
enzyme activity.

Zero- or first-order kinetics are sometimes used to approx-
imate microbially driven reactions, but chemical kinetics are
applicable only under very specific circumstances, such as dur-
ing the linear portion of exponential growth when the growth
rate is constant. However, without confirmation of this

assumption, chemical kinetics are limited in their applicability
to geobiological systems. This problem was demonstrated in a
study of a benzene-, toluene-, and xylene-contaminated aquifer
in California, where geochemical reactive-transport modeling
was being used to evaluate potential application of monitored
natural attenuation (MNA, Bekins et al., 1998). Despite the
common use of first-order expressions to describe field data,
the ability of the first-order model to extrapolate was severely
limited because it substantially underpredicted substrate con-
sumption at longer times, which had implications for evaluat-
ing possible efficacy of MNA at the site.

Microbial kinetics have been successfully modeled in many
environmental systems (e.g., Bekins et al., 1998) using the
Monod expression. Monod kinetics is mathematically similar
to Michaelis—Menten enzyme kinetics (Michaelis and Menten,
1913), because redox reactions are the bulk manifestation of
one or more enzymatically driven processes. The general form
for a process that involves a substrate (S) concentration and a
terminal electron acceptor (TEA) concentration (A) is given as
the dual Monod expression:

S A
T = T'max <m) (KA ;. A) [29]

where 1 is the specific growth rate, 1,y is the maximum growth
rate, and K; and K, are the affinity constants (based on Monod
1949). The specific growth rate is further defined as

r=gX [30]
where X is the cell concentration in solution. Successful micro-
bial rate laws need to explicitly account for abundance of
microorganisms (Thullner et al., 2007) and reflect the behavior
of the growth curve (Figure 2).

There are alternative approaches to the Monod expression
that have been discussed in the literature. One method, called
the partial equilibrium approach, assumes the rates are con-
trolled by the available AG for the reaction (e.g., Curtis, 2003).
This method has the advantage of directly incorporating ther-
modynamic considerations into the kinetics but has some
limitations in capturing microbial community effects (e.g.,
competition for substrates) and during rapidly changing
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Figure 2 Phases of microbial growth, based on Monod (1949).
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geochemical conditions (Thullner et al, 2007). Another
method that has been used is the Pirt equation, which is
based on defining a minimum maintenance energy that the
cell needs to survive. A parameter is adjusted based on whether
the conditions are energy-sufficient or energy-limited com-
pared to the maintenance energy (Pirt, 1982).

The Monod expression has been modified in many ways to
adjust to particular environmental, experimental, or biochem-
ical considerations. Factors that affect the microbial kinetics
include inhibition (metabolic by-products, changes in pH, and
release of toxic trace elements), temperature, bioavailability of
substrate or TEA, or changes in community dynamics with
multiple species (predation and competition for substrates).
One example of a modified Monod expression is Fe(II) oxida-
tion coupled to O, by the acidophilic chemolithoautotroph
Acidithiobacillus ferrooxidans at low pH (<3). Because this
organism grows in acid rock drainage, the conditions are
considered an open system with respect to oxygen, and the
simplified Monod expression is

T = T'max (&) [31]

where S is the Fe(IT) concentration and K is the substrate
affinity constant. Using this equation, the authors were able
to model batch experiments of Fe(II) oxidation by a pure
strain of A. ferrooxidans isolated from acid rock drainage
using the simplified Monod expression (eqn [30]) in the
geochemical code PHREEQC (Figure 3). In the experiments,
bacteria were grown in a ‘9 K’ medium (based on Silverman
and Lundgren 1959; initial Fe(II) =159 mM, initial pH=2).
Dissolved (<0.22 um) Fe(II), Fe(T), and pH were monitored
over the course of the experiment. The constants, 7, and
K, were optimized using UCODE, a least squares fitting
routine, coupled to PHREEQC (Campbell et al., 2011). The
Monod expression successfully described the experimental
Fe(II) concentration over the entire time course as shown
in Figure 3.

In some batch conditions, the accumulation of Fe(III) slows
the rate of Fe(II) oxidation, and a product inhibition term can
be added:

160 -
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Fe(ll) (mM)

0 50 100 150
Time (h)

Figure 3 Experimental and PHREEQC model results for microbial
Fe(ll) oxidation. The code included a simple Monod expression for
microbial kinetics.

S

KS<1 +Kip) +s B2l

T = T'max

where I is the inhibitor concentration (in this example, Fe(III))
and K, is the inhibition constant. Alternatively, a generalized
microbial rate law that accounts for multiple enzyme reactions
and multiple inhibiting reactions has been proposed (Thullner
et al., 2007):

e U e

in which « is the reaction rate coefficient, X is the biomass
concentration, K, ; is the Monod half-saturation constant, and
the inhibition function is a separate Monod term where J; is an
inhibition constant for the jth inhibitor.

In a series of papers (referenced in Bethke, 2008), a three-
term generalized rate expression for microbial respiration and
fermentation that included a thermodynamic driving factor
was formulated:

r= kXFDFAFT [34]

in which % is the rate coefficient, X is the biomass concentra-
tion, Fp is the Monod function for electron donors, F, is the
Monod function for electron acceptors, and Fr is the thermo-
dynamic potential factor, (1 — Q/K), where Q is the ion-activity
product and K is the equilibrium constant. There are other
expressions for inhibitory effects and are described in detail
in several reviews of microbial Fe(II) oxidation (Molchanov
et al.,, 2007, Nemati et al., 1998, Ojumu et al., 2006). Our
example demonstrates the versatility in the Monod expression
for including feedbacks for various geochemical effects that
may affect the rate of microbial redox processes and may
be extended to include additional biogeochemical interac-
tions. Incorporation of thermodynamic properties has been
attempted as well, to include minimum requirements for ATP
production and account for multiple microbial populations
competing for substrate (e.g., Yabusaki et al., 2007). How-
ever, it is important to note that each additional factor
included in the expression is accompanied by at least one
empirical constant; there must be a balance between number
of fitted parameters and model reliability and uniqueness
(Thullner et al., 2007). Furthermore, we cannot know ade-
quately all the dominant microorganisms in any given envi-
ronment and their nutrient growth rates and their inhibitors
as function of time and space. Hence, we must make crude
assumptions, which can be tested by application of these
equations. Whether or not these equations are still applicable
to macroscale or regional field situations has yet to be
determined.

7.2.8.4 Model Simulations of Mineral Reactions

7.2.8.4.1 Which minerals reach solubility equilibrium?

A great many mass transfer and redox reactions can be calcu-
lated with several available codes, but the user must decide
whether or not it is reasonable to assume equilibrium. It
usually takes a considerable amount of experience to develop
the knowledge of which minerals typically reach equilibrium
solubility and which ones should not. However, a few guide-
lines can help with this issue. If common minerals such as
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feldspars, quartz, calcite, gypsum, and halite are considered,
their solubility and their dissolution rates differ substantially
(Brantley and Olsen, Chapter 7.3). Well-crystallized quartz is
quite insoluble and has one of the lowest dissolution rates
(Lasaga, 1984). Feldspars dissolve more quickly but incon-
gruently. Calcite dissolves more rapidly than feldspar and less
rapidly than gypsum and halite, which are more soluble.
Halite is the most soluble and dissolves the most quickly.
Precipitation kinetics follows similar trends. Halite and gyp-
sum precipitate more quickly than calcite, which precipitates
more quickly than quartz or feldspar. Neglecting grain size
effects on solubility and the effects of solution composition
on precipitation rates, the reason for these differences has to
do with chemical bonding within the lattice. The stronger
and more covalent the bonds (quartz and feldspar), the less
soluble is the compound and the more difficulty it would
have reaching equilibrium solubility at ambient temperatures.
The more ionic the bonding, the more affinity it would have

for the polar molecules of water and the greater its solubility.
Furthermore, if a mineral has a complex stoichiometry like a
mica or amphibole, it is likely to be more difficult to precip-
itate from solution at ambient temperatures than a mineral
having a simple stoichiometry like halite. Using these rough
guidelines, the chart shown in Figure 4 divides up common
minerals into those that are ‘reactive’ (the more ionically
bonded minerals) and those that are ‘nonreactive.” The
quotation marks are there to emphasize that all minerals
can be said to be reactive to some extent, but those that are
so slow to react relative to the flow rate of the water dis-
solving them (under ambient temperature and pressure con-
ditions) are nonreactive for most practical purposes. Then
those that are ‘reactive’ can be further divided into those
that are of simple or complex stoichiometry. Those minerals
that occur in the ‘reactive’ group of simple stoichiometry
are most likely to reach solubility equilibrium at or near
ambient conditions.

Common minerals

~

‘Reactive’

VAN

Simple (stoichiometry)

Halite

Gypsum
Calcite
Fluorite

Barite
Gibbsite
Ferrihydrite
Siderite
Rhodochrosite
Magnesite
Strontianite
Witherite
Celestine
Microcrystalline silica
Melanterite

Pyrite

Sphalerite

Equilibrium possible

Kaolinite
Dolomite
Talc
Kerolite
Zeolites
Alunite
Jarosite

‘Nonreactive’

Simple (stoichiometry) complex

Quartz
Rutile
Zircon
Magnetite
Spinels
limenite
Kyanite

Titanite (Sphene)
Tourmaline
Garnets

Complex stoichiometry

Equilibrium unlikely

Feldspars
Amphiboles
Micas
Chlorites
Pyroxenes
Olivines
Pyrophyllite
Smectites

Figure 4 Classification of common minerals into ‘reactive’ and ‘nonreactive’ and those with simple or complex stoichiometry. Reproduced from
Nordstrom DK (2009) Pitfalls and limitations of mineral equilibrium assumptions for geochemical modeling of water—rock interactions at mine sites. 8th

Int. Conf. Acid Rock Drainage, Skelleftea, Sweden, 23-26 June, pp. 362-372.
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7.2.8.4.2 Calcite solubility
One of the most ubiquitous geochemical reactions is the dis-
solution and precipitation of calcite because of its common
occurrence, relative stability, and abundant sources of dis-
solved inorganic carbon (DIC) and calcium. Furthermore, it
is important for pH buffering of natural waters and in the CO,
cycle (Butler, 1982, the definitive presentation of CO, equilib-
ria and their applications). Dissolution of calcite in the envi-
ronment can be the dominant source of dissolved calcium in
many waters, but DIC can have at least two significant sources:
calcite dissolution and CO, produced from organic decay.
Calcite dissolution has been simulated using PHREEQCI for a
range of carbon dioxide partial pressure, Pco,. Figure 5(a) is
a plot of calcite dissolution in terms of calcium and DIC
concentrations at Pco, values ranging from atmospheric
(1073%) to those typical of high-CO, groundwaters (10~ ").
Computationally, increments of calcite were dissolved in
water at fixed partial pressure until solubility equilibrium was
reached. The solid line represents the equilibrium solubility of
calcite for this range of carbon dioxide partial pressure, and the
equilibrium pH values at each Pc, from 8.3 to 6.7 are shown
in parentheses.

Many shallow groundwaters reflect calcite dissolution/
precipitation as the dominant control on water quality.
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Figure 5 (a) Calcium and DIC concentrations plotted for calcite
dissolution at log Pgg, = —3.5, —2, —1.5, and —1 (dotted lines) up to
equilibrium calcite solubility (solid line). The pH values for each
equilibrium solubility at the specified log Pgo, are shown in parentheses.
Plot was computed with PHREEQCI for 25 °C and 1 bar. (b) Calcium and
DIC concentrations plotted from data of Langmuir (1971) for
groundwaters taken from a limestone aquifer in Pennsylvania. Dotted and
dashed lines are the same as those in (a).

Groundwaters incorporate higher Pco, than that of the atmo-
sphere because of carbon dioxide production in the soil zone
from organic matter decomposition. A range of Pco, from 102
to 107! and pH values from 7 to 8 are common for most
groundwaters. Groundwater analyses in a limestone terrain of
Pennsylvania (Langmuir, 1971) are compared in Figure 5(b) to
the predictions in Figure 5(a). Although this plot simplifies the
water chemistry and does not take into account dissolution of
other minerals, it does show the dominant control by a rela-
tively simple reaction. The Pco, values fall within the expected
range, and calcite solubility equilibrium provides an upper
boundary. The saturation index plot in Figure 6 for the same
samples takes into account temperature and ionic strength
effects on the activities and also shows that saturation with
respect to calcite is reached and provides an upper limit to
calcium and DIC concentrations. As the pH increases, there is
a greater proportion of carbonate ions relative to bicarbonate
that increases the saturation with respect to calcite. At pH values
below ~7, waters are nearly always undersaturated with respect
to calcite (and most other carbonate minerals).

7.2.8.4.3 Pyrite oxidation

Pyrite oxidation is a complex hydrobiogeochemical process
that accounts for about 11% of the sulfate found in river
drainages (Berner and Berner, 1996), although these estimates
do not include large flows of AMD from Rio Tinto and Odiel
Basins to the ocean (Nieto et al., 2007). Mining activities have
increased the rate of pyrite oxidation and caused severe con-
tamination of many waterways with acid and metals. When
pyrite oxidizes, the sulfur rapidly converts to sulfate but the
oxidation of the iron proceeds more slowly, depending on pH.
Simulating the oxidation of pyrite is instructive in summariz-
ing the chemistry of this complex process (Nordstrom, 2000,
2011). In Figure 7, PHREEQCI was used to simulate pyrite
oxidation by adding increments of oxygen to pyrite in water.
The reaction also could be simulated by adding increments of
pyrite to an excess of oxygen. The results vary with the amount
of oxidation allowed in the resultant solution and are repre-
sented in the figure by solution pH as a function of the amount
of pyrite oxidized.
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Figure 6 Saturation indices for calcite from the same groundwaters as
in Figure 5 plotted as a function of pH.
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Fe(ll) oxidized,
Goethite precipitated

pH 3.26
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Figure 7 Change in pH as a function of the amount of pyrite oxidized under five scenarios: (i) Pyrite oxidizes to an acid ferrous sulfate solution
without any further oxidation (solid green line); (i) pyrite oxidizes, and the resultant ferrous sulfate solution is allowed to oxidize, but no precipitation
is allowed (upper red line); (iii) pyrite oxidizes, the ferrous sulfate solution oxidizes and precipitates ferrihydrite (pKs,=4.89, orange line);

(iv) pyrite oxidizes, ferrous iron oxidizes, and jarosite precipitates (solid black line), and (v) pyrite oxidizes, ferrous iron oxidizes, and goethite
precipitates (magenta line). Computed with PHREEQCI at 25 °C and 1 bar, thermodynamic data from Nordstrom et al. (1990).

First, pyrite oxidation to an acid ferrous sulfate solution
only is shown by the green line labeled no Fe(II) oxidized in
Figure 7 and the stoichiometric eqn [35]:

+2H: [35]

7 _
FeSy(s) +350a(g) TH20() — Fef o) +250; (aq)

4(aq)

Second, the same reaction is simulated, but the ferrous iron
is allowed to oxidize without forming a precipitate, shown by
the red line with a crossover pH of 3.26. Third, a precipitate,
such as ferrihydrite, is allowed to form, which lowers the cross-
over pH to 2.39 as shown by the orange line. If the K, of the
precipitating phase is lower, such as that for crystalline goethite,
the crossover pH is much lower, as shown by the magenta line.
However, crystalline goethite is not stable at pH values below
about 2, and jarosite would precipitate instead. The reason for
showing the goethite curve is to demonstrate the effect of low-
ering the K, for a precipitating phase of the same stoichiome-
try. The black line shows the pH evolution with jarosite as the
precipitating phase (using the K, value from Baron and
Palmer, 1996). The jarosite line is never seen to cross over
because there are so many protons formed in the formation of
jarosite that the proton consumption from aqueous iron oxi-
dation is overwhelmed:

3FeS, +K*+ + % H,0 + 44302
— KFe;3(SO4),(OH)+9H" + 4803~ [36]

All lines, except the jarosite line, cross over the original solid
black line, because the oxidation of ferrous iron involves both
proton-consuming and proton-producing reactions. The oxi-
dation of Fe> to Fe* consumes protons:

Fe?* +10,+H" — Fe* +1H,0 (37]

which happens at all pH values. The hydrolysis and precipita-
tion of a ferric hydroxide phase produces protons:

Fe’* +H,0 — Fe(OH)*"+H™" [38]

Fe**4+3H,0 — Fe(OH),q+3H" [39]

which only happens if the pH has reached the point of hydro-
lysis, that is, near or above a pH=pK; = 2.2 for Fe>* hydrolysis.
Consequently, at lower pH values, there is no hydrolysis and
the pH can only increase on oxidation. The crossover pH
reflects the balance between the proton-consuming and the
proton-producing reactions, a small buffering process repre-
sented by the small plateau in the curves. This diagram,
although explaining some of the complexities of the chemistry
of acid rock drainage, does not include the consequences of acid
dissolution involving calcite and aluminosilicate minerals.

Nevertheless, some water analyses are available from mine
sites that are predominantly affected by pyrite oxidation and
little else. These samples, collected from the Leviathan Mine
area, California, and Iron Mountain, California (Ball and
Nordstrom, 1989; Nordstrom, 1977), include a pH measured
in situ and a pH measured some weeks later after the ferrous
iron had oxidized and precipitated. Figure 8 reproduces Fig-
ure 7 with only the two lines shown for pyrite oxidation, no
ferrous iron oxidation (green line), and pyrite oxidation with
precipitation of ferrihydrite (or the most soluble hydrous
ferric oxide, as a orange line). Because there are low concen-
trations of cations in these samples, the initial pH values
(open circles) can be assumed to be caused by pyrite oxida-
tion. The final pH after oxidation and precipitation is shown
by the closed circles. The final pH can be seen to closely
approximate the dashed line in agreement with the simula-
tion. In this comparison of a simulation with actual field
data, two aspects are noteworthy. First is the good agreement,
but since this simulation is sensitive to the chosen K, of the
precipitating phase, the agreement indicates that the solubil-
ity product constant for freshly precipitating hydrous ferric
oxide is a reasonable model choice.

Aqueous speciation related to Figure 7 is shown in Figure 9
(a)-9(c) for the conditions of (a) no Fe(II) oxidation; (b) with
Fe(II) oxidation, but no precipitation; and (c) with Fe(II)
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Figure 8 Change in pH as a function of the amount of pyrite oxidized under scenarios (i) and (iii) from Figure 7. Points are actual values measured
from acid mine waters. Initial pH is based on field measurements taken on-site, and the amount of pyrite oxidized is derived from stoichiometry
assuming that all dissolved sulfate is from pyrite oxidation. Final pH was measured after the sample had been allowed to oxidize for at least 2 weeks

in an unfiltered, unpreserved bottle.

oxidation and jarosite precipitation. In contrast to Figures 7
and 8, Figure 9 was plotted as a linear axis for pyrite oxidized
because of the merging of all the lines at low concentration. In
Figure 9(a), HSO,~ predominates over SO, because the pH
is less than 2 (for H,SO,4 pK, is 1.98) and the FeHSO,"
becomes increasingly predominant over any other Fe(II) spe-
cies with increasing oxidation. With iron oxidation (Figure 9
(b)), HSO4 ™~ and FeSO," equally predominate, but this trend
changes with jarosite precipitation (Figure 9(c)). The change
in the total dissolved iron concentration is shown in Figure 9
(c), which allows one to estimate how much jarosite precipi-
tated. Removal of dissolved iron by jarosite precipitation
decreases the amount of all aqueous iron species so that the
HSO, ™ species is still predominant.

7.2.8.4.4 Pyrite oxidation with calcite dissolution and
neutralization

Calcite is often found with pyrite in mineralized areas. Lime-
stone is also used to neutralize AMD. For these reasons, the
next set of reactions worth modeling would be a mixture of
pyrite and calcite, but decisions have to be made about the
proportion of these minerals and what minerals should be
allowed to precipitate as secondary phases. The simplest case
would be under anoxic conditions so the Fe(II) does not
oxidize, an excess of calcite, would allow precipitation of
gypsum and siderite. This simulation is shown in Figure 10,
with and without precipitation of secondary minerals and
always under open system conditions. Although pH declines
without formation of secondary minerals, it is primarily due
to the relative proportions of calcite and pyrite that dissolve.
In contrast allowing gypsum to precipitate has the effect of
increasing the pH because for equilibrium to be maintained,
greater amounts of calcite have to dissolve to replace the
calcium removed by gypsum precipitation. With siderite and
gypsum precipitation, the pH is buffered because no protons
are formed or consumed in the equilibrium reaction:

0.5FeS; + 1.750, + CaCO3 + 1.97H,0
— 0.985CaS04-2H,0 + 0.5FeCO3 + 0.01580,2
+0.5C0O, 4 0.015Ca* [40]

Furthermore, the onset of both gypsum and siderite precipitation
occurs near the same conditions, after about 10 mmol kg;[zlo of
pyrite has oxidized (or nearly 550 mg1~" dissolved iron and
2000 mg 17" dissolved sulfate). Under oxic conditions, a similar
trend is observed with pH at about 7.72 with both gypsum and
ferrihydrite precipitation.

Changing the proportions of calcite to pyrite is considered
next (Figure 11(a)) for conditions where pyrite is oxidized
to ferrous iron only and gypsum and siderite are allowed
to precipitate when their solubility equilibria are reached.
Figure 11(b) shows the same processes but with oxic condi-
tions allowing gypsum and ferrihydrite to precipitate when
their solubility equilibria are reached. When the mole ratio of
calcite to pyrite is 0.5, there is negligible amelioration of the
acid formed compared to the pH trend without any calcite
present. Under anoxic conditions, the pH is buffered at about
5.7 when the mole ratio of calcite to pyrite is unity. Higher
ratios bring the pH up above 7. These simulations indicate that
the number of moles of calcite needed to neutralize the water
should be twice that for pyrite assuming reactions reach equi-
librium (i.e., no armoring effects of iron precipitates on the
calcite to change its dissolution rate, calcite and pyrite dissolve
at similar rates, and siderite and gypsum precipitate at similar
rates). This reaction changes markedly with iron oxidation, as
shown in Figure 11(b). Again for a calcite/pyrite mole ratio of
0.5, calcite dissolution has little effect until the highest amounts
are dissolved and then some leveling off of the pH is seen.
This plateau reflects a buffering effect. For a mole ratio of 1:1,
the pH actually increases when more than 1 mmol kg;io pyrite
oxidized, which is caused by enough CO, being produced to
begin buffering the solution. Between 1 and 500 mmolkgl’liO
pyrite oxidized, there is an order of magnitude increase in
the HCO3/H,CO3 ratio for the 1:1 mole ratio example.
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Figure 9 (a) Aqueous speciation for evolution of pyrite oxidation, for example, (i) in Figure 7. (b) Aqueous speciation for evolution of pyrite oxidation,
for example, (i) in Figure 7. (c) Aqueous speciation for evolution of pyrite oxidation, for example, (iv) in Figure 7.
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Figure 11  (a) Change in pH as a function of pyrite oxidized and
relative to changing calcite/pyrite mole ratios from 0.5 to 2 with no
oxidation of dissolved iron. At least a 1:1 mole ratio is required to
buffer the pH near neutrality, but, if secondary phases (gypsum and
siderite) are allowed to precipitate, a higher ratio of about 2 is required.
(b) Change in pH as a function of pyrite oxidized and relative to
changing calcite/pyrite mole ratios from 0.5 to 2 with oxidation of
dissolved iron. This plot would indicate that mole ratios higher than 2 are
needed to adequately neutralize the acidity from pyrite oxidation.

7.2.8.4.5 Seawater-groundwater mixing

Waters not only undergo geochemical reactions, they com-
monly mix. Seawater intrusion into coastal aquifers is a classic
example. Mixing is often enhanced by groundwater with-
drawals. When seawater and fresh groundwater mix, and
both endmember waters are at saturation with respect to cal-
cite, the resulting mixture will often be undersaturated with
respect to calcite and calcite will dissolve if present. The possi-
bility of this scenario and other water mixing effects including
mineral precipitation from mixing of waters initially undersat-
urated was discussed by Runnells (1969). Computations made
by Plummer (1975) showed the proportion of mixing over
which the undersaturation effect, and consequent dissolution
of coastal limestone, was operative. Figure 12(a)-12(d) is the
example from Plummer (1975) and demonstrates that for a
large range of seawater in the mixture, calcite undersaturation
can occur, depending on carbon dioxide partial pressure and
temperature. These calculations were done over a range of
temperatures (5-35 °C), Pco, (10~ to 1 atm), and pH values.
They also were conducted with actual carbonate groundwater
compositions and coastal seawater for several locations along
the Florida coast.

7.2.8.4.6 Madison regional limestone aquifer
The next example in this set is from the Madison regional
aquifer study by Plummer et al. (1990). The Madison
Limestone aquifer occurs in Wyoming, Montana, and South
Dakota. Plummer et al. (1990) utilized a combination of sat-
uration index constraints, inverse modeling, and carbon and
sulfur isotopes to delineate geochemical reaction models for
the flow paths. The models indicated that the major reaction
is dedolomitization, that is, dolomite dissolution and calcite
precipitation driven by anhydrite dissolution, sulfate reduc-
tion, and [Ca®*+Mg’*]/Na" cation exchange, with some
local halite dissolution.

Dedolomitization is the dissolution of a dolomite driven
by gypsum/anhydrite dissolution to form calcite- and a mag-
nesium sulfate-rich groundwater:

CaMg(COs), + CaSO4 — CaCOs + Mgl + 805, [41]

Sulfur isotopes were treated as an isotope dilution problem,
and carbon isotopes were treated as Rayleigh distillations
(Chapter 7.9). Corroboration of the isotopic modeling was
achieved by predicting the isotopic compositions of the dolo-
mite and the anhydrite. Actual 6>*S values for anhydrite fit the
values assumed in the model calculations. Further consistency
was found when the adjusted '“C ages combined with Darcy’s
law resulted in groundwater flow velocities that agreed within a
factor of 5 of those calculated by a digital flow model. Figure 13
portrays the saturation indices of calcite, dolomite, and gyp-
sum (surrogate for anhydrite) for waters from the Madison
aquifer. Calcite reaches saturation quickly and tends to be
supersaturated. This supersaturation may reflect the pressure
effect on the ion activities and the solubility product constant
(pressure corrections were not modeled); it may be caused by
pH changes on pumping pressurized water to the surface, it
may result from calcite that has some substituted elements
displacing the SI values, it may be caused by an inhibition
on calcite precipitation kinetics by magnesium, or it may be
caused by gypsum dissolving faster than calcite can precipitate.
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Figure 12 Calcite saturation indices plotted as a function of percent seawater mixing with a carbonate aquifer water with contours representing
different levels of Pgg,. Reproduced from Plummer LN (1975) Mixing of sea water with calcium carbonate ground water. Geological Society of America

Memoir 142: 219-236.

A subset of the mass-balance results for the Madison aquifer
study is shown in Table 2 covering the range of parameters
encountered from recharge to discharge, although these
selected samples are not along the same flow path. The general
trend in chemistry is indicated here. Samples near recharge are
low in sulfate, and the amount of mass transfer is low. As the
water moves downgradient and evolves chemically, it increases
in sulfate from anhydrite dissolution. Increased anhydrite dis-
solution leads to increased dissolution of dolomite and
increased calcite precipitation. With increasing age, there is
more organic matter (represented by CH,O in Table 2)

available for decomposition, which results in greater amounts
of hydrous ferric oxides dissolving (reduction) and pyrite being
formed. Cation exchange in Table 2 refers to (Ca+Mg)/Na,
that is, exchange of calcium and magnesium for sodium. The
measured sulfur isotopic compositions of the H,S and of
the anhydrite match nicely with the model simulation and
the stable carbon isotopes.

The basic reaction shown by eqn [41] was modeled using
the PHREEQC code, and major ions could be reproduced
rather well after accounting for changing Pco, conditions
caused by breakdown of organic matter to CO, and
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Water Resources Research 26: 1981-2014.

Table 2 Selected mass transfer results from Plummer et al. (1990) for the Madison Limestone aquifer, units in millimoles per kilogram water

Well no. F6-19 f6-17 F6-13 F7-10 F8-25 F8-21 F3-20
S0, 0.18 0.52 2.19 5.73 8.97 13.56 19.86
Dolomite 0.14 0.14 0.60 0.74 1.87 2.90 3.54
Calcite -0.18 —0.41 -1.62 —2.64 —4.70 —7.15 —-5.33
Anhydrite 0.15 0.51 2.27 5.93 9.19 13.56 20.15
CH20 0.01 0.02 0.20 0.44 0.7 0.30 0.87
FeOOH 0.00 0.01 0.05 0.12 0.21 0.11 0.09
Pyrite —-0.00 —-0.01 —-0.05 -0.12 -0.19 —0.06 —0.09
lon exch. 0.01 0.03 0.04 0.44 0.19 0.14 8.28
NaCl —-0.01 —-0.02 0.03 2.83 1.38 0.97 15.31
KCl 0.01 0.02 0.02 0.27 0.28 0.33 2.52
€0, —-0.07 0.17 —0.21 —0.42 -1.18 -0.40 —0.04
8'3C (%) calculated —8.86 -9.33 -7.79 —-9.67 —5.52 -3.59 —2.21
A™®C (%») measured -7.82 -10.0 —6.80 -9.70 —5.50 -3.50 234
Apparent age (year) Modern Modern Modern 2386 14 461 13310 22 588

Positive values signify dissolution, negative values precipitation. Samples, although not along the same flow path, are in the general direction of recharge to discharge from left to right.
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low-molecular-weight compounds, primarily methane. The
range of Pco, values calculated by Plummer et al. (1990) is
shown in Figure 14(a), ranging from slightly less than 102 to
more than 0.1 atm. Calcite saturation indices tend to be
supersaturated, so the range for calcite SI values is shown for
the range of 0.0-0.5 (Figure 14(b)). The range of Ca concen-
trations relative to sulfate concentrations is shown in Figure 14
(c) with the lines representing the modeled values and the data
points are the measured values. Lines representing the range in
Slealcire fOr temperatures from 25 to 90 °C had to be shown
because of the wide range in groundwater temperatures. These
results show that a few simple stoichiometric reactions can
account for the major geochemical processes in this regional
aquifer.

Mazor et al. (1993) pointed out that some of the samples
from the Madison aquifer had high tritium contents when the
¢ results indicated dates too old for tritium and suggested
that significant mixing of younger and older waters may have
occurred. Mixing and dilution trends can have similar chemical
appearances to hydrochemical evolution, and caution must be
used to distinguish evolutionary trends from mixing trends by
age-dating techniques (Bethke and Johnson, 2007; Coplen,
1993; Plummer et al., 1993; Purtschert, 2008).

7.2.8.5 Reactive-Transport Modeling in Streams

Although biologic reactions, mostly dissolved oxygen degrada-
tion or nutrient uptake, have been modeled in flowing streams
and rivers for a long time, trace-metal reactions have not been
modeled until more recently. Bencala (1983) considered solute
transport in pool-and-riffle streams using a kinetic term for
sorption; Bencala and Walters (1983) introduced transient
storage into their modeling of trace-metal transport. One of
the most obvious inputs of trace metals to surface waters is
from mining and mineral-processing wastes. Techniques
for modeling these acid mine water reactions continued to
develop during the 1990s from empirical rate constants and
partition coefficients to mechanistic sorption models such as
surface complexation and equilibrium precipitation of mineral
phases (Brown and Hosseinipour, 1991; Kimball et al., 1994,
1995; Runkel et al, 1996ab, 1999). Reaction-transport
models such as these require more accurate stream discharge
measurements than can be obtained from current-meter mea-
surements. These are obtained from constant-flow tracer-
injection studies along with synoptic sampling, including all
possible inflows, so that the transport model can be reliably
calibrated. Not only has this approach been used to define
sources and sinks of trace metals in mountainous streams but
it also has been helpful in predicting remediation scenarios for
mine sites (Kimball and Runkel, 2009, 2010; Runkel and
Kimball, 2002).

An example of modeling reactive transport of acid mine
waters using the OTEQ code is shown in Figure 15 (Ball
et al., 2004) for the drainage released from the Summitville
mine in the San Juan Mountains of southwestern Colorado
into the Alamosa River. The model was calibrated with tracer-
injection and synoptic sampling techniques, including mea-
surements of Fe(II/III), that helped constrain precipitation of
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Figure 14 (a) Values of log Pgo, for Madison Limestone aquifer

groundwaters relative to SO4 concentrations. (Plummer LN,

Busby JF, Lee RW, and Hanshaw BB (1990) Geochemical modeling of
the Madison aquifer in parts of Montana, Wyoming, and South
Dakota. Water Resources Research 26: 1981-2014.) (b) The pH
values relative to SO4 concentrations using PHREEQC to simulate
dedolomitization and changing the log Pco, in accordance with those
shown in (a). (c) Change in Ca concentrations relative to SO,
concentrations.
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simulated. Simulations were obtained with the OTEQ code after calibration on tracer-injection data and Fe(ll/Il1) determinations. Reproduced from
Ball JW, Runkel RL, and Nordstrom DK (2004) Evaluating remedial alternatives for the Alamosa River and Wightman Fork, Summitville, Colorado:
Application of a reactive-transport model to low- and high-flow synoptic studies. In: Zanetti P (ed.) The EnviroComp Institute /1, Environmental Sciences

and Environmental Computing, vol. 2, pp. 1-54 (online publication).

hydrous ferric oxides in the model. Sodium chloride was used
as the tracer. Figure 15(a) shows measured pH and simulated
pH with reaction. The main in-stream reactive chemistry in this
system is the oxidation of iron, the precipitation of hydrous
ferric oxides, the precipitation of hydrous aluminum oxides,
the adsorption of trace metals, and pH changes (controlled by
the oxidation, hydrolysis, and precipitation reactions and by
the neutralization of inflows). Simulated and measured dis-
solved and total aluminum and iron concentrations are shown
in Figure 15(b) and 15(c), respectively. Iron and aluminum
concentrations decrease rapidly because of precipitation dur-
ing downstream transport. Figure 15(d) shows the copper
concentrations; when adsorption is invoked in the model, the

agreement between measured and simulated copper concen-
trations is within analytical error.

Two papers should be mentioned in the context of reactive-
transport modeling in streams. A state-of-the-science workshop
of metal’s fate and transport in surface waters was summarized
by Caruso et al. (2008). This paper is particularly noteworthy
because of the overview that includes toxicity modeling, stream
modeling, watershed modeling, mercury modeling, site char-
acterization, model limitations and reliability, database needs,
and future recommendations for improvements. The need for
better testing and evaluation of models and codes was empha-
sized (especially postauditing); the rate of model and code
development outpacing supportive data collection was
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mentioned, and use of the term ‘model validation” was dis-
couraged and ‘model evaluation’ was felt more appropriate.
The other paper (Nordstrom, 2011) reviews many of the
results from USGS studies on hydrogeochemical processes
affecting metal transport in surface waters from mine wastes
and mineralized rock. The importance of geologic, hydrologic,
and chemical factors, especially first flush effects, diel varia-
tions, iron photoreduction, and reactive-transport modeling,
is described.

7.2.8.6 Reactive-Transport Modeling in Groundwater

Much has been published about reactive-transport modeling in
groundwaters, and examples have been covered previously
(Chapelle, 2003; see Chapter 7.11). Recent papers and reviews
should also be consulted in this rapidly expanding field
(Appelo and Postma, 2005; Bear and Chang, 2009; Bethke,
2008; Brown et al., 2000; Glynn and Brown, 2012; Merkel and
Planer-Friedrich, 2008; Postma et al. (2008); Saaltink et al.,
2012; Steefel and Maher, 2009; Steefel et al., 2005; Zhu and
Anderson, 2002). Special mention should be made of the
Glynn and Brown (2012) study because of the detailed evalu-
ation of groundwater geochemical modeling philosophy,
including a 15-year perspective on the Pinal Creek study site.
An abridged and paraphrased version of their lessons learned is
worth repeating here:

1. Constructing, analyzing, and interpreting numerical
models, regardless of type, force the modeler to reexamine
and revise their conceptual model and perceptions.

2. No model is ever final. Frequent iteration is needed among
field observation, field experiments, laboratory experi-
ments, and the periodic assembly and interpretation of
the available information through numerical modeling.

3. The combination of inverse modeling and forward or
‘predictive’ modeling is particularly powerful in helping
assess available information. Inverse modeling forces the
modeler to constrain the interpretation with basic
principles, such as conservation of mass and energy, and
with relevant field data and known material properties.
Forward modeling allows the modeler to test the model
by extrapolating forward in space in time and to do sensi-
tivity analyses that originate with the results from inverse
modeling. More importantly, the geochemical modeling at
the Pinal Creek site helped identify which reactions and
processes were unreasonable.

4. The studies conducted at the Pinal Creek site illustrate the
fact that nature always keeps surprises in reserve for its
observers and interpreters. Humility and frequent testing
of assumptions are needed in modeling nature’s systems.

5. Given our often limited knowledge of natural systems, it
behooves us to model these systems by considering
general system behavior before interpreting, matching, and
predicting specific system behavior.

6. Finally, the Pinal Creek project taught us the value of spatial
and temporal observations. Systems that have a complex
suite of active processes and that exhibit dynamic changes
in observed properties require extensive (and often costly)
adaptive monitoring programs that have sufficient resolu-
tion in both time and space.

7.2.8.7 Geochemical Modeling of Catchments

Attempts to model chemical weathering of catchments have
used a variety of approaches and were originally designed to
understand acidification processes from the influence of acid
rain. The BIRKENES code (Christophersen et al., 1982) was
one of the first developed to model catchment stream chemis-
try. It used cation-anion charge balance, a gibbsite equilibrium
solubility control for aluminum concentrations, a Gapon ion
exchange for metals sorption, and rates for sulfate adsorption/
desorption in a two-reservoir model. The model was calibrated
by input and output mass fluxes for the Birkenes catchment in
Norway to provide the water and solute flux information and
to fit empirical parameters.

The ILWAS code (Integrated Lake-Watershed Acidification
Study; Chen et al.,, 1983; Gherini et al., 1985) also contains a
semiempirical model but is much more detailed than the
BIRKENES code with respect to its hydrologic and geochemical
compartments. Alkalinity was one of the key chemical compo-
nents in the model. Because the code was originally calibrated
on three watersheds receiving acid rain in upstate New York, it
was programmed with mineral rate dissolution data, gibbsite
solubility equilibrium, and other parameters pertinent to those
environments. The considerable quantity of detailed data
needed to calibrate the ILWAS code limits its general usefulness.

The MAGIC code (Model of Acidification of Groundwater
In Catchments; Cosby et al., 1985a,b) is similar in many
respects to the BIRKENES code, but parameters for soil-water
and stream-water chemistry are lumped’ or averaged over the
spatial scale that can include many heterogeneities. MAGIC
was designed to simulate long-term (annual) averages, whereas
BIRKENES was designed to simulate short-term (hours to days)
responses. Equilibrium reactions include soil cation-exchange
reactions, solubility control by gibbsite, CO,-H,O hydrolysis
reactions, aqueous speciation of aluminum among sulfate and
fluoride complexes, water dissociation, ion balance, and tem-
perature dependence. Activity coefficients appear not to have
been used, and the sensitivity of the model to this factor has
not been addressed. Wright and Cosby (1987) found good
agreement between simulated and measured alkalinities
for two manipulated catchments in Norway using the MAGIC
code. Organic acids have been included with the code and the
simulations of the Norway catchments revisited with improved
results (Cosby et al., 1995). An alternative to ILWAS and
MAGIC is the code Enhanced Trickle Down (ETD; Nikolaidis
et al, 1989, 1991). Geochemical processes include cation
exchange, chemical weathering, sulfate adsorption, and sulfate
reduction. Comparisons of the three codes, ILWAS, MAGIC,
and ETD, were made by Rose et al. (1991a,b). The codes were
found to provide similar forecasts on a relative scale but sub-
stantial differences with respect to specific concentrations
(absolute scale). Codes that contain more detailed consi-
deration of chemistry, especially reaction kinetics, include
PROFILE (Sverdrup, 1990; Warfvinge and Sverdrup, 1992)
and UNSATCHEM (for the unsaturated zone, Suarez and
Simunek (1996)).

An important advance in quantifying weathering rates in
catchments was made by Burns et al. (2003) by combining
mass-balance considerations with determinations of ground-
water residence times. The results showed that plagioclase
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weathering was three to four orders of magnitude slower than
laboratory rates but very close to the rate calculated by White
etal. (2001) based on solid-phase mineralogy and composition.

The main problem with any of these models is that they are
often calibrated with data that are too short-term for the long-
term processes they are trying to predict on the catchment scale
(Drever, 1997b; Hornberger, 2002). And when careful studies
of mineralogical changes are obtained, the results integrate
information over a long timescale and do not give direct data
on water chemistry.

7.2.8.8 Evaporation of Seawater

Evaporite mineral deposits are important resources for several
industrial and agricultural salts and elements. They can occur as
marine or nonmarine deposits, and the most common and
extensive are the marine deposits formed by evaporation of
seawater. Exactly how seawater evaporates to form the mineral
sequence found in major evaporate deposits is not fully under-
stood, but a major advance was made by development of the
Pitzer model for mixed electrolyte solutions to seawater evapo-
ration (Eugster et al., 1980; Harvie and Weare, 1980; Harvieetal.,
1980). Their calculations were reproduced by Bethke (2008),
who used the HMW model (Harvie et al., 1984), which includes
carbonate species. His results for the sequence of salts formed are
reproduced in Figure 16, and the change in aqueous ion
concentrations is shown in Figure 17(a)-17(d). Seawater
evolves from a predominantly NaCl solution to a MgCl, solu-
tion with a sequence of major minerals precipitated that
proceeds as follows: dolomite—gypsum—anhydrite—halite.
Anhydrite, CaSQ,, reacts with the fluid phase to form some
glauberite, Na,Ca(SO,),, which disappears on further reaction
with anhydrite and the fluid to form polyhalite, K,MgCa,
(SO4)42H,0. Polyhalite reacts further with the evolving fluid
to form kieserite, MgSO,4'H,O, carnallite, KMgCls-6H,0, and
anhydrite. The enrichment in MgCl, causes some bischofite,
MgCl,'6H,0, to form at the end of evaporation. These reactions
all assume equilibrium and that the fluid is always in contact
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Figure 17 (a—d) Evolution of solute chemistry during the equilibrium
simulation of seawater evaporation at 25 °C (Bethke CM (2008)
Geochemical and Biogeochemical Reaction Modeling, 2nd edn., p. 543.
New York: Cambridge University Press. Copyright © 2008. Reprinted
with the permission of Cambridge University Press). (a) Salinity, (b) ionic
strength, (c) water activity, and (d) solute chemistry.

with the precipitating phases so that these back reactions can
occur. Another sequence of minor mineral phases can be simu-
lated if the fluid is separated from the precipitating salts (see
Bethke, 2008).

7.2.8.9 Reliability of Geochemical Model Simulations

One approach to determine the reliability of geochemical
codes is to take well-defined input data and compare the
output from several different codes. For comparison of specia-
tion results, Nordstrom et al. (1979) compiled a seawater test
case and a river-water test case; that is, seawater and river-water
analyses that were used as input to 14 different codes. The
results were compared and contrasted, demonstrating that
the thermodynamic databases, the number of ion pairs and
complexes, the form of the activity coefficients, the assump-
tions made for redox species, and the assumptions made for
equilibrium solubilities of mineral phases were prominent
factors in the results. Additional arsenic, selenium, and
uranium redox test cases were designed for testing of the
WATEQA4F code (Ball and Nordstrom, 1991). Broyd et al.
(1985) used a groundwater test case and compared the results
from 10 different codes. Such test cases could be expanded to
include examples of heterogeneous reactions, mixing with
reaction, sorption, temperature dependence, reactive transport,
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and inverse modeling. The current version of PHREEQC
includes 18 examples of code testing. Some of these are true
‘tests’ in that they can be compared with measurements or
independent computations, while others are just examples
of the code capability. The EQ3/6 code also shows several
examples of code capability in addition to comparative tests.
A comparison of PHREEQC and HYDROGEOCHEM codes to
simulate transport and reaction of acidic fluids in alluvial
material was reported by Brown et al. (2000). This comparison
gave similar results, and differences were attributed to different
units in model output, different activity coefficient expressions,
and different ionic-strength calculations. The equilibrium
assumptions used by the codes did not appear to represent
well many of the results of a column leaching studies.

In another example, five test cases were computed by
PHREEQE and EQ3/6, and the same thermodynamic database
was run for each program (INTERA, 1983) to test for any code
differences. The five examples were speciation of seawater with
major ions, speciation of seawater with complete analysis,
dissolution of microcline in dilute HCI, reduction of hematite
and calcite by titration with methane, and dedolomitization
with gypsum dissolution and increasing temperature. The
results were nearly identical for each test case.

Allen et al. (2005) compared simulations of CO, solubility
at 308 K and 30 MPa using PHREEQC and Geochemist's
Workbench but with different databases and assumptions
and found considerable differences in predicted solubility.
Rosengqvist et al. (2012) found agreement within 20% of the
experimental values for CO, solubility in water and 1 M NaCl
when using the same database for the two codes, PHREEQC
and Geochemist’s Workbench, at 294 K and 0.3 and 4 MPa. In
the latter study, corrections were made to give results in terms
of fugacity, which improved the comparisons.

Test cases need to become standard practice when using
geochemical codes so that the results will have better credibility.
A comparison of code computations with experimental data on
activity coefficients and mineral solubilities over a range of
conditions also will improve credibility (Nordstrom, 1994).

Bruno et al. (2002) compared the results of blind-prediction
modeling for geochemical modeling of several trace elements of
concern to radioactive waste disposal for six natural analogue
sites. Blind-prediction modeling was an exercise developed in
radioactive research on repository analogue sites whereby actual
water analyses for major ions were given to different groups of
geochemical modelers who were asked to simulate dissolved
trace-element concentrations based on assumed solubility equi-
libria; the results were compared with actual trace-element con-
centrations determined on the groundwaters but kept secret
from the modelers until the modeling was completed. They
found that thorium and uranium seem to be controlled by
mineral solubilities, whereas strontium, zinc, and REE mobil-
ities seem to be related to the major ion concentrations and
complex formation. Other elements, such as nickel, suffer from
insufficient thermodynamic data. Sorption reactions were not
examined in sufficient detail to draw conclusions.

Another approach to determining model reliability is to
perform sensitivity or uncertainty analyses. One of the first
examples is the examination of equilibrium aluminum com-
putations for surface waters using the Monte Carlo method of
randomizing sources of error in the water analysis and ther-
modynamic data (Schecher and Driscoll, 1987, 1988). The

results showed that uncertainties in the input data did not
contribute significantly to computational speciation errors.
Nordstrom and Ball (1989) used two different sets of water
analyses, groundwater analyses from a granite in Sweden,
and surface water analyses from a creek receiving AMD in
California. They evaluated uncertainties in the water analyses
and uncertainties in the thermodynamic data as possible
sources of consistent supersaturation effects for calcite, fluorite,
barite, ferric oxyhydroxide, and aluminum hydroxide. Instead
of Monte Carlo methods, they used a brute force approach and
recomputed the speciation assuming reasonable errors in the
input analytical data and in the thermodynamic data. The
conclusion was that supersaturation for these minerals could
not be accounted for by errors in the water analyses nor in the
thermodynamic data. For ferric oxyhydroxide, iron colloids
were probably getting through the filter and contributing to
the apparent dissolved Fe(IlI) concentrations and the supersat-
uration effect. This effect was shown more definitively by
Nordstrom (2011). For aluminum hydroxide, the saturation
indices did not indicate supersaturation with respect to amor-
phous aluminum hydroxide, and hence, they were probably
reasonable. For the remaining minerals, it was concluded
that the supersaturation may have been realistic, because
it could not be accounted for by propagation of these errors.
Other causes of supersaturation include impure mineral
phases (solid substitution or defects), disordered or fine-
grained nature, inhibition of precipitation rates, and possible
unaccounted-for pressure effects on equilibria.

Criscenti et al. (1996) determined overall uncertainty from
geochemical computations by a combination of propagating
Monte Carlo-generated analytical and thermodynamic uncer-
tainties through a geochemical code and applying the
‘generalized sensitivity analysis’ (Spear and Hornberger,
1980) to the output. One of the results of this study is that
the aqueous speciation scheme used in many geochemical
codes is not necessarily consistent with the speciation scheme
used to define standard pH buffers by the National Bureau of
Standards. This conclusion raises the possibility that geochem-
ical computations introduce an error when speciating a natural
water based on a field pH measurement calibrated with one of
these buffers. Cabaniss (1999) investigated methods of uncer-
tainty propagation, comparing the derivative-based method
(assumes a linear approximation) with the Monte Carlo
technique for solubility equilibria computations of gibbsite,
calcite, and jarosite. He found that derivative methods and the
assumption of Gaussian uncertainty can misrepresent the
propagated uncertainty.

Computational speciation can be compared to analytical
speciation for some species. There is always the problem that
analytical methods also suffer from operational definitions,
interferences, limits of detection, and associated assumptions.
Nevertheless, there is no better method of determining accuracy
of speciation than by comparing analytical results with compu-
tational results (Nordstrom, 1996). In the few instances where
this has been done, the comparison ranges from excellent to
poor. Examples of studies of this type can be found in Leppard
(1983), Batley (1989), Deng et al. (2011), and Nordstrom
(1996). Sometimes, comparison of two analytical methods for
the same speciation can give spurious results. In Table 3, mea-
sured and calculated ionic activity coefficients for seawater at
25°C and 35%o salinity are compared, after adjusting to a
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Table 3 Comparison of measured and calculated ion-activity
coefficients in seawater at 25 °C and 35%. salinity, referenced to
}'C|:0.666

lon Measured Calculated
Ht 0.590 0.592
Na+t 0.668, 0.670, 0.678 0.674
K* 0.625 0.619
NH,* 0.616, 0.592 0.624
Mg?* 0.242, 0.22 0.211
Ca?* 0.203, 0.180 0.205
F 0.296 0.297
(o 0.666 0.666
OH- 0.242, 0.254, 0.254 0.263
HS~ 0.681, 0.673, 0.550 0.688
HCO5~ 0.576, 0.592, 0.528 0.574
B(OH), 0.419, 0.398, 0.351 0.384
50,2~ 0.104, 0.112, 0.121, 0.121 0.110
€042 0.040, 0.041, 0.035, 0.035 0.041

Source: Millero FJ (2001) The Physical Chemistry of Natural Waters, p. 654. New York:
Wiley.

reference value of y=0.666 (Millero, 2001). These values
would indicate that for a complex saline solution such as sea-
water, the activity coefficients can be calculated with a high
degree of confidence. Much more effort along these lines is
needed to better determine the errors and uncertainties for
speciation calculations and to identify reaction equilibria and
species for which thermodynamic data need to be measured.

Iron redox speciation was evaluated by comparing the
Eh values computed from a speciation code that accepts Fe(II)
and Fe(Ill) concentrations determined analytically with Eh
values measured electrometrically with a platinum electrode.
An example of this comparison is shown in Figure 18(a)
(Nordstrom, 2011). For iron concentrations greater than
107°m, the comparison is generally excellent (usually to
within 30 mV), indicating that the analytical data, speciation
calculations, and redox measurements are all consistent with
equilibrium as predicted by the Nernst equation. This com-
parison is one of two redox speciation computations that can
be tested electrometrically. Deviations from equilibrium are
apparent at low iron concentrations, because the electroactiv-
ity of iron is low enough that other electron acceptors, such
as dissolved oxygen, begin to interfere. When data below
detection limits for Fe(IIl) and the redox potential measure-
ments were eliminated, the agreement improved markedly
(Figure 18(b), Nordstrom, 2011). The other redox condition
that permits testing with the Nernst equation is sulfide. Berner
(1963) showed that the platinum electrode gives Nernstian
behavior in anoxic marine sediments in response to dis-
solved sulfide activities. All other redox species in natural
waters are not sufficiently electroactive to establish Nernstian
equilibrium.

Deng et al. (2011) demonstrated that if one compares
computed free-fluoride ion activities or concentrations (in
these examples, with WATEQ4F) with measured values
obtained with a fluoride ion-selective electrode, the results
are in good agreement down to ~10~°m. This agreement
between measurement and calculation corroborates the fluo-
ride speciation as calculated by the IA method.

Continued testing of model simulations with experimental
and field data is necessary to demonstrate the range of condi-
tions that can be reasonably modeled and what the limitations
are. This is the challenge of geochemical modeling.

7.2.9 Final Comments

Numerous models and codes have been developed over the
last century for interpreting and portraying low-temperature
geochemical processes. They have been applied to a great vari-
ety of conditions and processes and have enhanced our ability
to understand how low-temperature Earth systems work. How-
ever, many of these models have a dangerous sophistication for
computing almost any type of possibility without adequately
constraining what is probable. Perhaps this affair is a little
different from many centuries ago when we had fewer scien-
tific tools and more imagination to play with. The danger in
greater model sophistication is the difficulty in testing and
refuting it. If we cannot test a model, then we have no means
of determining its reliability. And yet, if we do not strive for
greater sophistication, then the model lacks representativeness
(Oreskes, 2000a).

What we must remember is that modeling is a tool - a
useful tool to be sure, but not something that can ever replace
the experience gained from directly working on a hydrogeo-
chemical problem for several years. Expert judgment, devel-
oped over long time periods and involving many mistakes,
along with carefully acquired empirical observations in the
field and in the laboratory, will ultimately guide our models
from possibility to probability. “... even the most mathe-
matically and computationally sophisticated model will not
absolve us of the need for judgment, nor of the need to justify
our judgment in human terms” (Oreskes, 2000a). Expert judg-
ment is particularly important in identifying the appropriate-
ness of assumptions in applying a model and constitutes a
bigger problem than that of model formulation.

Model reliability is a very important aspect of communicat-
ing computational results to managers, risk assessors,
stakeholders, politicians, and the public. Unfortunately, sophi-
sticated model computations are not easy to interpret, model
results are often nonunique, and modeling is often state-of-
the-art science whose reliability has not been adequately tested.
Because reliability has often been couched in terms of
‘verification” and ‘validation’ for the convenience of regulatory
requirements (Celia et al., 1992; Freedman and Ibaraki, 2003;
Huguet, 2001; Jackson, 1988; Jenne and Krupka, 1984; Kirch-
ner etal., 1996; Mattigod, 1995; OECD/NEA, 1994), confusion
about the limitations of models and even misunderstandings
about how science works have been propagated. Words such as
verification and validation might make sense in a regulatory
or legal setting but are inappropriate and even incompatible
with scientific research and the scientific method (Konikow
and Bredehoeft, 1992; Nordstrom, 2012; Oreskes et al.,,
1994). Validation is a matter of legitimacy and has a different
context and meaning than what is sought in science. Evalua-
tion of model capabilities makes scientific sense but not vali-
dation (Oreskes, 1998). The question has also been raised as to
whether it is really necessary to ‘predict’ in a temporal sense.
Scientific prediction is better described as ‘logical’ prediction,
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(a) Eh measured with a Pt electrode on-site compared to Eh calculated from Fe(ll/111) determinations and speciated with WATEQ4F

(Reproduced from Nordstrom DK (2011) Hydrogeochemical processes governing the origin, transport, and fate of major and trace elements from
mine wastes and mineralized rock to surface waters. Applied Geochemistry 26: 1777-1791). (b) Data from (a) after elimination of data below Fe(IIl)

and Pt electrode detection limits.

not ‘temporal’ prediction, and hanging regulatory decisions
solely on the basis of model predictions may not be wise or
necessary (Oreskes, 2004).

Science progresses by testing hypotheses and by its explan-
atory success. Success is measured by consistency between
observations and calculations (which is not proof of validity),
logical structure, simplicity combined with wide applicability,
and consensus through independent peer review (also not
proof of validity). Oreskes (2000a) quoted Richard Feynman,
“Doubt is the essence of understanding.” Yet doubt is exactly
what regulatory agencies are trying to minimize or eliminate.
Oreskes (2000a) offered a solution that seems obvious to Earth
scientists: our computational prowess has far exceeded our
observational data on natural systems. More field data and
related empirical observations are needed. Field data will
provide the necessary constraints to achieve the legitimacy
that is being sought by the public. Sophisticated computations,

especially in the hands of the unskilled, have the possibility
of achieving any preconceived result unless adequately con-
strained by empirical data (Nordstrom, 2012).

Future efforts should be directed toward developing stan-
dardized test cases for a wide variety of processes against
which code performance can be compared and tested: Incor-
poration of reliable methods of accounting for metal-organic
complexing involving humic substances, recognition of arti-
facts of sample collection in the determination of trace ele-
ments in natural waters, more comparisons of analytical
versus computed speciation to obtain accuracy estimates
of aqueous speciation, development of routine techniques
for estimating uncertainties in model calculations, more
comparisons of mineral dissolution between lab and field
evaluated in terms of mass balances, and more detailed stud-
ies of fine-grained mineralogy that are reactive phases in
geochemical systems.
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