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D I S C L A I M E R
This handbook is not intended to provide all of the information needed to conduct geochemical 
modeling at mining influenced sites. The descriptions herein do not purport to address safety 
concerns, if any, and it is the responsibility of the reader to establish appropriate safety and health 
practices and to determine the applicability of regulatory limitations. Regulatory requirements 
may be more specific than the information included in this handbook. Any use of trade, firm, 
or product names is for descriptive purposes only and does not imply endorsement by the U.S. 
government. The views expressed in this handbook are those of the authors and editors and do 
not necessarily represent the views of the U.S. Environmental Protection Agency or of the U.S. 
government. This handbook has been peer reviewed and approved for publication consistent 
with U.S. Geological Survey Fundamental Science Practices (http://pubs.usgs.gov/circ/1367/, 
accessed April 6, 2017).
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Preface
Geochemical Modeling for Mine Site Characterization and Remediation is the fourth of six vol-
umes in the Management Technologies for Metal Mining Influenced Water series of handbooks 
about technologies for management of metal mine and metallurgical process drainage. This 
volume provides basic technical information on geochemical modeling as it pertains to mine 
site characterization and remediation for a wide range of parties, including mine planners and 
engineers, environmental managers, land managers, consultants, researchers, government reg-
ulators, nongovernment organizations, students, stakeholders, and anyone with an interest in 
mining influenced water. Although this handbook focuses on geochemical modeling, hydrologic 
modeling is included because mining contaminants most often migrate by surface water and 
groundwater transport, and contaminant concentrations are a function of water residence time 
as well as pathways.

This handbook makes important links to the other five handbooks. Geochemical model-
ing is used to describe the reactions and processes of acid mine drainage formation, secondary 
mineral formation, and carbonate neutralization outlined in Volume 1 (Basics of Metal Mining 
Influenced Water, McLemore 2008). Geochemical modeling can be applied to mitigation design 
and implementation described in Volume 2 (Mitigation of Metal Mining Influenced Water, Gusek 
and Figueroa 2009) because the chemical consequences of water diversion, treatment (e.g., lime 
neutralization), tailings, or waste rock removal can be estimated through modeling. Important 
themes in Volume 3 (Mine Pit Lakes: Characteristics, Predictive Modeling, and Sustainability, Cas-
tendyk and Eary 2009) include hydrogeochemical modeling of water quality predictions for pit 
lakes, which directly link to topics in this handbook. Geochemical modeling is often used to com-
plement predictive testing from static and kinetic methods described in Volume 5 (Techniques of 
Predicting Metal Mining Influenced Water, Williams and Diehl 2014), and it often applies to the 
interpretation of water analyses that must meet quality assurance and quality control standards 
outlined in Volume 6 (Sampling and Monitoring for the Mine Life Cycle, McLemore et al. 2014).

These six handbooks are a volunteer project of the Acid Drainage Technology Initiative–
Metal Mining Sector (ADTI-MMS). The Metal Mining Sector is part of the Acid Drainage 
Technology Initiative, which is the United States’ regional member of the Global Alliance spon-
sored by the International Network for Acid Prevention. The mission of ADTI-MMS is to 
identify, evaluate, develop, and disseminate information about cost-effective and environmentally 
sound methods and technologies to manage mine wastes and related metallurgical materials for 
abandoned, inactive, active, and future mining and associated operations, and to promote under-
standing of these technologies.

This volume greatly benefitted from reviews by several experts. We especially thank Madhu-
mita Raghav, Eric Weiland, Rens Verburg, Roderick (David) Williams, and Charles Bucknam 
for their reviews and their patience during the preparation of this volume. Gratitude and thanks 
are extended to Zoë Polando for her renderings of several figures in Chapter 6. The senior editor 
and author (DKN) thank the National Research Program of the U.S. Geological Survey for their 
support, without which this volume could not have been completed.
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CHAPTER 1

1

Introduction

D. Kirk Nordstrom

O B J E C T I V E
The objective of this handbook is to describe the important components of hydrogeochemical 
modeling for mine environments, primarily those mines where sulfide minerals are present—
metal mines and coal mines. This chapter provides a general introduction to the overall topic 
of geochemical modeling and mine wastes. Because the reliability of modeling has often been 
questioned on philosophical and factual grounds, a clarification of terms was deemed important. 
Consequently, a discussion on the strengths and limitations of modeling is included in Chapter 2. 
Geochemical modeling, like any type of modeling, is meaningful only within a defined system 
that identifies boundary and initial conditions and utilizes mass balances (Chapter 3) within that 
system. From a regulatory perspective, modeling is commonplace and sometimes helpful, yet 
sometimes counterproductive. Chapter 4 suggests important aspects that should be considered 
during regulatory review of modeling results. The major hydrogeochemical processes occurring 
in mine wastes are discussed in Chapter 5. These processes include pyrite oxidation, mixed pyrite 
and carbonate dissolution, gypsum dissolution and precipitation, oxidation–reduction properties 
of trace metals and metalloids, iron precipitation, and aluminum dissolution and precipitation. 
Chapter 6 covers the fundamental aspects of hydrologic modeling, while Chapter 7 reviews 
reactive transport modeling with an example and a discussion of its strengths and limitations. 
Database quality is critical input to geochemical models, and Chapter 8 provides a brief descrip-
tion of popular codes used to model geochemistry for mine sites, along with some discussion of 
test cases and examples given by some codes, code benchmarks, and an introduction to thermody-
namic databases. Chapter 9 describes a variety of case studies that show how geochemical models 
have been applied to characterization or remediation of mine wastes. 

The appendixes are included to supplement the main text. Appendix A provides a recapit-
ulation of modeling limitations. Appendix B is the senior author’s perspective on a 1996 paper 
by Glynn and Brown. A reference list is provided at the end of the handbook to identify more 
detailed information on topics of interest.

M O D E L I N G  A N D  M I N E  W A S T E S
Models are used extensively for numerous technical, scientific, engineering, and regulatory 
purposes. They have a long history of use as tools to help us understand and explain physical, 
biological, and chemical phenomena and to predict outcomes. They have also been misused. 
Models have been equated with computer codes (blatant misuse of language), and code output 
has occasionally replaced expert judgment or even common sense. This handbook provides some 
general guidelines on the strengths and limitations of geochemical modeling and an overview of 
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2	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

its application to the hydrogeochemistry of both unmined mineralized sites and those contami-
nated from mineral extraction and mineral processing.

Opinions on modeling vary from “useless as a quantitative exercise for policy matters” (Pilkey 
and Pilkey-Jarvis 2007) to “an essential and powerful tool for understanding natural water–rock 
systems” (Zhu and Anderson 2002). The authors of this handbook share most of these opinions, 
and they are not necessarily incompatible. The single most-important factor to the successful 
application of a geochemical model is the knowledge and experience of the individual or group 
conducting the modeling. An experienced hydrogeochemist can anticipate potential water qual-
ity trends and issues at a mine site even before applying a computer code because he or she has 
studied similar sites and has a working knowledge of what the important factors are. His or her 
conceptual model is fine-tuned based on the experience that the modeler brings to the project.

Mine environments consist of complex geologic, hydrologic, and biologic processes contain-
ing both natural and engineered features. One cannot hope to understand all the complexities 
that give rise to a particular water quality, air quality, soil quality, or sediment quality, so some 
assumptions must be made in concert with good quality data and deterministic principles that 
are understood. These concepts along with necessary assumptions and available data can be coded 
in a computer program that can execute thousands of calculations in milliseconds. The results, or 
output, allow one to examine numerous hypotheses for geochemical processes that could explain 
the observations and to anticipate future trends. This output is only useful in the hands of those 
who are trained and experienced in hydrogeochemical processes and in geochemical modeling. 
This handbook cannot provide that training or experience; it can only give an overview of the 
models behind the codes, explain the geochemical computations, describe some of the modeling 
processes, provide a compilation of codes, and give examples of their application, including both 
successes and failures. The intention is to keep the material at a general level without too much 
technical or theoretical detail but with sufficient information to be of practical use.

“Models” have been so often abused, misused, and overused that they have, in some instances, 
replaced clear thinking. Consequently, this handbook begins with definitions of terms, a discus-
sion of the role of models, what purpose they can serve, whether they can predict anything, and 
some general guidelines for their use. The most important models are conceptual models, that is, 
one’s concepts of physical, biological, or chemical phenomena. When models do not work, when 
codes give outlandish output, and when decisions are made based on such unreliable sources, it is 
usually because the conceptual models are incorrect.

Indeed, it is so easy (and inexpensive) to produce computer output with canned or new pro-
grams that one often loses sight of what the purpose and limitations of models are. Having gone 
so far down this path, it is common to make the mistake of calling a computer code a model. It 
has often been said that models are no better than their input data (input data not only apply to 
computer models but also to noncomputer calculations done with a calculator, or even by hand 
if one remembers how). Indeed, the models can be even worse than their input data. Realistic 
constraints on water–rock interactions come from observations of the geology, hydrology, and 
chemistry of a site that one is trying to understand, not from a model or a code. The more field 
data and the better quality the field data, the easier it becomes to develop a feasible model that 
portrays a useful and reliable understanding of a complex process.

Hydrogeochemical processes take place in the four dimensions of space and time (x, y, z, t). 
Our concepts and modeling must also apply within this context. Water, rock, and biota move and 
evolve not only in complex patterns but they do so within a spatial and temporal context. Spatial 
and temporal changes increase the variables and degrees of freedom, but with additional physical 
and chemical observations, enough constraints can usually delineate the main hydrobiogeochem-
ical processes at a given field site.
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CHAPTER 2

3

What Is a Model?

D. Kirk Nordstrom

I N T R O D U C T I O N
A model is a simplification of reality. It is often said that a model is a representation of reality, 
but it would be more correct to say that a model represents our thinking about reality. Reality is 
too complex to be understood without considerable simplification. Every time we generalize and 
communicate our experiences, our feelings, our observations, our deductions, and our inferences, 
we are forced to simplify and abstract them into forms or concepts that can be communicated. 
This simplifying abstraction is necessary for understanding complex phenomena and for com-
municating our understanding. It is part of the human condition. All human endeavors—arts 
and sciences, religion and philosophy, politics and economics—are subject to abstraction and 
simplification. The distinguishing feature of scientific models is that they are a simplification of 
reality. It is physical, biological, or chemical phenomena we are trying to understand. A model 
gives us a “picture” of how something works without too many details, uncertain assumptions, 
and unnecessary conjecture.

The awkward aspect of simplification is the possibility of missing a key process or property 
that is needed to understand a site under investigation. Consequently, one should not rely on 
modeling alone, but include checks on modeling results such as expert judgment, peer review, 
high-quality field data, reliable test cases, and testing of modeling conclusions with new, indepen-
dent observations.

S C I E N T I F I C  M O D E L S
Scientific models begin as ideas and are formalized into a language that is often, but not necessar-
ily, mathematical. A scientific model is a testable idea, hypothesis, theory, combination of theories, 
or the context of theories that provides new insight or a new interpretation of an existing problem 
or question (Nordstrom and Campbell 2014). An often-quoted attribute is testability (Popper 
1934); another is logical consistency; another is coherence with known facts; and another is sim-
plicity. Powerful simplicity (i.e., a minimal number of concepts, principles, and equations that 
explain a maximum number of observations, or what is known as Ockham’s razor), logic, and 
reproducibility by others have long been hallmarks of the scientific method. Testability means it 
has the possibility of being tested, and reproducibility means it can be tested and confirmed by 
others. Greenwood (1989) stated it well when he said that the word model should be reserved  
“... for well-constrained logical propositions, not necessarily mathematical, that have necessary 
and testable consequences, and avoid the use of the word if we are merely constructing a scenario 
of possibilities.” Unfortunately, “modeling” is not just applied to testable constructs, but often to 
untestable scenario constructs as well. If it is untestable, it is not helpful science and it may not be 
meaningful at all.

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



4	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

Types of Scientific Models
Models come in different forms, usually dictated by the objectives of research. Conceptual mod-
els are the most fundamental and are described in the following section. For example, everyone 
has some concept of water–mineral interactions and the water flow regime. Consider a ground-
water reacting with aquifer minerals. During its evolution, one might conceive some minerals 
to be undersaturated in the area of recharge, but other minerals (those that dissolve fastest) 
would become saturated somewhere downgradient, having reached their equilibrium solubil-
ity (a state of partial equilibrium). The conceptual model can be formalized into mathematics, 
the mathematical model, using chemical principles and entered into a computer program, the 
code, and predictions made to test the assumptions (and the databases) against the results from 
real field data. This exercise helps to quantify and constrain the possible reactions that might 
occur in the subsurface. Mathematical 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 reactive transport, the 
experimental model or scale model. Having obtained results from a mathematical or scale model, 
some unexpected results often occur that 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 hypothesis and theory, and back to modifications 
of theory or development of new theories.

Conceptual models. The importance of the conceptual model cannot be understated. 
As Bredehoeft (2005) has pointed out, “Every model has at its foundation a conceptual model.” 
Because of the ultimate importance of the conceptual model, it is worthwhile to elaborate. For 
example, how does the conceptual model originate? There are no simple, satisfying answers to 
this question; it has been debated by philosophers and scientists for centuries. It arises from the 
conventional knowledge available at the time, the extent to which the modeler has acquired that 
knowledge, and the creative capability of the modeler. It is a combination of acquired knowledge 
and creative inference. Bredehoeft (2005) reminds us of the following:

·· The conceptual model is based on the subjective judgment of the analyst [To which 
we would add that this judgment is objectively constrained by experience].

·· A numerical model provides a tool by which to test the appropriateness of the pre-
vailing concept.

·· One can expect the conceptual model to be continuously updated as new information 
is acquired.

Serious errors in modeling most often arise from incorrect concepts and/or incorrect 
assumptions that most strongly affect the model results. Accordingly, someone untrained in basic 
concepts of geology, hydrology, and geochemistry should not be attempting to model geochemi-
cal processes. Bredehoeft (2003, 2005) also warns:

·· Modelers tend to regard their conceptual models as immutable.
·· Time and again, errors in prediction revolve around a poor choice of the concep-
tual model.

·· More often than not, data will fit more than one conceptual model equally well.
·· Good calibration of a model does not ensure a correct conceptual model. [This point 
refers to groundwater flow models because geochemical models are not usually 
calibrated. However, it can be said that a good match between predicted and 
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What Is a Model?	 5

observed geochemical parameters does not ensure a correct conceptual model. It 
is not even a necessary condition, let alone a sufficient one.]

·· [paraphrased] Sensitivity analysis, probabilistic sampling, or error propagation 
analysis cannot compensate for uncertainties in the conceptual model, or for wrong 
or incomplete models, or for errors in the input data.

These warning messages are extremely important and, if not understood and followed, can lead to 
major mistakes in any modeling effort.

C O N C E P T U A L  E R R O R S  W I T H  M O D E L S  A N D  M O D E L  VA L I D I T Y
Much has been written about model validation (Konikow and Bredehoeft 1992; Oreskes et al. 
1994; Anderson and Bates 2001; Nordstrom 2012; and references therein) and there is consid-
erable confusion about exactly what it means. It is partly a semantic issue, but it goes deeper into 
the question of what science and engineering are, because part of the disagreement is along the 
lines drawn between these two disciplines. How do we demonstrate that our models can calculate 
future scenarios reliably? The simple answer is that scientific models are found reliable only by 
testing with observations in the future. However, future scenarios can be hundreds to hundreds 
of thousands of years into the future. Such futuristic modeling would seem not to be rational 
because of the lack of ability to test consequences. But there are even more fundamental questions 
that should be noted.

Does good agreement between model results and observational measurements mean a model 
is correct? No, for three basic reasons: (1) if model parameters are not independent from the 
measurements they are being compared to, they should agree and we learn little from the model; 
(2) if the measurements are in error, then both the measurements and the model could be in error 
or the model could be correct by coincidence; and (3) the model results might agree with good 
measurements for the wrong reasons.

Does poor agreement between model result and observation mean the model is incorrect? 
No, for similar reasons: (1) if the measurements are unreliable, the model may still be correct; (2) 
model calculations could be in error, whereas the conceptual model could be correct; and (3) the 
criteria for good and poor agreement may be incompatible with the limitations and uncertainties 
of the model (i.e., the model results might actually agree with measurements, but the error win-
dow on what constitutes good agreement is unrealistically narrow).

For some situations, it has been demonstrated that the modeling was fallacious, usually 
because the conceptual model was inadequate or erroneous. Does this mean that the modeling 
was useless, meaningless, or a waste of time? Not necessarily. Sometimes an important new phe-
nomena is discovered even with an incorrect model (Hodges 1991). It does, however, mean that 
modeling is not always useful and that more data are usually necessary to improve the conceptual 
model and adequately constrain any quantitative modeling.

Before the idea is conveyed that it might be useless to compare model results with indepen-
dent observational data, it must be clarified that it is useful and always will be an essential aspect 
of the scientific method. Theoretical calculations must always be compared with observations. 
However, it is just as important to realize that a good comparison is not a guarantee that a model 
is “valid” or correct or even meaningful. A number of possible factors can cloud the interpreta-
tion of such comparisons. As more data become available, more calculations are made, a deeper 
understanding of the site properties and processes is gained, and a closer approximation of real-
ity is achieved, but it is always an approximation. Consequently, not only must an experienced 
geochemist (not just a modeler) use his or her practical knowledge to interpret computational 
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6	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

output, but independent peer review should also pass judgment on the results. Peer review is an 
essential and standard procedure of the scientific method to increase confidence in the conclu-
sions and to reject poorly or incorrectly interpreted conclusions.

It is best to think of models as helpful guides to improve our understanding, as heuristic tools 
to organize our thoughts, as useful constraints on our conceptual thinking, and, when embodied 
in a computer code, as a means of handling large, complex sets of data that can be tested to limit 
and constrain hypothetical possibilities, not to prove some future outcome.

B A C K G R O U N D  P R E R E Q U I S I T E S  F O R  M O D E L I N G
The successful application of geochemical models assumes familiarity with, at a minimum, geol-
ogy, hydrology, geochemistry, and microbiology. One of the most useful aspects of geology is 
mineralogy, especially mineral identification, their chemical compositions, and relative solubili-
ties and stabilities. An understanding of rock types or lithologies, their main minerals, and their 
mode of formation are equally important. In hydrology, knowledge of water balances and the 
water cycle, Darcy’s law, the principle of continuity, and the relation of geology to groundwater 
flow are essential. More than a dozen basic processes should be understood to properly describe 
the typical geochemical attributes of a mine environment. These processes include alumino-
silicate weathering and clay formation (kaolinitization and illitization), carbonate weathering, 
dolomitization, dedolomitization, evaporation and evaporite mineral formation, ion exchange, 
gas evolution (in-gassing and de-gassing), geothermal and metasomatic alteration, mixing of 
chemically different waters, and processes related to microbiology, such as sulfide-mineral oxida-
tion, iron and manganese reduction and oxidation, nitrate reduction and ammonium oxidation, 
sulfate reduction, methanogenesis, and hydrogenogenesis. Each of these processes has chemical 
and isotopic signatures associated with it and each might dictate different approaches to sampling 
and interpretation. This handbook will not address all of these processes, only those that are most 
relevant to mine environments.

Within the context of solute mobilization in mine environments, the following geochemical 
processes are considered most important:

·· Sulfide-mineral oxidation
·· Carbonate mineral dissolution and precipitation
·· Gypsum dissolution and formation
·· Aqueous oxidation and reduction of trace metals and metalloids (such as Fe, Mn, As, S, 
Se, Sb, Cr, U, and V)

·· Iron mineral precipitation
·· Aluminosilicate dissolution and precipitation
·· Aluminum precipitation
·· Silica precipitation
·· Efflorescent salt formation and dissolution
·· Mixing of waters with reaction
·· Evaporation of waters with reaction

Each of these processes is briefly described in Chapter 5 in concert with the application of 
models that either interpret or simulate the processes. More details can be found in textbooks by 
Langmuir (1997) and Appelo and Postma (2007).
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CHAPTER 3

7

Geochemical Modeling  
and Environmental Systems

D. Kirk Nordstrom

I N T R O D U C T I O N
Geochemical models utilize concepts from physical chemistry, that is, from thermodynamics, 
kinetics, and quantum mechanics. Although impressive contributions of quantum mechanics 
have been made to our understanding of hydrogeochemistry, this chapter only considers a few 
basic concepts from thermodynamics, kinetics, and mass balances. These topics have proven most 
useful to the application of models for site characterization and remediation.

Hydrogeochemical models can be static (time-independent) or dynamic (time-dependent). 
They apply to some defined part of our environment known as the system. The system is defined 
by the modeler but should include spatial and temporal boundaries. For example, waste rock or 
tailings have physical dimensions of length, width, height, mass, and volume that define them. 
These physical dimensions can change over time because of a variety of processes including ero-
sion, renewed mining, and remediation.

A system may be open, closed, adiabatic, or isolated. An open system allows the exchange of 
both matter and energy across its boundaries. Waste rock, if not sequestered or capped, is usually 
permeable to the transport of air and water through it and is typically an open system. Waste 
rock is subject to heating by the sun during the day and cooling by night as well as cooling from 
rainwater infiltration. Also, it can produce heat from pyrite oxidation and release that heat to its 
surroundings which then affects the transport of air and water through convective cycling. Some 
tailings are managed by keeping a permanent water cover over them so that they are closed to air 
transport but open to water transport. They are clearly open systems if not contained in some 
way. A closed system allows energy, but not matter, to move across the boundaries. Waste rock 
with an impermeable liner at the base and impermeable liners on the sides and top would be an 
example of a closed system. It would still be affected by outside temperature gradients from solar 
cycles and changing weather conditions, and if it was producing heat, that heat could be lost to 
the surrounding air and land. An adiabatic system is a closed system that allows work energy but 
no heat energy to cross the system boundaries. A good example of an adiabatic system is a geo-
thermal fluid rising in a silica-lined fracture to discharge as a geyser or hot spring. It rises because 
of pressure gradients and can expend work energy but often does not transfer much heat with the 
surrounding rock (which may be at the same temperature). An isolated system is completely cut off 
from any flow of energy or mass across its boundaries.

Environmental systems usually involve mass transport such as water flow and solute flow. 
Transport can fall into one of three categories according to their time-dependency: equilibrium 
state, steady state, and transient state.
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The Equilibrium State
The proper definition of an equilibrium state is an isolated system in which there are no gradi-
ents in energy or mass. All measurable parameters are constant throughout the dimensions of the 
system (space-invariant) and for the period of time of the measurements (time-invariant). By the 
very definition of being isolated, such a system will reach an equilibrium state given sufficient time 
for all gradients to disappear and all parameters to equalize. A water table in an aquifer, if com-
pletely isolated from all inflows and outflows and other driving forces, will become horizontal if 
only acted on by the force of gravity.

In practice, the equilibrium state is not a typical situation because of all the dynamic forces 
that operate within the environment. It could be said that given geologic periods of time or just 
realistic definitions of any system, the equilibrium state is never reached. What, then, is the use-
fulness of an equilibrium state? There is tremendous usefulness in the concept for several reasons. 
First, it is a practical reference point for a system. If it is known what defines equilibrium, then 
a determination can be made as to how close or far the system is from equilibrium. The simple 
example of the water table seems obvious. The greater the hydraulic gradient, the faster the ten-
dency for the water table to return to an equilibrium state. A less obvious example is mineral 
dissolution; the further a mineral is from solubility equilibrium, the faster it will tend to dissolve 
to reach equilibrium. Second, although systems tend not to reach overall equilibrium, parts of the 
system do reach equilibrium, the partial equilibrium state, and sufficiently small volumes of the 
overall system can also reach equilibrium, the local equilibrium state. For instance, a groundwater 
might reach equilibrium quickly with respect to gypsum solubility, less quickly with respect to 
calcite solubility, and not at all with respect to quartz solubility because of the difference in disso-
lution rates. The overall system may be in equilibrium with gypsum, there may be limited areas in 
equilibrium with calcite, and equilibrium with quartz may only be present at the near-molecular 
level adjacent to quartz grains. Another example would be reactions involving aqueous species 
only. Most aqueous complex or ion-pair formation occurs rapidly (seconds or less) relative to 
groundwater flow and rapidly achieves equilibrium so that equilibrium-constant expressions can 
satisfactorily describe their chemistry. Third, although equilibrium is an essential concept in ther-
modynamics, it is also a powerful tool when combined with mass balances for the interpretation 
of water–rock interactions. Fourth, equilibrium thermodynamics is used in kinetic equations to 
describe rates of reaction.

The Steady State
When a system has temperature, pressure, or chemical gradients within its boundaries, its param-
eters will vary spatially (space-variant), but if those parameters do not change at any one location 
with time, the system has achieved a steady state. A time-invariant and space-variant system is the 
definition of a steady state. It can be an open or a closed system, but it cannot be isolated. Matter 
and/or energy must continue to flow in and out of the system to maintain parameter gradients. 
If recharge to and discharge from a groundwater aquifer are constant, the groundwater will move 
and maintain a constant head gradient. Steady state is often an approximation to the actual system 
being studied, not a true representation. This representation, however, can be an eminently useful 
and practical approach for modeling purposes.

The Transient State
Hydrogeochemical processes are technically in transient conditions. Groundwater flow is often 
treated as a steady-state system because it is a good approximation and the model setup and cali-
bration are easier. A transient state, or space- and time-variant system, requires much more input 
data to calibrate even though, conceptually, it can be a more realistic condition. It is only for a 
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limited range in space and time that groundwater flow, mineral dissolution or precipitation, and 
gas evolution can be approximated by the equilibrium state or the steady state. All surface waters 
and aquifers respond to short-term changes in seasons and long-term changes in climate by chang-
ing their water levels and flow rates. Aquifers will also change water levels and flow rates when 
the permeability of the aquifer changes. The transient state can be subdivided further according 
to thresholds for phenomena such as laminar versus turbulent flow, shear force of water across 
mineral surfaces that would allow or not allow equilibrium solubility to be reached, and degree of 
mineral supersaturation that would allow or not allow precipitation to occur at a rate sufficient to 
affect the water composition. Transient conditions, although the rule, are more difficult to model 
mathematically. Perhaps more importantly, considerable time and expense are required to obtain 
the necessary field input data and other parameters for modeling.

R E A C T I O N  R AT E S  A N D  W AT E R - F L O W  R AT E S
The relationship between water-flow rate and mineral precipitation/dissolution rate is important 
and determines whether mineral solubility equilibrium is possible or not. At sufficiently high flow 
rates, solubility equilibrium is not possible, not even for very soluble minerals such as halite and 
gypsum because they require finite residence times in the same water volume to reach saturation. 
These soluble minerals will dissolve, but their dissolution rates determine the water composition, 
not equilibrium solubility. At sufficiently low flow rates, even under stagnant no-flow conditions, 
soluble minerals will reach equilibrium quickly, but not insoluble minerals. Nonequilibrium may 
be caused by different factors such as kinetic inhibition, mineral instability under ambient con-
ditions, degree of crystallinity, surface area, and coatings of secondary minerals that can decrease 
or prevent equilibrium. Diamond is so insoluble and inert to aqueous solution that it cannot 
dissolve. Minerals such as quartz and zircon can dissolve, but they do so with great difficulty and 
require geologically long residence times in the same water, which is not a common situation. 
Generally, the more insoluble the mineral, the longer it takes to dissolve and reach equilibrium 
solubility. Also, many relatively insoluble minerals, such as jarosite, illite, and kaolinite, tend to be 
those with more complex formulae. In general, the more complex the formula, the more difficult 
it will be for the mineral to precipitate at low temperatures (<100°C [212°F]). Many soluble min-
erals have relatively simple formulae, such as halite and gypsum. Quartz, diamond, and zircon are 
obvious exceptions because they have simple formulae and yet are very insoluble. The governing 
factor is the type of chemical bonding in the crystal structure and its tendency to interact with 
the polar bonds of water molecules. Quartz, diamond, and zircon have strong covalent bonds 
in a continuous three-dimensional network that have no affinity for ionized water molecules 
(Pauling 1964).

Hence, there are three key rates that govern observed water compositions: (1) the rate of 
mineral dissolution, (2) the rate of mineral precipitation, and (3) the flow rate of the groundwater 
or surface water. If mineral dissolution and precipitation rates are fast relative to the water-flow 
rate, equilibrium solubility can be achieved more easily. For the reverse situation, equilibrium is 
unlikely to be achieved. Although many dissolution rates of common minerals have been mea-
sured, they have not been determined for the entire range of water composition and temperature 
found in all groundwaters. Furthermore, lab studies of mineral dissolution rates often do not 
compare well with field studies. The most realistic rates come from direct measurements of water 
residence times combined with mass balance calculations (e.g., Burns et al. 2003). It is important 
to know relative rates of mineral dissolution and precipitation to properly vet the output from 
geochemical computations. Mineral dissolution and precipitation kinetics is still an active area 
of research.
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M A S S  B A L A N C E S
Basic Principles and Mixing Relations
One of the most basic laws of science is the law of conservation of mass. It is the very first chapter 
in Albarède’s (1995) textbook, Introduction to Geochemical Modeling. The law is central to under-
standing and confirming chemical reactions, microbiological processes, water flow in drainage 
basins, water–rock interactions, and solute-transport processes. It is a powerful accounting tool 
that should be the core of interpreting any geochemical process by quantitative methods. The law 
is simple in concept, but not always simple in practice. It can be used in static calculations, such 
as relating water chemistry to mineral and gaseous reactions, and in dynamic calculations, such as 
mixing of waters with different compositions.

In the simplest formulation, we can consider the mixing of two water masses, m1 and m2:

m m m1 2 3+ = (EQ 3.1)

These can be converted to volumes, V, by dividing through by a constant density, ρ, to obtain

V V V1 2 3+ = (EQ 3.2)

If we consider water flow rates, that is, V/t = Q (or discharge), where t is time, we have

Q Q Q1 2 3+ = (EQ 3.3)

Equation 3.3 is one of two equations that can be used to solve for concentrations of a contami-
nant after mixing of two streams of water with different compositions. Considering an ion, i, at 
a concentration of C1

i in water mass 1 mixing with water mass 2 at a concentration of C2
i, we can 

determine the concentration after mixing by conservation of mass:

C Q C Q C Qi i i
1 1 2 2 3 3+ = (EQ 3.4)

because CQ is the mass flux of a solute (or m/t obtained by just dividing through Equation 3.1 
by t). Equation 3.4 assumes no chemical reaction (i.e., these ions are behaving conservatively in 
solution). As long as we know any two of the three discharges and any two of the three concentra-
tions, the third concentration and discharge can be calculated. These equations are simple forms 
of the continuity equation that is fundamental to all fluid dynamics, including heat, electricity, 
ions or chemical components, and particles (e.g., Bird et al. 1960). Continuity refers simply to the 
transport of a conserved quantity.

Equation 3.4 can also be used to define a mixing line between two waters of distinctly differ-
ent composition, even when the discharges are not known. If Equation 3.3 is divided by Q 3 such 
that Q 2/Q 3 = 1 – Q 1/Q 3, then by substitution into Equation 3.4 we have

C Q
Q

C Q
Q

C1
i

i i1 1

3
2

1

3
3+ −










= (EQ 3.5)
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And given that Q 1/Q 3 is just a mixing ratio, we can call it x and then

C x C x C1i i i
1 2 3( )+ − = (EQ 3.6)

If one water type is 100% of mass 1, the concentration of the ith ion is defined by C1
i, and if 100% 

mass 2, then its concentration is defined by C2
i. Anything in between is defined by the mixing 

ratio. Imagine mine water seepage with a sulfate concentration of 500 mg/L entering a creek with 
a sulfate concentration of 20 mg/L before mixing. If, after mixing, the sulfate concentration is 
50 mg/L, what is the proportion of mine water seepage relative to creek water flow? Solving for 
x we find that the mine seepage discharge is close to 6% of the flow of the creek. Alternatively, if 
we know the flow of the creek or the seepage water, we can determine what the final sulfate con-
centration is after mixing.

Equation 3.6 can be rearranged to a common linear form:

C C x C Ci i i i
1 2 2 3( )− + = (EQ 3.7)

which results in a linear plot when one element concentration is plotted against another, and the 
slope is determined by the difference in concentration for the end-member waters, and the inter-
cept is the concentration of one of the end-member waters.

Some concentration ratios are distinctly different between waters that mix, and these ratios 
can be assumed constant for each water type involved in the mixing process. Ratios allow us to 
distinguish what water compositions are derived from just simple dilution and which are derived 
from reaction in addition to dilution. Ratios also provide more information in a simple two- 
dimensional plot than could be portrayed otherwise. Dividing by another solute concentration, 
C j, we have

C C x C

C C x C
C
C

i i i

j j j

i

j
1 2 2

1 2 2

3

3

( )
( )
− +

− +
= (EQ 3.8)

which forms an exponential-like curve when plotting the ratio against mixing fraction 
(Figure 3.1a).

An alternate way of portraying mixing is to plot the ion ratio relative to an ion concentra-
tion that occurs in the ratio. For example, C3

i/ C3
j could be plotted against C3

j, which results in a 
curved line (Figure 3.1b) or against 1/C j , which gives a straight line, and any point along the line 
represents the proportion of mixing (Figure 3.2).

A simple example demonstrates how mixing can be represented by these equations. Con-
sider an uncontaminated mountain stream with 0.05 mg/L of manganese and 40 mg/L of sulfate, 
giving a mass ratio of 0.00125. Into this stream, some acid mine water with a manganese concen-
tration of 35 mg/L and a sulfate concentration of 2,100 mg/L mixes (mass ratio of 0.0167). A 
plot of Mn/SO4 mass ratios against the mixing proportion is shown in Figure 3.1. A major shift 
can be seen in the ratio when only 5% of acid mine water has mixed with the stream because the 
concentrations are so high in the mine water relative to the stream water. Because of the analytical 
ability to determine Mn and SO4 very reliably, the water chemistry can be a sensitive indicator of 
mixing fractions.
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These plots can be linearized by using the inverse of the sulfate concentration (or mixing 
fraction) for the x-axis. A linearized plot also has the advantage of expanding the dilute end of the 
scale where one most commonly has data. Figure 3.2 is the same data from the previous two plots 
using this transformed axis.

Mixing of different waters is a very common phenomenon for both surface waters and 
groundwaters. Whenever mixing is part of the geochemical modeling, these principles must be 
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Figure 3.1  (a) Hypothetical mixing between an acid mine water with a high Mn/SO4 ratio and 
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followed for conservative species. When chemical reactions are involved, the modeler needs to 
find a conservative constituent (usually chloride or sulfate in oxidized systems) that can serve as a 
reference point for mixing without reaction.

Input-Output Mass Balances (Flux-Reservoir Modeling)
The continuity equation is often expressed as an input and output to a given volume element 
(the system):

{ } { } { }− =rate of 
mass input

rate of
mass output

rate of
mass accumulation/depletion (EQ 3.9)

or input – output = change in storage (S). If there is no accumulation or depletion, there would 
be a steady-state system in which

{ } { }=rate of 
mass input

rate of
mass output (EQ 3.10)

For a surface water balance of a catchment or a drainage basin, input = precipitation (P), output = 
evapotranspiration (ET) and infiltration (I) and runoff (R) (Freeze and Cherry 1984; Hornberger 
et al. 1998). Change in storage, ∆S, could refer to a lake or reservoir or to a groundwater aquifer:

P − ET − I − R = ΔS (EQ 3.11)

where runoff might include surface water inflow and infiltration, surface water outflow, and might 
include groundwater springs or other discharges to surface waters. Under steady-state conditions, 
this would reduce to

= + +P ET I R (EQ 3.12)

Flux-reservoir modeling. Another type of input-output model is better known as flux- 
reservoir modeling because it consists of depicting large-scale systems, such as mine sites or even 
global cycles, as a set of reservoirs containing known amounts of a substance with rates of trans-
fer between these reservoirs with (hopefully) known fluxes. A good example is the global water 
budget, because it applies Equation 3.12 to account for the total mass of water on and in the earth 
and the transport of water between these compartments. The total mass of water for the earth is 
approximately 1,459 × 1018 kg, which is divided between water vapor and liquid water, as shown 
inside the boxes in Figure 3.3. Approximately 96% of the world’s water comprises the oceans, 
while freshwater resources (lakes, rivers, groundwaters) are only 1% of the total. Water is con-
stantly in motion, transported from one reservoir to another. The average residence time for water 
in the atmosphere is only about 11 days because of the rapid rate of evaporation and precipitation.

A variation of flux-reservoir models is known as “stocks-and-flows” models associated with 
system dynamics (Ford 1999). As an example, Ford developed flow diagrams for Mono Lake in 
California, which begins with a simple model shown in Figure 3.4. The double-lined arrows rep-
resent mass flow, in this system water transport. Open circles are converters and single arrows are 
connectors. Connectors show the flow of information in a system. Convertors without any arrow 
going to it would be considered model input.

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



14	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

A simple flux-reservoir model for the Iron Mountain Superfund mine site in Northern Cal-
ifornia (Alpers et al. 2003) can be portrayed, but first a schematic diagram is needed to better 
understand the site features, as shown in Figure 3.5. In this situation, the reservoir is a solid phase, 
pyrite, existing as massive lenses and as disseminated grains in rhyolite, hydrothermally altered by 
seawater. These large quantities of pyrite are reacting with oxygen and meteoric water, infiltrating 
the site to produce effluent with extraordinarily low pH (0–1) from one portal and substantial 
fluxes of Zn and Cu from waste piles in several other locations. The flux-reservoir diagram for 
Iron Mountain is shown in Figure 3.6.

Many other sources of metals can occur in addition to effluent and leachate waters. Metal 
contamination can come from smelter emissions, eroded tailings and waste rock, and transport of 
contaminated soils and sediment from the mining and mineral processing sites. The knowledge 
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Figure 3.4  First model for Mono Lake
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of multiple sources and multiple processes to transport these sources constitutes the conceptual 
model and can be a leading cause of the relative success or failure of environmentally responsible 
mine site management. Moore and Luoma (1990) provide a generalized diagram of many of these 
sources and processes (Figure 3.7).

Courtesy of U.S. Environmental Protection Agency

Figure 3.5  Schematic diagram showing the main sources of metal contaminants from massive 
sulfide deposits mined underground discharging from mine tunnel portals into Boulder Creek, 
a tributary of Spring Creek, which is a tributary of the Sacramento River. Some metals are also 
derived from groundwater and leached from waste rock into Slickrock Creek.
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Figure 3.6  Simplified flux-reservoir diagram for the main Cu and Zn fluxes from Iron Mountain
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Speciation Mass Balances
When describing aqueous chemical reactions, quantitative calculations are only possible if the 
distribution of aqueous species among free ions, ion pairs, and other complexes is known. The 
analytical determination of any given dissolved constituent is the sum of its species and must 
also obey the law of mass conservation. Consider a NaCl solution containing gypsum crystals at 
solubility equilibrium. A chemical analysis of the solution would be given in terms of the concen-
trations of Na, Ca, Cl, and SO4. The aqueous species are Na+, Cl–, Ca2+, CaCl+, SO4

2–, CaSO4
0, 

and NaSO4
–. Mass balance equations would be as follows:

Primary
A1. Waste Rock
A2. Tailings
A3. Slag
A4. Underground Workings

Tertiary
C1. River Sediment Reworked from Floodplain
C2. Groundwater from Contaminated Reservoir Sediment
C3. Soils from Air Pollution

Secondary
B1. Groundwater at Open Pits
B2. Groundwater Beneath Ponds
B3. Sediment in River Channels
B4. Floodplain Sediment/Soil
B5. Reservoir Sediment

Adapted from Moore and Luoma 1990

Figure 3.7  Examples of multiple sources and transport processes that lead to metal contaminant 
mobility from a mine site
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mNa = mNa+ + mNaSO4
–

mCa = mCa2+ + mCaSO4
0 + mCaCl+

mSO4
 = mSO4

2– + mCaSO4
0

mCl = mCl– + mCaCl+

where m refers to molal concentrations. To determine the distribution of aqueous species under 
steady-state conditions, a calculation would have to be made assuming the solution was at equilib-
rium. The calculation uses equilibrium constants (or free energies) based on the law of mass action 
and activity coefficients. Most geochemical codes routinely calculate aqueous speciation because 
it is fundamental to more complex problems involving mineral precipitation and dissolution.

Examples of speciation calculations are provided for four waters of acid mine drainage 
(AMD) with compositions shown in Table 3.1.

The speciation results for copper, sulfate, aluminum, and iron are shown in Figure 3.8. The 
results are arranged so that the effect of different pH values and sulfate concentrations is read-
ily apparent. As pH decreases and sulfate concentration increases, the dominant copper species 

Table 3.1  Water analyses for four acid mine waters ranging in pH from 4.9 to 0.48
AMD-A AMD-B AMD-C AMD-D

Sample number 82WA109 82WA110 76WA103 90WA103

Water temperature 16.0°C (60.8°F) 19.5°C (67.1°F) 24.0°C (75.2°F) 34.8°C (94.6°F)

pH (field) 4.9 3.25 1.10 0.48

Constituent, mg/L

Ca 44.7 82.2 240 183

Mg 13.5 23.6 720 821

Na 8.6 11.8 79.0 251

K 3.21 4.57 107 261

Cl 1.0 1.1 2.0 N/D*

SO4 206 483 50,000 118,000

SiO2 42.6 46.4 140 165

Ba 0.042 0.048 N/D 0.068

Al 5.06 19.8 1,410 2,210

F 0.30 0.52 2.0 N/D

Fe(T) 4.72 18.4 11,000 20,300

Fe(II) 4.44 9.01 7,820 18,100

Fe(III) 0.28 9.39 3,180 2,200

Mn 1.26 3.04 11.0 17.1

Cu 0.09 0.23 360 290

Zn 0.04 0.15 1,860 2,010

Cd 0.004 0.01 14.0 15.9

As(T) 0.01 0.02 N/D 56.4

As(III) N/D N/D N/D 8.14

As(V) N/D N/D N/D 48.3

Adapted from Alpers and Nordstrom 1999
*N/D = not determined

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



18	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

Data computed with The Geochemist’s Workbench software. 

Figure 3.8  Pie charts showing results of aqueous speciation calculations in terms of relative 
molalities of copper, sulfate, aluminum, and iron species using The Geochemist’s Workbench with 
the PHREEQC database for acid mine water compositions in Table 3.1 (adapted from Alpers and 
Nordstrom 1999)
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changes from the free cupric ion to the CuSO4
0 ion pair. For sulfate, hydrolysis occurs, promoting 

the reaction: SO4
2– + H+ → HSO4

– with decreasing pH. The ion pairing of sulfate for aluminum 
is quite strong so that the AlSO4

+ complex is dominant over the whole range of pH and composi-
tions. The speciation for iron is complex because it not only depends on the oxidation state of the 
dissolved iron, but also on the concentration of sulfate and other metal cations.

Activity Coefficients
The evaluation of the reactivity of aqueous solutes might be much simpler if these calculations only 
involved the determination of species distributed among free ions, ion pairs, triplets, and so forth. 
Such complexes are formed by simple electrostatic or attractive forces between ions of opposite 
charge. However, there are other forces at play in electrolyte solutions. These forces include inter-
actions between the solute and the solvent (water) and repulsive forces between like-charged ions. 
All of these interactions lead to nonideal behavior. For example, if electrolytes behaved ideally, the 
solubility of a mineral like barite, BaSO4, could be simply described in terms of the dissolved Ba 
and SO4 concentrations, mBa2+ and mSO4

2–. However, because of nonideal behavior, the effective or 
reactive concentration is something less than the actual concentration determined analytically. 
The effective concentration is known as the activity, ai, for solute or component, i. The deviation 
of the activity from the measured molal concentration, mi, is called the activity coefficient, γi:

γ i =
ai
mi

(EQ 3.13)

There are several equations that estimate the activity coefficient based on the ionic strength, I, of 
the solution. The ionic strength is half the sum of all the concentrations of ions in solution mul-
tiplied by their charge squared:

I = 1
2

mizi
2

i∑ (EQ 3.14)

Activity coefficient equations have limitations in the range of concentration and composi-
tion of solution that they can be used for. There are two general types: extended Debye–Hückel 
and Pitzer equations. The Pitzer equations allow activity coefficient calculations to quite high 
ionic strengths but are limited in the range of solutes for which they can be applied. The extended 
Debye–Hückel equations can be used for nearly any solute but are usually limited to about 1 molal 
in ionic strength, which is useful for most water samples except brines. Several computer codes are 
available that utilize both the extended Debye–Hückel or ion-association model and the Pitzer 
model. These codes compute both the speciation and activity corrections for solutes found in nat-
ural waters. More details can be found in reviews and summaries of these methods of calculation 
(Nordstrom and Campbell 2014; Nordstrom and Munoz 1994; Millero 2001; Langmuir 1997).

Saturation Indices
Once ion activities have been calculated, it is a simple matter to calculate the saturation index. 
This index describes the thermodynamic tendency of a water to dissolve or precipitate minerals. 
If calcite dissolves in water, the reaction is

(EQ 3.15)
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and when solubility equilibrium has been reached, the equilibrium constant expression is

Ksp =
aCa2+( ) a CO3( )2−( )

aCaCO3
(EQ 3.16)

If the calcite is pure and well crystallized, its activity is unity and the equilibrium constant expres-
sion becomes a simple ion-activity product, IAP, which is the Ksp or solubility product constant. 
An IAP can be calculated for any water composition if all the major ions have been determined 
and the analytical results and the thermodynamic data are of good quality. To determine if the 
solution composition has reached saturation with respect to any given mineral, the IAP is com-
pared to the Ksp for equilibrium solubility:

IAP
Ksp

(EQ 3.17)

which would equal 1 at equilibrium. The saturation index (SI) is the logarithm of this quantity:

SI = log IAP
Ksp

(EQ 3.18)

such that at equilibrium, SI = 0; for supersaturation, SI > 0; and for undersaturation, SI < 0. If 
supersaturation is reached, the water can precipitate the respective mineral. Whether it actually 
does or not depends on precipitation kinetics or the rate at which the mineral would precipitate 
under the specific conditions. Likewise, if a mineral is present but the SI indicates undersatura-
tion, the mineral can dissolve, but whether it does or not depends on the dissolution kinetics. If 
SIs are combined with inverse modeling, a much more quantitative interpretation is possible for 
water–rock interactions in both surface and groundwaters.

Water-Mineral Mass Balances (Inverse Modeling)
As water flows downgradient in an aquifer, the composition of the water may change depend-
ing on the recharge conditions, mineral reactions occurring in the aquifer, and the redox (or  
oxidation–reduction) conditions of the aquifer. Constituents are partitioned between the aque-
ous phase and the solid phases in an attempt to readjust to changing chemical conditions. Minerals 
may dissolve or precipitate; gases may form or be consumed; organic matter may be degraded; 
and dissolved constituents may sorb, precipitate, or be degraded. The mass balance method that 
accounts for these changes conceptually consists of the following net chemical reaction:

initial solution composition + reactant phases →  
final solution composition + product phases (EQ 3.19)

This reaction can be represented mathematically by the following equation:

(EQ 3.20)
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in which αp is the net mass transfer in moles of the pth plausible phase among the P total reactant 
and product phases in the reactions; βp,k is the stoichiometric coefficient of the kth element in 
the pth phase; ∆ denotes the difference between the final and initial values; and mT,k is the total 
molality of the kth element in solution (Parkhurst and Plummer 1993; Plummer and Back 1980; 
Plummer et al. 1983). These mass balances can be solved by a simultaneous solution of a set of 
equations in which the number of aqueous solutes equals the number of phases, as shown by the 
following matrix formulation:

1,1 1,2 1,3 1,P

2,1 2,2 2,3 2,P

3,1 3,2 3,3 3,P

j ,1 j ,2 j ,3 j ,P

1

1

1

P

m1

m1

m1

mj

(EQ 3.21)

where P is the total number of plausible phases and j is the total number of elements or compo-
nents. A simple example will clarify this method.

Consider a limestone aquifer in a recharge area. We can assume infiltrating rainwater to be 
at equilibrium with atmospheric CO2 (log PCO2

 = –3.5). That equilibrium condition gives a DIC 
(dissolved inorganic carbon) concentration in rainwater of 0.0107 mmol kg–1

H2O. According to 
this mass balance (partitioning of total C between gas and liquid):

CO2(g) +H2O→ H2CO3(aq) (EQ 3.22)

Next, rainwater infiltrates and dissolves some of the rock to produce the concentrations presented 
in Table 3.2. These are actual concentrations (in milligrams per liter) of a groundwater from a well 
in a limestone aquifer (Langmuir 1971).

The only reacting minerals that need to be considered in the aquifer are calcite and dolomite. 
Calcium can dissolve from both calcite and dolomite, Mg can only dissolve from dolomite, and 
carbon dioxide (CO2) comes from rainwater plus calcite and dolomite dissolution. The CO2 in 
rainwater was chosen to be in equilibrium with atmospheric CO2(g). Simultaneously solving for the 
amounts of these minerals dissolved by rainwater gives the mass balance model shown in Table 3.3.

The overall reaction can then be written as

rain +1.59CO2 + 0.022CaCO3 +1.03CaMg CO3( )2 → well water composition (EQ 3.23)

Table 3.2  Concentrations of groundwater from a limestone aquifer
Elements in Groundwater Final (Groundwater), mg/L Initial (Rainwater), mg/L

Dissolved inorganic carbon 237 0.9

Ca 50 0.001

Mg 25 0.001

Adapted from Langmuir 1971
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Another model is also possible with no uptake in CO2, but it would seem unusual for infil-
trating rainwater not to take up any soil CO2.

Next we shall consider a mass balance performed on another actual water analysis in which 
the dominant reaction is pyrite oxidation. The water analysis is taken from the report by Ball and 
Nordstrom (1989) for effluent from the Leviathan mine in California, southeast of Lake Tahoe. 
The mineralogy at this site is not well characterized, but the description fits that of a near-surface 
hot spring environment with a large layer of elemental sulfur lying on top of, and adjacent to, an 
andesitic tuff (Evans 1966). It was primarily mined for sulfur to make sulfuric acid. Assuming 
pyrite, silica sinter, kaolinite, K-feldspar, andesine, and chlorite were present, and that silica and 
goethite can precipitate, a mass balance calculation was conducted for major ions in the effluent 
water of the No. 5 tunnel. It was shown by trace-element determinations and by sulfur isotopes 
that nearly all the sulfuric acid was produced from pyrite oxidation, not from sulfur oxidation 
(Ball and Nordstrom 1985). The composition of the water is shown in Table 3.4. A mass bal-
ance was calculated (Nordstrom 2011) and the results are shown in Table 3.5. It was assumed 
that the initial state was pure water and the final state was the effluent water in Table 3.4. Sev-
eral minor and trace elements were left out of the calculation because the exact mineral source 
is not known. Minerals that dissolved have positive values, and minerals that precipitated have 
negative values. This calculation is consistent with every other calculation for acid mine water 
draining from a mine or waste rock in that almost everything dissolves and silica and some form 
of iron mineral always precipitate. At the time the water sample was collected, the discharge was 
about 1 L/s, which converts to about 141 moles of pyrite weathering per hour after accounting 
for mass balances.

The next example is natural acid rock drainage from Straight Creek, northern New Mexico, 
for which more detailed mineralogy was obtained (Plumlee et al. 2005). The water composition 
was fairly constant over nearly two years of sampling, and a median composition and average dis-
charge were selected for the mass balance evaluation. The water composition is shown in Table 3.6 
and the mass balance results in Table 3.7.

These results, when combined with a median flow of 37.85 L/min for Straight Creek drainage, 
give an approximate weathering rate of 20 moles FeS2/h, which is about 3–5 orders of magnitude 
higher than lab studies on the microbial oxidation rates of pyrite (about 0.22–20 mmol/L/h; 
Nordstrom 2011). However, it is important to realize that the former is a flux rate and the latter is 
a reaction rate only. A flux or transport rate can include other reactions and processes in addition 
to the pyrite oxidation rate, such as precipitation and dissolution of soluble sulfate salts, storage 
of evaporating acid waters, and so on.

Table 3.3  Mass balance model
Minerals and Gases Mass Transfer, mmol/kgH2O

CO2 1.59

Calcite 0.022

Dolomite 1.03
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Table 3.4  Water analysis of Leviathan acid mine drainage (No. 5 tunnel)
Determination Value

Temperature 12.0°C (53.6°F)

pH 1.80

Specific conductance 9.3 mS/cm

Concentrations, mg/L

Aluminum 438

Cadmium 0.282

Calcium 131

Chloride 8.4

Chromium 2.58

Cobalt 5.11

Copper 5.32

Ferrous iron 1,440

Fluoride 3.4

Total iron 1,570

Lead 0.0745

Magnesium 53.8

Manganese 10.5

Molybdenum 0.024

Nickel 11.9

Silica 109

Sodium 19.4

Strontium 2.84

Sulfate 7,540

Thallium 2.0

Vanadium 1.23

Zinc 1.39

Source: Ball and Nordstrom 1989

Table 3.5  Mineral mass balance calculations based on the water analysis from Table 3.4
Mineral Phase Model Result, mmol/kgH2O

Pyrite 39.25

Kaolinite 6.78

Calcite 2.87

K-spar 0.353

Andesine 1.005

Chlorite 0.442

NaCl 0.240

Goethite –11.25

Silica –14.7

pH 1.80

Source: Nordstrom 2011
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Table 3.6  Water analysis for average (median) Straight Creek natural acid rock drainage
Determination Median Value for n = 14

pH 2.98

pH Lab 2.70

Specific conductance 3,085 µS/cm

Specific conductance lab 3,200 µS/cm

Temperature 7.7°C (45.9°F)

Eh 0.781

Dissolved oxygen 5.59

Constituent, mg/L 

Ca 349

Mg 113

Na 8.08

K 0.753

SO4 2030

F 7.71

Cl 2.98

SiO2 74.2

Al 91.5

Fe 65.0

Fe(II) 0.475

Li 0.181

Sr 0.612

Ba 0.002

Mn 20.8

Zn 7.63

Pb 0.012

Ni 0.727

Cu 1.87

Cd 0.039

Cr 0.040

Co 0.325

Be 0.026

Dissolved organic carbon 1.44

Source: Nordstrom 2011

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



Geochemical Modeling and Environmental Systems 	 25

Table 3.7  Mass balance results for water analysis of Table 3.6
Mineral Phase Model Result, mmol/kg(H2O)

Pyrite 8.66

Dolomite 4.64

Gypsum 3.78

Kaolinite 1.40

Oligoclase 0.44

Fluorite 0.20

Sphalerite 0.11

Illite/Sericite 0.032

Chalcopyrite 0.029

Goethite –7.40

Silica –2.89

pH 2.98

Source: Nordstrom 2008
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Modeling for Regulatory Review

Andrew Nicholson and D. Kirk Nordstrom

I N T R O D U C T I O N
Environmental models are applied in a variety of regulatory settings for permitting, setting com-
pliance requirements, characterizing sites, predicting future scenarios, and evaluating remediation 
options. For mining sites, there is a need to predict the engineering performance of a planned 
mine operation, the performance of an operating mine, or the performance of possible alternative 
remedial measures. Because many aspects of mine permitting, operations, and closure rely on a 
forecast of future conditions, the application of models is essential.

Regulatory policies and potential model applications at mine sites can include a broad and 
diverse range so that a comprehensive list of the specific regulatory applications of environmental 
models would be challenging to compile. Consequently, the goal of this chapter is to provide 
some guidance on the application of models in a regulatory setting to aid experts in technical, 
regulatory, legal, and economic fields so that they might work together to create more effective 
models at mining sites.

G O O D  S C I E N C E
Meeting regulatory requirements may keep mining and remedial activities legal, but such prac-
tice does not necessarily ensure the most cost-effective remediation and long-term prevention 
of future contamination. The path to effective remediation over both the short and long term is 
through proper site characterization that quantifies as much as is practical. The dominant hydro-
geologic and geochemical processes should be outlined, as in a flux-reservoir diagram, followed 
by an evaluation of remedial scenarios using models that are based on properly collected field 
data and sound professional judgment. To achieve these goals, good science is essential, science 
that utilizes geological, hydrological, and geochemical expertise. Depending on circumstances, 
other expertise in biology, microbiology, hydrometallurgy, and land use management may be 
needed as well.

Characterization and remediation most commonly fail, and/or cost overruns occur, when 
the following take place:

1.	Deadlines become more important than the evaluation of site characteristics and careful 
evaluation of remedial options.

2.	Default technological approaches are embraced prior to proper system characterization.
3.	No survey of the successes or failures of default approaches has been conducted.
4.	The costs, results, or implications of scientific characterization are feared by parties work-

ing at sites.

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



28	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

5.	Monitoring is not attempted or adequately achieved for both spatial and temporal 
variations.

6.	Stakeholders involved in the planning of the characterization or remediation are not ade-
quately versed in the issues at hand.

7.	Personnel who carry out the field, analytical, and interpretive tasks are not adequately 
trained and experienced in proper procedures.

8.	No independent technical oversight committee exists to offer critiques and suggestions 
during the characterization and remediation activities.

A considerable amount of research relevant to remedial needs is available for practical 
application, and the challenge is to get that information to remediation specialists and to regula-
tory agencies. Some of this information activity is available through the International Network 
for Acid Prevention (INAP), Mine Environment Neutral Drainage (MEND), Acid Drainage 
Technology Initiative–Metal Mining Sector (ADTI-MMS), and U.S. Environmental Protec-
tion Agency (USEPA), but there is still a scarcity of options related to recycling and waste as a 
resource. Summaries of the diversity of remedial options should be readily accessible and regularly 
updated. Comparisons of predicted with actual monitored consequences (such as Kuipers et al. 
2006) should be available and regularly updated to make the necessary improvement in charac-
terization, remediation, and monitoring of mine sites. Monitoring a site before, during, and after 
final reclamation and closure is often inadequate to even determine what difference was made by 
the remediation.

The goal of site characterization should be to understand the major hydrogeochemical pro-
cesses causing or likely to cause migration of constituents potentially affecting environmental and 
human health. If this is not the goal, the chances of failure markedly increase. If it is the goal, 
regulatory compliance becomes easier to achieve and remediation will be more effective. Consci-
entious hydrogeochemists would not consider serious interpretations of these processes without 
the inclusion of modeling to aid in the prediction of future environmental conditions.

R E G U L AT O R Y  C O N C E R N S
Modeling in support of regulatory decision making has some specific challenges in implemen-
tation. The questions being evaluated are often not strictly scientific in scope, nor are they free 
from politicization. The political implications surrounding environmental models should not be 
ignored. In the process of permitting mines, mining companies have an interest in rapidly mov-
ing from a preproduction stage where there is no positive cash flow to a production stage where 
there is income from a mine. Hence, they can be motivated to model optimistic outcomes and 
best-case scenarios. Regulators may also have incentives to facilitate mine permitting, which can 
result in poorly evaluated models submitted in support of permitting. Opponents to mining may 
produce models that overpredict environmental impacts and present worst-case scenarios to illus-
trate their concerns.

The needs of regulation, industry, and science are often competing in these situations. Reg-
ulation can drive the modeling process by prescribing the codes and methods to use, which may 
exclude other more scientifically rigorous approaches. For example, the regulations to determine 
soil remediation levels protective of groundwater in some states prescribe specific codes and input 
assumptions for the calculation of site-specific remedial goals. Montana prescribes the application 
of HELP (Hydrologic Evaluation of Landfill Performance; Schroeder et al. 1994) and VS2D 
(Lappala et al. 1987) computer programs with some recommended input parameters to set these 
levels. California has developed some specific spreadsheets with assumptions regarding parti-
tioning and infiltration rates to calculate these levels. Frequently, these prescribed assumptions 
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are conservative in nature, designed to be protective of the environment rather than to get the 
best estimate of what might actually happen. Budget constraints by project proponents can limit 
the depth and approach of some modeling exercises, limiting the adequacy of characterization or 
remedial options. The legal, scientific, engineering, and commercial aims and goals may, there-
fore, not be compatible. Many regulatory agencies have developed guidance documents that have 
additional information on the application and guidance of models in regulatory settings (e.g., 
USEPA 2009; NRC 2007).

Modeling and Data Collection
Adequate characterization of sites is often the most important prerequisite for understanding site 
hydrogeochemistry. As previously discussed, models can be used to understand site data, guide 
the collection of further data, or suggest future behavior based on the data. When models are 
being used for regulatory decision making, it is essential to identify whether the data are ade-
quate to support the modeling and evaluate how limitations on the data affect the certainty of 
model results.

The data needs for a model will depend on the type of model. Models need to be based on 
data, and the limitations of the data need to be explicitly stated and clearly evaluated in the mod-
eling process. At their best, models allow for the extraction of the most important information 
from the available data. In general, the higher the quantity and quality of data available, the more 
reliable will be the results of the model. One classic example in mine development is the block 
models developed to predict ore reserves. In this case, the more extensive the data collection from 
surface mapping and drill cores to interpret the ore deposit, the more reliable will be the geosta-
tistical estimates of the ore grade of the potential mine. Furthermore, these data can often provide 
valuable estimates of environmental concerns. However, limited data is almost always the case in 
environmental systems. In many modeling applications, it may not be possible for adequate data 
to be collected because the cost of data collection and the variability of the measured values are 
too great. Some models are adequately supported with very little data. For example, a handful of 
experiments may provide sufficient data to effectively model a water treatment process. Other 
models will always have data limitations because the variability of field conditions is so great, as 
is the case with coupled groundwater-chemistry flow models. In these situations, evaluating the 
uncertainty in the model due to data uncertainty is important and sensitivity analysis is usually 
necessary.

With modern geographic information systems, data analysis, and modeling techniques, 
models themselves and supporting information can be used to better characterize data gaps and 
model uncertainties to optimize data collection techniques. These include

·· Three-dimensional mapping and analysis of available data;
·· Application of probabilistic modeling approaches to evaluate data uncertainty; and
·· Use of codes such as PEST (Doherty 2010; Doherty and Hunt 2010; Dausman et al. 
2010) to evaluate model uncertainty, identify the most sensitive parameters, and optimize 
the areas of additional data collection.

Model Formulation
Prior to embarking on a modeling effort, the expectations of the modeling effort should be clear, 
either through established regulation and precedent or by means of dialog with stakeholders.

Environmental models often support regulatory decisions, and the model application should 
be developed with an eye toward effectively answering the regulatory issues being addressed. 
For example, it may make sense to have a higher resolution modeling effort (and collect more 
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data) near sensitive features that a model is addressing. If a model is being used to assess future 
conditions (which is almost always the case), the appropriate time frames for modeling need to 
be established and the model may need to be refined with the incorporation of additional data 
as a mine operates. For periods of time well beyond a calibration or history-matching period, 
modeling will be highly uncertain unless well-documented analogue conditions have undergone 
prediction followed by monitoring for many years, which would demonstrate that predictions 
indeed fit long-term observational data. For these long-term predictions, modeling is so uncertain 
as to be an unreliable approach to decision making. Alternative approaches must be evaluated that 
do not depend on modeling. Expectations for what needs to be included in the model must be 
established and a process for evaluating and updating the model included as part of establishing a 
pathway forward on the project. One example is the common Nevada Division of Environmental 
Protection requirement that pit lake models be updated every five years at mines (http://ndep 
.nv.gov/bmrr/regs.htm) as more data are collected and the deposits are better understood with 
ongoing mining.

A parameterized model is formulated based on a conceptual model for the site. The concep-
tual model is a dynamic conceptualization that changes with more quantity and quality of data 
and with expert discussion over the interpretation of the data. The importance of the concep-
tual model cannot be overemphasized because it guides the decision-making process and the data 
collection.

Code Selection
The selection of a modeling code is essential in the regulatory application of models. The code 
being used should be

·· Based on accepted principles and established methods,
·· Available and provided with the model, and
·· Tested using standard cases and compared to the results of other codes for a similar range 
of conditions applicable to the mine site.

Use of proprietary codes is sometimes necessary, but such a code must be provided to reviewers 
to ensure that the model is behaving as represented, the database is appropriate, and the necessary 
assumptions are understood.

Model Testing
Testing of models and model results should include the following:

·· Comparison against the conceptual model for the site
·· Comparison against simplified assumptions
·· Vetting of mass balances to ensure they make sense
·· Acceptable replication of model scenarios
·· Consideration of extreme conditions applicable to the site
·· Evaluation of both best-case and worst-case possibilities for future scenarios

Effective Presentation
Models and associated codes need to be presented to stakeholders in an understandable, transpar-
ent fashion. Important aspects include

·· Written documentation of the model development, underlying assumptions, implemen-
tation, and application;
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·· The code being used either publically available or provided to reviewers in a useful and 
transparent form;

·· The provision of all relevant input files and underlying data to reviewers and stake-
holders; and

·· Explicit recognition of the uncertainties and limitations of the model results.
Effective presentation of models flows from good modeling practices and reflects the rea-

soning of the modeler and the modeler’s ability to understand the data. Good presentations 
typically include flowcharts that describe the modeling procedure and approach; easy-to-read 
charts and figures that present modeling inputs and results; examples to clarify difficult concepts; 
and a short, concise summary of the most important modeling assumptions and findings. A well- 
constructed model will more easily lend itself to clear presentation and documentation than if the 
modeling approach has technical limits or skips steps.

Uncertainty Analysis
There are at least three main sources of uncertainty:

1.	Data uncertainty
2.	Assumption uncertainty
3.	Uncertainty regarding whether the model and associated code have demonstrated reli-

ability for the range of conditions presented
Uncertainties arise from a variety of sources, some of which are quantifiable and some of 

which are not. Potentially large uncertainties should be explicitly stated and quantified where 
possible. For example, data errors include precision and accuracy errors from analytical measure-
ments of elemental composition of materials, and errors arising from sampling issues (e.g., errors 
in filtration, errors in misuse or malfunction of field equipment, errors in preservation). Analyt-
ical errors in accuracy and precision can be quantified if the laboratory has conducted proper 
quality assurance/quality control procedures. Sampling and preservation errors are more difficult 
to quantify or even identify. Whether enough (or too much) analytical data have been collected 
is another source of uncertainty, not related to laboratory capability but to the project objectives, 
scope of work, and general planning. Propagation of analytical errors through model calculations 
provides some concept of the effect of analytical uncertainties on the study results.

Thermodynamic and kinetic databases can be sources of uncertainty for geochemical model-
ing. To avoid any ambiguities, it is easiest to compile and report the thermodynamic and kinetic 
data used in the modeling. At the very least, references should be provided that allow easy access 
to the sources of the relevant thermodynamic and kinetic data.

When modeling, assumptions can constitute the largest source of uncertainties. Modeling 
assumptions must be clearly and explicitly stated. When quantifiable by some bounding condi-
tions, these limits should be stated.

Model Review
Who is the reviewer? The reviewer of any model obviously needs to have the skills and expe-

rience to appropriately understand the workings of the model. Although this statement may seem 
obvious, putting it into practice is often challenging.

The technical capability of the reviewer is the first qualification for model review. The 
reviewer should know the underlying technical principles of the model and be experienced with 
the type of modeling being done. He or she should have a combination of education, experience, 
and documented peer-reviewed publications demonstrating his or her expertise in the area being 
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reviewed. The technical expertise of the reviewer should be at a level similar to the experience and 
expertise of that required to produce the model.

It may take more than one reviewer to appropriately review a model, especially with models 
that cross disciplines. For example, a model of flow and transport of acid rock drainage in a waste 
rock dump that is being capped may be most appropriately reviewed by a combination of an engi-
neer familiar with the construction of caps, a geochemist who understands the chemistry of acid 
generation and contaminant mobility, and a hydrologist who understands flow in the unsaturated 
zone. These experts should have documented experience in their respective areas of expertise and 
ideally would have experience with the specific code being used. If a proprietary code is being used 
or a poorly documented public code, it is critical that the reviewers have the expertise to review 
the function of the underlying code itself, beyond reviewing input and output files. It may be 
necessary to run the input data on another publicly available, peer-reviewed code to determine 
the adequacy and reliability of the modeling.

The reviewers should not have a conflict of interest in the project being reviewed. With the 
consolidation of mining companies and the fact that the environmental mining sector consists 
of a relatively small group of practitioners, this can be a challenge, as many of the most quali-
fied scientists and engineers available for review will have worked with many of the companies 
developing mines at some point in their careers. Acknowledging this fact, it is important that 
reviewers not have a financial interest in the project and disclose their previous working relation-
ships related to the mining industry, including work for mining companies, regulatory agencies, 
nongovernmental organizations, and any other third parties active in the area of the social/ 
environmental aspects of mining.

Adequate model review requires that the reviewers are appropriately compensated for their 
work, recognizing the level of effort required for the review. With the importance of the underly-
ing conceptual models and the specifics driven by site conditions, it is essential that reviewers visit 
the site to provide a better understanding of the local conditions that may affect model results. 
The reviewers must also recognize the importance of their role and conduct themselves appropri-
ately. They should not divulge proprietary data, and the nature of what is proprietary and what is 
publically available data should be determined prior to the start of the model review. Reviewers 
also need to comply with site-specific safety requirements on site visits and should be provided 
with appropriate training as needed prior to site visits.

Aspects of model review. The mechanics of a model review should follow common-sense 
guidelines. The full code used for the modeling must be available to the reviewers, and all input 
files must be provided. The input files should include the full data set obtained for the site. Models 
must have adequate documentation both for the code and application of the code. A presenta-
tion of the modeling results for the reviewers with adequate time for questions and answers is 
necessary to facilitate a better understanding for the reviewers. An important rule of thumb is 
that if a modeler cannot explain his or her results and how they obtained the results to a nontech-
nical person, then the modeling analysis probably needs to be redone. In the executive summary 
of USEPA’s Guidance on the Development, Evaluation, and Application of Environmental Models 
(USEPA 2009), the statement on model application is worth repeating here:

Model application (i.e., model-based decision making) is strengthened when the science 
underlying the model is transparent. The elements of transparency emphasized in this guid-
ance are (a) comprehensive documentation of all aspects of a modeling project (suggested as 
a list of elements relevant to any modeling project) and (b) effective communication between 
modelers, analysts, and decision makers. This approach ensures that there is a clear rationale 
for using a model for a specific regulatory application.
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For regulatory decision making, review of documentation and results alone is not sufficient. 
Review should include comparing the model results with known test cases and actually running 
the software for problems of the type for which the model might be used. For example, there are 
many examples given in code manuals such as PHREEQC (Parkhurst and Appelo 2013) and 
TOUGHREACT (Xu et al. 2004) as well as documented field applications in the scientific liter-
ature that could be duplicated by the particular code being applied to show that it gives the same 
results. Alternative software and other models familiar to the reviewers should be used to give the 
reviewers a second opinion and the confidence that the results are at least consistent with other 
approaches.

When models and codes are used to calculate predictions for tens to hundreds or even thou-
sands of years into the future, it must be understood that the processes underlying the model 
are likely to be no longer accurate or even meaningful due to changes in climate, erosion/ 
sedimentation, anthropogenic activities, subsidence, volcanic activity, or other factors that are not 
identified. Such long-term future predictions are largely guesses and should be carefully qualified, 
as Pilkey and Pilkey-Jarvis (2007) have pointed out. The reason these long-term models have lim-
ited value is that, due to our inability to test the predictions after decades or centuries have passed, 
we do not know if the prediction is reliable or not, which is generally outside good scientific 
and engineering practice. Therefore, such predictions are limited and sometimes untrustworthy 
in their ability to help decide important policies regarding the future of our soil, air, or water 
resources. They should be designated “untestable computational experiments” or “future scenario 
guesses” until such time that we have good monitoring data over several decades that can be com-
pared to the original predictions. Model computations can sometimes put bounds on the possible 
range of future conditions of a site, but there are always large uncertainties, for instance, because 
of our inability to predict climate change quantitatively for any given location and our inability to 
predict changes in population density and water usage far into the future. There are alternatives 
to model scenario predictions on which to base regulatory policy, which should be utilized more 
often. Alternatives may include natural analogues, consensus of expert opinion, and intentional 
temporary solutions awaiting further technological refinement. The question of uncertainties and 
the propagation of errors from these uncertainties is a challenging subject when it comes to com-
plex environmental sites. It would seem to be fundamental to any future scenario speculation, 
but it is not routinely done. It is possible to consider what input variables a model computation 
is most sensitive to and consider a range of uncertainty or error on each of them, and then bias 
them for the best-case and worst-case scenarios to determine if the model calculation offers suffi-
cient constraints to be useful or not. Then the peer review committee can evaluate that range of 
scenarios.

Again, quoting from the USEPA (2009) guidance on modeling:

Model evaluation is the process for generating information over the life cycle of the project 
that helps determine whether a model and its analytical results are of sufficient quality to 
serve as the basis for a decision. Model quality is an attribute that is meaningful only within 
the context of a specific model application. In simple terms, model evaluation provides infor-
mation to help answer the following questions: (a) How have the principles of sound science 
been addressed during model development? (b) How is the choice of model supported by the 
quantity and quality of available data? (c) How closely does the model approximate the real 
system of interest? (d) How well does the model perform the specified task while meeting the 
objectives set by quality assurance project planning?

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



34	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

C O N C L U S I O N S
Geochemical modeling is a complex process when applied to mine sites to discern, explain, or 
predict water chemistry changes over time and space. It can be applied to site characterization 
and to potential alternatives to remediation when simulation scenarios are examined. That is, dif-
ferent remedial scenarios can be considered and the water quality consequences estimated along 
with a cost–benefit analysis of each (such as the Summitville mine restoration planning, Ball et al. 
2004). Key parts of the model development are (1) matching the model with the objectives, (2) 
capturing and understanding the important conditions and parameters in the model, (3) devel-
oping a database that meets quality objectives for the model and general quality standards, (4) 
testing the model for application similar to objectives for which it is intended, and (5) predict-
ing conditions that can be tested with additional independent observations. Model application 
requires appropriate expertise on the part of the modeler, sufficient data of the right type, sensitiv-
ity analysis, uncertainty analysis, and, for future predictions, consideration of an adequate range 
of conditions that have undergone robust sensitivity and uncertainty analysis. Model evaluation 
requires a peer review team void of obvious conflicts of interest. It requires transparency of any 
codes, adequate documentation for codes and models, availability of all input data, and effective 
communication among all stakeholders.
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Modeling to Understand a Site

D. Kirk Nordstrom

I N T R O D U C T I O N
Modeling begins with a conceptual framework for a site and specific objectives that can be con-
verted into tasks within a scope of work. To complete these tasks, field data and samples must be 
collected and analyzed by others and will be relied upon, sometimes heavily, by modelers. Hence, 
there should be a close collaboration between those collecting, analyzing, and vetting the data 
with those modeling, and this collaborative process should start at the beginning of a project. 
The following section begins with an introduction to the importance of obtaining reliable water 
analyses before proceeding to how modeling can interpret water chemistry at a site.

W AT E R  A N A LY S E S
Geochemical modeling is best constrained and most useful when actual water and mineral anal-
yses are used. However, sources of error and uncertainty can occur anywhere—from the time, 
place, and protocols of sampling to the instrumental technique and the quality assurance/quality 
control (QA/QC) procedures at the analytical laboratory (McLemore et al. 2014). Because any 
modeling interpretations are highly dependent on the quality of the data, a summary review of 
sampling and QA/QC procedures is warranted here. More details can be found in Volume 6 of 
this handbook series.

Water Sample Collection
“Sampling is a vital part of studies of natural-water composition and is perhaps the major source 
of error in the whole process of obtaining water-quality information” (Hem 1992). Water chemis-
try is affected by several factors that are not always considered in the planning of a water sampling 
campaign. For surface waters, it can change with width and depth of a stream (or lake) as well as 
with distance from source and with time of day, day of year, and year. If acid rock drainage (ARD) 
discharges into a larger stream or river, it tends to hug that side of the river where it is entering 
and it could be transported meters to many kilometers downstream before it is fully mixed. The 
classic example is the Susquehanna River, which has been monitored at Harrisburg, Pennsylvania 
(e.g., P.W. Anderson 1963; Fishel 1984), and where substantial chemical gradients were noted 
across the width of both east and west channels. Sulfate concentrations were higher toward each 
bank because of the ARD entering the river for kilometers upstream. The same effect has been 
observed in small streams and rivers as well. With such a strong chemical gradient across the 
width of the river, sampling must be done with integrating composite samplers to get the aver-
age composition at any one location. Sampling at regular intervals during a 24-hour period (diel 
variability) will show further changes for a constant flow. Water composition also changes with 
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flow, with dependence on whether it is increasing flow or decreasing flow; with dependence on 
whether it is early, middle, or late increasing or decreasing flow; with the intensity and location 
of the rainstorm or snowmelt; and with length of the preceding dry period. Again, the Susque-
hanna River was found to have substantial diel variations (Fishel 1984). Diel metal cycling in 
small streams affected by mine drainage has been reported in a series of papers (see review by 
Nimick et al. 2011). Chemical variability in pit lakes, natural lakes, and human-made reservoirs 
receiving discharges of ARD can also be dependent on timing and location. Considerable detail 
on pit lake and reservoir water quality and dynamics are presented in Castendyk and Eary (2009). 
Procedures for sampling pit lakes have been described by Gammons (2009).

Field measurements, collection, and preservation procedures and chemical analysis meth-
ods for water samples can be found on the U.S. Environmental Protection Agency’s (USEPA’s) 
website for Clean Water Act Analytical Methods (https://www.epa.gov/cwa-methods), in the 
U.S. Geological Survey (USGS) National Field Manual for the Collection of Water-Quality Data 
(USGS 2005–2015), and in Standard Methods for the Examination of Water and Wastewater 
(APHA et al. 2012) along with analytical methods.

Quality Assurance/Quality Control
Although numerous and reliable analytical techniques exist to determine the chemical composi-
tion of almost any type of water sample, it does not mean that potential issues and concerns are 
absent. Indeed, depending on the instrumental technique used, there can be serious interferences 
and systematic biases in analytical results. Protocols for QA/QC are spelled out in considerable 
detail by the USEPA, USGS (Fishman and Friedman 1989), and in several textbooks and journal 
articles. Basic QA/QC should include charge-balance calculations, blanks (should include field 
and lab blanks), spiked recoveries, and standard reference samples (some should be site specific). 
McCleskey et al. (2004) provide an example of QA/QC procedures and results for acid-sulfate 
waters and high-calcium, high-sulfate waters of neutral pH in a drainage basin containing pyrite 
weathering primarily from natural occurrences. A recent technique involves calculation of the 
electrical conductivity and comparing it to the measured conductivity as a further constraint on 
QA/QC (McCleskey et al. 2012; McCleskey 2013). In addition, other field and hydrogeologic 
considerations can be helpful (e.g., Nordstrom et al. 2010; Nordstrom and McCleskey 2012). For 
instance, acid-sulfate waters often contain sulfate as the dominant anion, and sulfate will correlate 
closely with conductivity. Also, acid mine waters usually demonstrate excellent correspondence 
between calculated and measured redox potential (Nordstrom 2011). Replicate samples from 
the same groundwater well should reflect similar chemistry from time to time with changes that 
should be explainable by seasonal effects or anthropogenic disturbances.

Charge-Balance Problems for Low-pH Waters
The charge-balance calculation is one of the first and simplest of QA/QC procedures to check 
the accuracy of a water analysis. It is based on the principle that an aqueous solution containing 
electrolytes, or charged ions, must be electrically neutral overall. The equivalent concentration of 
cations must equal that of anions:

(EQ 5.1)

where ci is the equivalent concentration (usually in milliequivalents per liter) for the ith ion.
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The charge-balance calculation is normally obtained as a percentage by taking the difference 
of the equivalent concentration of cations and anions and dividing by the sum of the two times 
100 (or it is divided by the average; Ball and Nordstrom 1991):

(EQ 5.2)

Two important potential problems arise for waters of low pH. One concern has to do with 
including the hydrogen-ion concentration and the other has to do with speciation.

Charge balances are routinely calculated by analytical laboratories using the major ions: Na, 
K, Ca, Mg, Cl, SO4, HCO3 (±NO3, F). Once the pH drops below 3, the hydrogen ion becomes 
a major cation (about 1 milliequivalent); and for acid mine waters, Fe and Al become major cat-
ions as well. If the hydrogen-ion concentration is absent from the charge-balance calculation, the 
charge balance will become progressively worse as the pH decreases.

The second problem arises because aqueous complexes become dominant relative to free ions 
in acid-sulfate waters or in any water of higher total dissolved solids. Charge balances are calcu-
lated assuming that the analytical determinations of major ions represent the aqueous free ions in 
solution; for instance, that the analytically determined dissolved Al is all present as Al3+. In ARD, 
sulfate is the dominant anion. Sulfate forms complexes, or ion pairs, with cations, and the higher 
the oxidation state on the cation, the stronger the complex. Hence, most of the dissolved Al in 
ARD is complexed with sulfate. Such reactions as

(EQ 5.3)

have the consequence of lowering the charge on the dissolved aluminum from 3+ to 1+. In addi-
tion, a certain amount of sulfate becomes incorporated into the cation sum. The overall effect of 
these speciation reactions is to lower the total charge of dissolved ions in solution, changing the 
“analytical” charge balance substantially with increasing concentration of dissolved ions, espe-
cially if the major dissolved ions are polyvalent, and shift some of the sulfate to the cations.

What about the hydrogen ion? Hydrogen ions and a few other cations (e.g., Na, K) can get 
shifted to the anion sum. Consider this reaction:

(EQ 5.4)

in which the cation, H+, is incorporated into the anionic species, HSO4¯. The pK2 for this reac-
tion is 1.99, which means that as the pH approaches 2, increasing amounts of dissolved sulfate 
become bisulfate. Below pH 2, free sulfate ion is no longer dominant, but the bisulfate ion is. 
Also, this hydrogen is not part of the hydrogen measured by the pH electrode; it is additional 
hydrogen that must be added to the sulfate to produce the bisulfate ion.

These two problems mean that equivalent hydrogen-ion concentrations must be extracted 
from the pH measurement (a measurement of hydrogen ion activity, not concentration) for 
the charge balance to be applied to acid waters, and the water must be speciated before a charge 
balance can be calculated. Hence, a proper charge balance must be based on the results of specia-
tion modeling using thermodynamic data. Some codes are programmed to do this (PHREEQC 
[Parkhurst and Appelo 1999, 2013], WATEQ4F [Ball and Nordstrom 1991], MIN3P [Mayer 
et al. 2012], CrunchFlow [Steefel 2007], and PFLOTRAN [Hammond et al. 2012]), but the 
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analytical results from the laboratory do not usually get screened for charge balance unless the 
modeler does it and reports it. If a different code is used to calculate charge balance, assurance is 
needed that the calculation is performed correctly for acid waters.

The plots in Figure 5.1 show the divergence of the analytical charge imbalance from the spe-
ciated charge imbalance for 1,300 water samples affected by mine drainage. In Figure 5.1a, the 
hydrogen ion is absent altogether and the charge imbalances are close to zero until the pH is ≤4, 
and then they continuously diverge at lower pH. In Figure 5.1b, the hydrogen ion is included in 
the charge balance but not the speciation. The overall charge balances have improved, but the 
divergence still occurs for pH ≤ 2. In Figure 5.1c, the speciation has been included and now the 
charge imbalances are all distributed close to zero.

One other potential issue is noteworthy here. Measurements of pH as defined by the National 
Institute of Standards and Technology (NIST, formerly NBS, National Bureau of Standards) are 
only valid for measurements to about pH 1. Below that pH value, the conventions for defining 
pH no longer apply. Fortunately, another option is available based on the Pitzer model of cal-
culating activity coefficients (Pitzer 1991). This approach has been used to define and measure 
pH values down to –3.6 for acid waters from the Richmond mine of Iron Mountain, California 
(Nordstrom and Alpers 1999; Nordstrom et al. 2000). Geochemical codes are available to calcu-
late speciation in concentrated solutions using the Pitzer model, but, unlike most codes that use 
the ion-association model, not all of the necessary parameters for acid-sulfate waters are available. 
This issue has been the subject of research (e.g., Ptacek and Blowes 2000).

M I N E R A L  A N A LY S E S
Numerous techniques are available to quantify the mineralogical composition and solid-phase 
chemical composition of tailings, waste rock, sediments, and other mineralized and nonmineral-
ized materials. It is beyond the scope of this handbook to detail these techniques, but several good 
reviews are available. For instance, Crock et al. (1999) review conventional analytical techniques 
for solid samples, including biological samples and water samples, and point out the importance of 
standard reference samples. A thorough description of the mineralogy of mine wastes, including 
the geochemical processes and the relation of mineralogy to static and kinetic tests, can be found 
in Jambor (2003) and the recent Acid Drainage Technology Initiative–Metal Mining Sector 
handbook, Techniques for Predicting Metal Mining Infuenced Water (Williams and Diehl 2014). 
Applications of the Rietveld method for X-ray diffractometry have been described in the same 
volume by Raudsepp and Pani (2003). Techniques such as EXAFS (extended X-ray absorption 
fine structure) spectroscopy, XANES (X-ray absorption near-edge spectroscopy), micro-X-ray 
diffraction or X-ray microdiffraction, and X-ray microfluorescence are becoming more common 
and are particularly useful for identifying mine waste particles and surface bonding characteristics 
of important contaminants. Weisener (2003) provides a brief introduction to these techniques, 
whereas a more comprehensive overview on synchrotron applications is presented in the Reviews 
in Mineralogy and Geochemistry series (Fenter et al. 2002). Quantitative Evaluation of Minerals 
by SCANning electron microscopy (QEMSCAN; Butcher et al. 2000; Pirrie et al. 2004; Ander-
son et al. 2014) is finding wider application and allows not only for mineral identification but 
also mapping of elemental composition, sample surface, textural properties and contextual infor-
mation, such as particle and mineral grain size and shape, mineral associations, mineral liberation 
and occlusion, and matrix density.
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Figure 5.1  (a) Charge imbalance distribution without H+ for 1,300 mine-influenced water analyses 
covering a range of pH conditions. (b) Same charge imbalance distribution as (a) with H+ but not 
speciated. (c) Same charge imbalance as (b) but with speciation.
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M A J O R  H Y D R O G E O C H E M I C A L  P R O C E S S E S  AT  M I N E  S I T E S
Sulfide-Mineral Oxidation
Pyrite oxidation is the primary source of acidity from mining wastes and portal drainages. At 
some mine sites, pyrrhotite can be a dominant acid-producing mineral and, for some coal mines, 
marcasite can be important. The reactions that produce acid mine drainage (AMD) from pyrite 
oxidation are complex and have been studied by numerous researchers for more than a century. 
Stokes (1901) states, “It has long been known that ferric salts attack pyrite.” The ancient civi-
lizations of Greece, Rome, Persia, and India were familiar with pyrite oxidation and used the 
products (ferrous sulfate or green vitriol, and sulfuric acid or oil of vitriol) for medicine, alchemy, 
leaching, and blackening leather (Caley and Richards 1956; Karpenko and Norris 2002).

The main ingredients for this reaction are pyrite, oxygen from the air, and water. The reac-
tion is catalyzed by microbes, both bacteria and archaea. A complete description of the process 
is beyond the scope of this handbook. Therefore, just a summary overview within the context 
of geochemical modeling is provided here. More comprehensive reviews can be found in, for 
instance, Kuang et al. (2013), Schippers et al. (2010), Baker and Banfield (2003) for the micro-
biology; and Chandra and Gerson (2010), Murphy and Strongin (2009), Schippers (2004), 
Jørgensen and Nelson (2004), Rimstidt and Vaughan (2003), Blowes et al. (2014), Younger et 
al. (2002), Younger and Robins (2002), Nordstrom and Alpers (1999) and numerous references 
therein for hydrogeology and geochemistry.

Pyrite oxidation: The chemical and graphical model. First, the stoichiometric equation 
for pyrite oxidation to an acid ferrous sulfate solution (only) is shown by Equation 5.5:

(EQ 5.5)

This equation shows that 2 moles of proton acidity are produced for every mole of pyrite oxi-
dized. Basically, this acidity is derived from oxidation of the sulfur moiety only and this oxidation 
happens very rapidly. Further oxidation of the dissolved iron is possible and occurs more slowly.

The next reaction, catalyzed by iron-oxidizing bacteria and archaea, is oxidation of the dis-
solved ferrous iron:

Fe2+ + 1
4
O2 +H

+ → Fe3+ + 1
2
H2O (EQ 5.6)

which consumes a proton for every mole of iron oxidized. But dissolved ferric iron has a strong 
tendency to hydrolyze in solution:

Fe3+ + 2H2O→ Fe OH( )2
+ + 2H+ (EQ 5.7)

and may produce 1, 2, or 3 moles of protons from every mole of ferric iron hydrolyzed depending 
on the pH. Combining these three reactions (Equations 5.5, 5.6, and 5.7) results in a second stoi-
chiometric reaction for pyrite oxidation by oxygen:

FeS2(s) +
15
4
O2(g) +

5
2
H2O(l) → Fe OH( )2(aq)

+ + 2SO4(aq)
2− + 3H(aq)

+ (EQ 5.8)
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which shows 3 moles of proton acidity produced from every mole of pyrite oxidized.
Finally, the hydrolyzed ferric iron can precipitate. This precipitate is often symbolized by 

Fe(OH)3 even though such an exact stoichiometry never occurs in the field. This reaction gives 
us our third stoichiometry:

(EQ 5.9)

All of these reactions are important because rates of dissolved iron oxidation can vary consid-
erably depending on pH, temperature, and available nutrient sources for microorganisms. Also, 
if the water is still in contact with pyrite, the ferrous iron will stay as ferrous; the pyrite keeps the 
iron reduced as rapidly as the microorganisms can oxidize the ferrous iron.

One more reaction is important to portray: the precipitation of jarosite, KFe3(SO4)2(OH)6, 
a common precipitate once the pH is less than 2.5:

(EQ 5.10)

This reaction is not dependent on the amount of ferric iron hydrolyzed and always generates 
3 moles of proton acidity for every mole of pyrite oxidized.

The previous four pyrite oxidation reactions (Equations 5.5, 5.8–5.10), and one more in 
which Fe(OH)3 is replaced with goethite, FeOOH, can be drawn graphically by simulating the 
pH change as a function of the amount of pyrite oxidized. The results of this simulation, con-
ducted with the PHREEQC code, are shown in Figure 5.2. The x-axis designates the amount of 
pyrite oxidized on a log scale so that the individual lines are easier to distinguish. Equation 5.5 
is shown by the solid black line with a slight curvature from pH values above 4 to less than 1. 
Equation 5.8 is shown by the solid gray line, which at high pH values begins below the solid 
black line because it produces 3 protons compared to 2 protons in Equation 5.5 for every mole 
of pyrite oxidized. However, the gray line crosses over the black line at a pH of 3.26 because at 
pH values near or below the pK1 of 2.2 for the first hydrolysis constant of Fe(III), there is little to 
no hydrolysis of iron and only proton consumption occurs (Equation 5.6). With precipitation of 
Fe(OH)3, another proton is produced so that this dashed black line will be below the other lines 
at higher pH but will still cross over the solid black line of Equation 5.5 and at a lower pH of 2.39. 
If only jarosite is allowed to precipitate, the pH will follow the dotted gray line, and if crystal-
line goethite precipitates, the pH will follow the dotted black line. The crossover pH reflects the 
balance between the proton-consuming and proton-producing reactions, and indicates a minor 
buffering represented by the small plateau or inflection point in the curves.

From Figure 5.2 it could be estimated that if the only mineral reaction were pyrite dissolu-
tion, the resultant pH could be anywhere from 2.4 to 3.3, depending on the degree of dissolved 
iron oxidation and precipitation for 1 mmol of pyrite oxidized. Alternatively, for a pH of 2.0, any-
where from 3 to 16 mmol of pyrite may have oxidized, depending on the degree of iron oxidation 
and precipitation.

This diagram, although explaining some of the complexities of the chemistry of ARD, does 
not include the consequences of acid dissolution when carbonate and aluminosilicate minerals 
are part of the mineral suite. 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; 
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Nordstrom 1977), include a pH measured in situ and a pH measured some weeks later after the 
ferrous iron had oxidized and precipitated. Figure 5.3 is a reproduction of Figure 5.2 with only 
two lines shown for pyrite oxidation: Equation 5.5 with no ferrous iron oxidation (gray line) and 
Equation 5.8 with precipitation of ferrihydrite (or the most soluble hydrous ferric oxide; black 
line). Because there are low concentrations of cations in these samples, the initial measured pH 
values (open circles) can be assumed to be caused by pyrite oxidation alone. The final measured 
pH after oxidation and precipitation is shown by the closed circles and can be seen to closely 
approximate the black line in agreement with the simulation. In this comparison of a simula-
tion with actual field data, two aspects are noteworthy. First is the good agreement, and second, 
because this simulation is sensitive to the chosen Ksp of the precipitating phase, the agreement 
also indicates that the solubility product constant for freshly precipitating hydrous ferric oxide is 
a reasonable model choice.

Carbonate Mineral Dissolution and Precipitation
Calcite (CaCO3) is a very widespread carbonate mineral found in many mineralized zones as 
well as in many common rock and sediment types. It is an acid-neutralizing mineral that can 
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Adapted from Nordstrom and Campbell 2014

Figure 5.2  Simulations of pyrite oxidation under conditions in which aqueous Fe(II) is not 
oxidized (solid black line, Equation 3.5), aqueous Fe(II) is oxidized without precipitation (solid gray 
line, Equation 5.8), aqueous Fe(II) is oxidized with precipitation of ferrihydrite (dashed black line, 
Equation 5.9), aqueous Fe(II) is oxidized with precipitation of K-jarosite (dotted gray line, Equation 
5.10), and aqueous Fe(II) is oxidized with precipitation of goethite (dotted black line, Equation 5.9) 
with substitution of crystalline FeOOH for Fe(OH)3.
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counteract the acidifying effects of pyrite oxidation, and it has been used in various treatment 
methods. Upon dissolution

(EQ 5.11)

it provides buffering capacity through carbonate ion hydrolysis:

(EQ 5.12)

Calcite dissolution in water that is in equilibrium with atmospheric CO2 (PCO2
 = 10–3.5) will 

dissolve up to about 0.5 mM (millimolar) or 20 mg/L of calcium at 25°C (77°F; Langmuir 1997; 
Nordstrom and Campbell 2014). Higher concentrations can only be obtained in acid solutions. 
Soils containing organic matter can produce high concentrations of CO2, which produces car-
bonic acid. Under those conditions, the PCO2

 can reach a tenth of atmospheric concentrations 
and sometimes higher, while calcium concentrations can reach up to 4 mM or about 160 mg/L. 
Higher concentrations would require a stronger acid, such as sulfuric acid from ARD, or the pres-
ence of a more soluble source mineral, such as gypsum. Nordstrom and Campbell (2014) have 
simulated the effect on pH from dissolving different proportions of calcite with pyrite. Figure 5.4 
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Figure 5.3  Using the lines from Figure 5.2 for just pyrite oxidation and no aqueous Fe(II) oxida-
tion (gray line) and for pyrite oxidation with ferrihydrite precipitation (black line) (dissolved iron 
was predominantly Fe(II) and the sulfate was predominantly from pyrite oxidation), open circles 
represent measured initial field pH values while closed circles represent the final pH values of the 
same samples several weeks to months later after the dissolved iron had fully oxidized
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shows the modeling results for several scenarios with and without precipitation of several poten-
tial secondary minerals and with and without oxidation of the aqueous ferrous iron.

Calcite precipitation cannot occur in acid mine waters, but there are mines that have neu-
tral- to high-pH groundwaters that precipitate calcite (Nordstrom et al. 1989; Banks et al. 2002). 
Tailings effluents can have high-pH values from residual flotation or leaching agents used to 
extract metals and may precipitate calcite on reaction with atmospheric CO2.
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Figure 5.4  (a) Effect on pH of pyrite oxidation in the presence of different molar proportions of 
calcite to pyrite, without aqueous Fe(II) oxidation and without mineral precipitation (uppermost line) 
and with gypsum and siderite precipitation when saturation is reached (horizontal dashed line);  
(b) Same simulations as in (a), with Fe(II) oxidation and with and without (uppermost dashed line)  
the possible precipitation of gypsum, K-jarosite, and ferrihydrite
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Gypsum Dissolution and Formation
Gypsum, CaSO4•2H2O (or anhydrite, CaSO4) commonly occurs as an accessory mineral in min-
eral deposits, formed during weathering of coexisting pyrite and calcite in mining wastes (e.g., 
Ludington et al. 2005; Blowes et al. 1991). By itself, gypsum dissolution or precipitation does not 
affect pH, but it can be a sink for the removal of sulfate from solution. Acid mine waters that are 
high in sulfate concentrations are often near or at saturation with respect to gypsum solubility. 
The calcium concentration for equilibrium solubility of gypsum is 612 mg/L while the corre-
sponding sulfate concentration is 1,470 mg/L. Additional sulfate from pyrite oxidation is easy to 
recognize in a water analysis because of the molar ratio of SO4/Ca > 1 in addition to the low pH. 
Most groundwaters have Ca/Mg molar ratios greater than or close to 1. Molar ratios of Ca/Mg 
can be substantially less than 1 in acid mine waters because of the solubility limit imposed by 
gypsum, whereas much higher Mg concentrations would be necessary to reach a solubility limit 
for a Mg-SO4 salt such as epsomite.

A simple example illustrates how mass balances work with a hypothetical calculation in 
which only gypsum and pyrite are weathering. Given a water analysis with 480 mg/L of SO4 
(5 mM) and 50 mg/L of Ca (1.25 mM), it can be concluded that 1.25 mmol kg–1 of gypsum 
is weathering and 1.875 mmol kg–1 of pyrite is weathering. More commonly, calcite, gypsum 
(or anhydrite), and pyrite are all weathering, and to solve simultaneously that set of equations, 
one must know the concentrations of Ca, alkalinity, SO4, and Fe in both redox states. Another 
approach that may prove beneficial is to include the sulfur-isotope composition of the dis-
solved sulfate. The sulfur-isotope constraint only applies if the gypsum/anhydrite is primary (i.e., 
formed at high temperature with the main mineralization). Under those conditions, the gypsum/
anhydrite will be enriched in δ34S relative to that of the pyrite (Dold and Spangenberg 2005). 
Nordstrom et al. (2007) showed that water samples collected from the San Juan Mountains 
mineralized areas tended to fall into three categories of calcite-dominated, gypsum-dominated, 
and pyrite-dominated water types (Figure 5.5). Samples inside the triangular distribution can be 
assumed to be mixtures. Figure 5.5 represents a graphical depiction of mass balances. If the gyp-
sum formed from weathering of pyrite, then the pyrite and gypsum will have very similar isotopic 
compositions.

Aqueous Oxidation and Reduction of Trace Metals and Metalloids  
(such as Fe, Mn, As, S, Se, Sb, Cr, U, and V)
Speciation of redox-sensitive elements greatly affects their mobility and toxicity. Redox chemistry 
is so important and redox disequilibria are so prevalent (Lindberg and Runnels 1984; Sigg 2000) 
that the only reliable way to determine redox conditions is to analytically determine the individual 
species. Redox potential (Eh) measurements with a conductive inert electrode, such as platinum 
or gold, only behave quantitatively in acid mine waters when the iron concentrations are ≥10–5 m, 
which would require pH values to be ≤4.0 (Nordstrom 2011), or in sulfide-rich waters (R.A. 
Berner 1963). That is, with very careful analytical measurements and a thorough understand-
ing of electrochemical equilibrium, it is possible to show a quantitative relation between a redox 
potential measurement and the Fe(II/III) redox couple in an acid water or the dissolved sulfide 
concentration in a sulfide-rich environment. In nearly all other situations, the redox electrode 
measurement will not give an equilibrium value of Eh. Even in the two conditions just noted, the 
equilibrium is only between a particular redox couple and the electrode surface. An equilibrium 
redox potential in acid mine waters only means that the Fe(II/III) redox couple is consistent with 
a Nernst equation redox potential measurement, not that the water as a whole is in redox equilib-
rium. There could be dissolved oxygen and dissolved methane in the same water as that containing 
the Nernstian Fe(II/III) equilibrium, which means that there is no equilibrium redox potential 
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for the water sample. It has been stated quite forcefully and correctly that to assign a redox poten-
tial to a water sample is meaningless (Thorstenson 1984; Hostetler 1984). Hence, redox species 
in natural waters cannot be modeled or simulated based on electrode measurements, and they 
should always be determined analytically. Table 5.1 compiles the main redox-active species that 
might be present at a mine site, as well as their relative solubility and toxicity as a function of their 
redox state. Solubility, toxicity, and aqueous mobility are strongly related to the redox state of an 
element. Selenium is an essential element at very low concentrations and toxic at slightly elevated 
concentrations. Chromium in the reduced state (III) is an essential element but only needed in 
very low concentrations; in the oxidized form (VI) it is highly toxic at very low concentrations. 
Because iron (III) oxyhydroxides are highly insoluble except at very low-pH values and because 
these iron precipitates are excellent scavengers of trace elements, oxidation–reduction processes 
that dissolve or precipitate iron will have a major control on the dissolved concentration and 
mobility of other trace elements ( Jenne 1968).

Eh-pH diagrams. Activity diagrams known as Eh-pH, pє-pH, or Pourbaix diagrams are often 
used to delineate the range of redox potential and pH in which aqueous species and mineral spe-
cies are stable (Hem and Cropper 1959; Garrels and Christ 1965; Brookins 1988) or metastable 
(Sato 1992). Their main purpose is to show the predominance areas of pH and redox conditions 
in which one would expect to find a particular species. In this sense, they are helpful as graphical 
models. Because of the inability of these diagrams to portray multiple temperatures, multiple 
water compositions, and complete speciation, they should generally not be used quantitatively 
to plot water analyses and draw interpretive conclusions. A preferable diagram for interpreting 
water analyses would be a saturation index plot, of which several varieties are in use.
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Figure 5.5  The δ34S of dissolved sulfate in streams, springs, and mine adits plotted against the 
calcium/sulfate molar ratio for samples from the San Juan Mountains
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An example of an Eh-pH diagram for Fe is shown in Figure 5.6. This diagram is based on 
thermodynamic data, and the derivation of the diagram can be found in Nordstrom and Munoz 
(1994). Under lower pH and more oxidizing conditions, the predominant species are aqueous 
Fe2+ and Fe3+, but on the right side of the diagram, the abundance of aqueous Fe is much lower 
because relatively insoluble minerals are stable, such as ferrihydrite and, to a lesser extent, siderite. 
This equilibrium diagram, therefore, not only shows the relative stabilities of minerals in terms of 
redox potential and pH, but it also indicates that aqueous Fe will be present in lower concentra-
tions on the right side of the diagram and higher concentrations on the left. Hem (1972) drew a 
similar diagram for Mn that depicted similar characteristics, with less soluble Mn on the right side 
because of the formation of relatively insoluble oxides and the carbonate mineral rhodochrosite 
under more oxidizing and reducing conditions, respectively. The left side of the diagram for Mn 
shows soluble Mn2+ as being the predominant species. Hem then superimposed the Mn Eh-pH 
diagram on the Fe diagram, as reproduced in Figure 5.7. The solid line divides the less soluble Mn 
from the more soluble Mn, and the dashed line divides the less soluble Fe from the more soluble 
Fe. Although they have somewhat similar characteristics, Hem notes that if a water of fairly con-
stant pH near 7 becomes more reducing, Mn reduces before Fe. Hence, as a groundwater goes 
anoxic, Mn concentrations should increase before Fe concentrations because one would cross 
the solid line in Figure 5.7 first and then the dashed line. Conversely, if groundwater encounters 
more oxidizing conditions, Fe will oxidize and form precipitates first, followed by Mn, resulting 
in the brown and black banding sometimes encountered along streambanks at mining sites. These 
diagrams are helpful to clarify some pH and redox differences between redox-sensitive elements 
as well as those conditions that promote high or low concentrations of these elements.

Iron Mineral Precipitation
Acid mine waters mobilize large quantities of iron from pyrite oxidation. If the iron is kept 
reduced, it can only precipitate as siderite, FeCO3, or as an efflorescent salt such as melanterite, 
FeSO4•7H2O. Upon oxidation, iron precipitates, often as a mixture of different mineral phases. 
Initial precipitates are usually amorphous to normal X-ray diffractometry and they transform 
with ageing (Kumpulainen et al. 2008). These colloidal precipitates go by many different names, 
the most common being HFOs (hydrous ferric oxides; Dzomback and Morel 1990) and ferric 
oxyhydroxides (Whittemore and Langmuir 1975). With improved techniques, it has been pos-
sible to identify these initial precipitates and their aged products as ferrihydrite, Fe5HO8•4H2O; 
schwertmannite, Fe8O8(OH)6SO4; goethite, FeOOH; and jarosite, KFe3(SO4)2(OH)6 (Kumpu-
lainen et al. 2008; Bigham and Nordstrom 2000; Cornell and Schwertmann 2006). Their chemical 

Table 5.1  Some common redox-sensitive elements and their relative solubilities and toxicities
Element Reduced Form Oxidized Form

Fe Fe(II), soluble Fe(III), insoluble

Mn Mn(II), soluble Mn(IV), insoluble

As As(III), soluble + more toxic As(V), insoluble + less toxic

Se Se(IV), insoluble + less toxic Se(VI), soluble + more toxic

Cr Cr(III), insoluble + less toxic Cr(VI), soluble + more toxic

U U(IV,V), insoluble U(VI), soluble

V V(III), insoluble V(IV,V), soluble

Courtesy of U.S. Geological Survey
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compositions are highly variable, depending on the amount of substitution of metal cations or 
hydronium ion, H3O+, for Fe or K, and of anions such as AsO4

3–, Cl–, F–, and PO4
3– for OH–.

Two important aspects to modeling iron precipitation are (1) the equilibrium speciation and 
solubility and (2) the rate of oxidation and precipitation. The speciation modeling depends on 
the reliability of the thermodynamic stability constants and activity coefficients and their depen-
dence on temperature, ionic strength, and water composition. Rates of oxidation can be highly 
variable and dependent on additional factors, especially microbial growth rates. Recently, a kinetic 
model for Fe oxidation and precipitation was developed and applied to pipe scale formation in 
a pipe carrying AMD (Campbell et al. 2013). An example of Fe oxidation with accompanying 
changes in pH is shown in Figure 5.8. During aqueous Fe oxidation by Acidithiobacillus ferro-
oxidans, the pH increases at first. Later, the acid-producing hydrolysis reaction brings the pH 
down, and finally precipitation of Fe minerals brings the pH down even further while essentially 
eliminating Fe from solution. Rates of Fe oxidation, hydrolysis, and precipitation all have to be 
treated differently.

The precipitation of hydrated ferric oxides is common in AMD and the saturation indices 
(SIs) for Fe(OH)3 (similar to ferrihydrite) reflect an equilibrium solubility when calculated based 
on careful determinations of Fe(II/III) and the major ions in the water sample so that speciation 
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is possible. Figure 5.9 is an example of carefully collected and analyzed data from the Questa 
project in New Mexico (see chapter 9 case studies). Here the SIs of ferrihydrite are plotted as a 
function of the iron concentration (Nordstrom 2008). The SIs are all fairly constant for Fe con-
centrations above about 10 mg/L (2 × 10–4 M), suggesting an equilibrium threshold had been 
reached between freshly precipitated Fe (log K = 4.9) and microcrystalline Fe (log K = 3.0). 
One of the challenges with trying to interpret saturation indices for hydrated ferric oxides is that 
fresh precipitates tend to be in the nanocolloid range and do not filter well. Nordstrom (2011) 
demonstrated how this problem could be discerned by careful application of detection limits 
for dissolved Fe(III) and for redox potential measurements. For pH values higher than about 
4, the Fe concentration in a water sample can have substantially more colloidal Fe than truly 
dissolved Fe(III), and much of these colloids can penetrate filters and become included in the 
“dissolved” fraction.

Aluminosilicate Mineral Dissolution and Precipitation
Feldspars, micas, clay minerals, chlorites, and epidotes are common aluminosilicate minerals that 
often accompany ore minerals and may, therefore, appear in waste rock and tailings. Although 
they have some capacity for neutralizing acid waters, their ability to do so is limited. Their 
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dissolution rate is slower than that for carbonates, and they can acquire silica-rich surface layers 
that inhibit further dissolution. Feldspars, micas, chlorites, and epidotes tend to dissolve under 
acidic conditions to form clay minerals such as kaolinite. The following reaction is an example of 
the acid dissolution of albite to form kaolinite:

2NaAlSi3O8 + 2H(aq)
+ + 9H2O→ Al2Si2O5 OH( )4 + 2Na(aq)+ + 4H4SiO4(aq) (EQ 5.13)

With increasing sulfuric acid acidity, kaolinite will break down to form alunite:

3Al2Si2O5 (OH)4 + 2K(
+
aq) + 6H(

+
aq) + 4SO4(aq)

2− + 9H2O→

2KAl3 (SO4 )2 (OH)6 + 6H4SiO4(aq)

(EQ 5.14)

Both alunite and kaolinite can also form under hydrothermal conditions so that careful miner-
alogical examination would be necessary to distinguish a hypogene (hydrothermal) clay from a 
supergene (weathered) clay. This has been a classic controversy about how to distinguish super-
gene from hypogene mineral formation. It can usually, but not always, be resolved through the use 
of isotopic determinations. The reaction of other aluminosilicate minerals with sulfuric acid can 
be written similarly and the overall process is the same: alkaline and alkaline earth metals will be 
released to solution and a clay will form with excess silica going into solution, which should form 
some silica phase (amorphous silica or microcrystalline quartz) mixed in with the clays. These 
reactions can be simulated with several computer codes, and examples can be found in Appelo 
and Postma (2007) and Merkel and Planer-Friedrich (2008).
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Figure 5.8  Fe oxidation under laboratory experimental conditions showing concurrent changes 
in pH. Changes in pH reflect the different sequence of reactions from oxidation to hydrolysis to 
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Aluminum and Silica Precipitation
Acid waters have elevated Al and SiO2 concentrations because most aluminosilicate minerals dis-
solve more readily at pH values near 3 or less. Acid mine waters typically have Fe and Al as the 
two major cations. As these waters migrate downgradient in surface waters or groundwaters, the 
Al will precipitate when the pH begins to approach the pK of the first hydrolysis constant (Nord-
strom and Ball 1986), which is 5 (Nordstrom and May 1996). At lower pH values than 4.5 for 
surface waters and at pH values lower than 4 for groundwaters (Blowes et al. 2014; Nordstrom 
2008), Al behaves like a conservative constituent. It begins precipitating at pH 4 to 5, usually as 
an “amorphous” basaluminite (Al4(SO4)(OH)10•5H2O; Bigham and Nordstrom 2000). At pH 
values higher than about 7, the dissolved organic carbon is often present at higher concentrations 
than the Al, and Al-organic complexes dominate. If Al-organic complexing is not part of the code 
calculation, then a downward trend, in the SI for aluminum hydroxide with pH, will naturally 
occur because the code assumes an increasing amount of the Al(OH)4

– species with increasing 
pH. That effect decreases the activity of Al3+ and the SI, as shown in Figure 5.10.

Another clay that commonly forms in waters, soils, and sediments over a large range of pH 
is gibbsite, Al(OH)3. Two other aluminous clays, diaspore and boehmite, both AlOOH, are also 
found as weathering products, but not as commonly as gibbsite. In acid-weathering conditions 
when silica concentrations are not high enough to form kaolinite, gibbsite can form. However, in 
acid mine waters, basaluminite and hydrobasaluminite, Al4(SO4)(OH)10•12–36H2O, are more 
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likely the precipitating phases. These precipitates are often observed as white, gelatinous material 
or white coatings on rock surfaces where an acid water has mixed with a neutral water and raised 
the pH to about 4.5 or higher (Nordstrom and Ball 1986; Bigham and Nordstrom 2000). Many 
observations have been made of white precipitates in mine waters, and they have always been 
where mixing occurs with a consistent pH of 5 to 5.5 after mixing. The two photos in Figure 5.11 
are typical examples. Bigham and Nordstrom (2000) review examples of aluminous minerals pre-
cipitating in mine effluent and their conditions of formation.

Efflorescent Salt Formation and Dissolution
Soluble sulfate salts are common on waste rock, tailings piles, and unmined outcrops of sulfide 
minerals. They form a frosty white or colored coating and reflect the water chemistry from which 
they effloresced during drying of mine waters. Thermodynamic properties for these salts and their 
associated solutions have not been fully worked out so that geochemical modeling is limited. The 
solutions that they form from are very concentrated and require the use of the Pitzer model and, 
in some cases, new experimental measurements. These salts should be thought of as dried AMD, 
stored in solid form. They quickly dissolve when the next rainfall or snowmelt event occurs and 
may contribute metals and acid to the receiving waters. Keith et al. (2001) modeled the change 
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samples from the western United States
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in composition of Boulder Creek (California) with different mass amounts of different salts dis-
solving in the runoff from a rain event using the EQ6 code (Figure 5.12). These salts are all very 
soluble and often found in and on mine wastes with oxidizing sulfides. With the one exception of 
hexahydrite, a magnesium sulfate hydrate with no hydrolysable cation, all of these salts produce 
low-pH solutions when dissolved.

Mixing of Waters with Reaction
As AMD empties from a mine site, it will inevitably mix with a stream or river of neutral pH 
and having some neutralization capacity. If the pH changes enough to cause supersaturation with 
respect to a mineral, then it will precipitate. The other situation is oxidation of dissolved Fe(II) 
to an insoluble iron precipitate that will sorb some metals. Iron staining is common on stream 
sediments that are exposed to AMD. The rate of the reaction depends primarily on the density 
of iron-oxidizing microbes but also on pH, temperature, and the concentration of iron. Another 
confounding aspect is photoreduction whereby dissolved Fe(III) is reduced by sunlight during 
the day and reoxidized by microbial communities during the night. Increases in pH from mixing 
increases the oxidation rate. Modeling the rate of iron oxidation is complicated, but several inves-
tigators have been successful in laboratory and field studies (Kirby and Elder Brady 1998; Kirby et 
al. 1999; Geroni and Sapsford 2011; Chen and Jiang 2012; Campbell et al. 2013). Once dissolved 
iron is oxidized, it will precipitate at pH values at or above 2. Aluminum precipitates at pH values 
of 4–5 or higher. These reactions are so consistent that it is possible to estimate the pH from what 
is seen to precipitate in the water. The reason they are so consistent is because the precipitation is 
a hydrolysis reaction that depends on the pK1 value of the first hydrolysis constant for the metal 
involved. The pK1 for Fe(III) is about 2 and the pK1 for Al is 5. The relation between this pK1 for 

A B

Courtesy of U.S. Geological Survey

Figure 5.11  (a) White aluminous precipitate approximating the composition of basaluminite but 
amorphous to X-rays in effluent from a caved-in mine portal near Silverton, Colorado; (b) white 
aluminous precipitate in Leviathan Creek, near Markleeville, California
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Al and the concentration of dissolved Al as the pH increases from mixing was shown clearly in 
field data (Nordstrom and Ball 1986) as mentioned previously (Figure 5.11).

Evaporation of Waters with Reaction
Evaporation of AMD increases the concentration of dissolved solutes and lowers the pH. Min-
erals eventually precipitate from the solution because saturation is reached. The minerals that 
precipitate at low pH (<1) are usually soluble salts and efflorescences (mentioned previously). The 
mineralogy of these salts has been well characterized and their rapid dissolution during rainstorm 
events has also been documented ( Jambor et al. 2000; Nordstrom 2009, 2011). This process of 
evaporation and soluble salt formation is common at most mine and mineral processing sites, but 
in underground mines it is often enhanced by the higher temperatures encountered where pyrite 
is actively oxidizing. Pyrite oxidation is a strongly exothermic reaction, and the extreme case is 
at Iron Mountain, California, where underground temperatures reached 221°C (430°F; Wright 
1906) and the massive sulfide became incandescent. Massive quantities of soluble salts are found 
underground at Iron Mountain and are thought to be the main control on the chemistry of the 
mine effluent (Nordstrom and Alpers 1999).

Modeling the effect of rainstorm dissolution of soluble salts is challenging because it partly 
depends on the intensity and duration of the rainstorm, and the accumulation of salts that is 
dependent on the sulfides oxidizing, the microbial community, and the duration of the dry period 
before the rainstorm. Just modeling the water flux alone during rainstorm events is extremely 
complex. This phenomenon is highly dynamic and transient, but the more careful field studies 
can be that can capture the variations in water chemistry through these events, the better we can 
anticipate the future events.
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Figure 5.12  Plot showing the effect of different amounts of efflorescent salt dissolution on the 
resultant pH of Boulder Creek water (with reference to the Iron Mountain Superfund site)
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Hydrologic Modeling

Walter Weinig

I N T R O D U C T I O N
Impacts due to acid drainage occur primarily in aqueous environments. Consequently, hydrologic 
models are important components of the general geochemical modeling process. Hydrologic 
models can be used to provide a volumetric flux estimate, for example, in problems related to 
groundwater impacts. They can also provide estimates of mixing volumes, often needed in prob-
lems related to pit lakes and more complex hydrogeologic settings.

The science of hydrology encompasses surface water, groundwater, and the vadose zone. Sur-
face water includes water encountered at the earth’s surface, such as streams, rivers, and lakes. 
Groundwater generally refers to water contained within water-saturated geologic media. The 
vadose zone includes unsaturated geologic media, most often encountered between the ground 
surface and the zone of full saturation.

The type of model output needed and the critical elements identified in the site conceptual 
model will drive the selection of a suitable, quantitative hydrologic model. Hydrologic models 
may be designed to represent an integrated surface and subsurface system, or may represent only a 
portion of the full system, depending on the particular problem at hand. For complex systems or 
to evaluate the importance of different physicochemical processes, multiple hydrological models 
may be applied, either separately or coupled, to predict impacts due to acid drainage.

This chapter is divided into sections describing modeling approaches for major portions of 
the water cycle that are relevant to acid drainage problems. Water balance models are sometimes 
used to quantify a conceptual water cycle at the site scale without explicitly representing the phys-
ical processes involved in each part of the cycle. The integrated water cycle provides a framework 
for identifying discrete portions of the overall system.

Examples of computer codes are provided to illustrate the types of approaches that are avail-
able for different hydrologic components. The codes described in this chapter represent only a 
subset of the programs available in the public sector and commercially. Mention of a particular 
code is not meant to imply its suitability for any particular problem. Similarly, lack of inclusion of 
a code is not meant to imply that it cannot be, or has not been, applied to acid drainage problems.

W AT E R  C Y C L E
The water cycle, or hydrologic cycle as it may also be called, is itself a conceptual model of a com-
plex system. A generalized depiction of the water cycle is shown in Figure 6.1.

The water cycle provides a useful conceptual model to identify important processes that 
may impact a particular problem. For example, near-surface processes such as evaporation, tran-
spiration, and precipitation are important for problems involving surface water and the vadose 
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zone. Infiltration and groundwater discharge may be more important for problems affecting 
drinking-water aquifers. In groundwater models, near-surface processes may be represented with 
less precision or the effects of such processes may be combined into a single parameter such as 
areal recharge.

W AT E R - B A L A N C E  M O D E L S
Water-balance models are an empirical approach to quantifying a conceptual hydrologic model. 
The main elements of the water cycle that are applicable to the site and problem under consid-
eration can be abstracted as reservoirs, inputs, outputs, and interconnections between elements. 
The water-balance model operates by quantitatively tracking inflows and outflows from and 
between the various components of the conceptual model, tracking mass or volume in each step, 
and identifying limiting capacities for volume or flux. For dynamic models, time lags for flow 
between elements can be incorporated. Water-balance models are types of flux-reservoir models 
as described in Chapter 3.

The basic equation for a water-balance model relates inflows and outflows to changes in stor-
age over the model domain, incorporating principles of continuity and conservation of mass:

inflow[ ]− outflow[ ] = Δ storage[ ] (EQ 6.1)

A. Water Storage in Ice and Snow
B. Snowmelt and Runoff to Streams
C. Stream and Water Flow
D. Surface Runoff
E. Freshwater Storage
F. Groundwater Recharge
G. Groundwater Discharge
H. Groundwater Storage
I. Water Storage in Oceans
J. Evaporation
K. Transpiration
L. Condensation
M. Water Storage in Atmosphere
N. Precipitation

Figure 6.1  Generalized water cycle
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Inflows can include elements such as
·· Direct precipitation;
·· Surface-water runoff;
·· Groundwater inflows;
·· Process-related inflows; and
·· Water contained in slurries, for example, in tailings facilities.

Outflows can include elements such as
·· Evaporation from surface-water bodies or bare soils;
·· Transpiration from plants;
·· Surface-water runoff;
·· Groundwater outflows;
·· Engineered water discharges from the model domain; and
·· Subsurface discharges, for example, seepage out of the base of unlined waste rock or tail-
ings storage facilities.

Changes in storage can include elements such as
·· Increases or decreases in moisture content within unsaturated materials such as waste rock 
or tailings,

·· Increases or decreases in water levels within surface ponds or reservoirs,
·· Increases or decreases in groundwater elevations in unconfined aquifers, and
·· Increases or decreases in potentiometric head in confined aquifers.

Water-balance models address a variety of scales and complexities. For example, a problem 
involving potential impacts from a waste rock pile may involve a relatively simple water balance 
around that individual facility. A problem related to predictions of impacts from tailings may 
include the tailings storage facility, decant pond, the mill feeding the tails, and water recycling 
back to the mill.

A water-balance model can be developed around a natural domain such as a drainage basin 
or regional catchment. The domain may include several mining-related facilities. This type of 
domain may be appropriate if impacts are assessed at a downstream point of compliance.

A site-wide water balance for a major mining operation can be very complex, with many 
individual facilities and water moving in intricate cycles. The level of detail and number of con-
nections between individual elements may make it impractical to use a site-wide water balance 
for geochemical assessment without appropriate simplifications to focus on the most important 
elements of the conceptual model.

Water-balance models can be constructed in spreadsheets. Spreadsheet approaches can 
be limited if the system being studied has many elements or if transient effects are important. 
More complex water-balance or mixing-cell models, incorporating complex physical or chemical 
processes, transient effects, or probabilistic components, can be addressed by using generalized 
dynamic system simulators such as GoldSim (Hall et al. 2006) or Stella (Wright 1979).

Mass and concentration of dissolved constituents can be incorporated into this approach 
through mixing-cell models, lookup tables, or by directly linking geochemical models such as 
PHREEQC or The Geochemist’s Workbench (e.g., Usher et al. 2010; Eary 2007) to the water- 
balance model. Using these approaches, concentrations and masses of individual constituents 
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can be incorporated into the model to evaluate changes in water quality over time in the system 
being studied.

S U R F A C E - W AT E R  M O D E L S
Surface-water models are used to assess runoff resulting from precipitation and flow in streams or 
channels. Runoff represents the surface flow after infiltration and initial surface abstraction has 
occurred. Appendix A of EPA and Hard Rock Mining: A Source Book for Industry in the Northwest 
and Alaska (USEPA 2003) describes the basic approaches to modeling runoff processes based on 
precipitation inputs.

A common approach to estimate the volume of runoff is the Soil Conservation Service (SCS, 
now known as the Natural Resources Conservation Service or NRCS) curve-number method 
(Mockus 1972). The SCS curve-number method requires an evaluation of surface characteristics 
of a watershed, determining the resulting curve number, then applying that number along with 
precipitation information to calculate the resulting volume of runoff according to the follow-
ing equation:

Q =
P 0.2S( )2

P + 0.8S( ) (EQ 6.2)

where
Q = volume of direct runoff, inches over the watershed area
P = precipitation volume determined from rainfall data or rainfall-frequency 

assessment at the site, inches over watershed area
S = fitting parameter representing potential maximum retention after 

runoff begins

The maximum retention, S, is calculated as

S = 1,000
CN

−10 (EQ 6.3)

where CN is the curve number from tables based on land cover type and hydrologic soil group.
Estimates of runoff at a particular site may also be accomplished using the unit-hydrograph 

method. This method is also described in Mockus (1972). To apply the unit-hydrograph method, 
a hydrograph relating runoff to precipitation is developed for a unit precipitation volume over an 
area, for example, 1 in. or 1 cm of rainfall. This unit hydrograph is then used to estimate runoff 
from precipitation events of greater or lesser volume.

The SCS curve number and unit-hydrograph methods are lumped-parameter analytical 
approaches to runoff estimation. Lumped-parameter methods apply a single parameter value to 
the entire watershed area of interest.

Distributed-parameter rainfall-runoff numerical codes are more appropriate for larger water-
sheds with heterogeneous flow characteristics. HEC-HMS software, developed by the U.S. Army 
Corps of Engineers Hydrologic Engineering Center (Scharffenberg and Fleming 2010), simulates 
precipitation-runoff processes in dendritic watershed systems, ranging from small watersheds to 
large river basins. The Precipitation Runoff Modeling System (PRMS; Markstrom et al. 2008) 
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was developed by the U.S. Geological Survey (USGS) to evaluate the streamflow response of a 
watershed to various combinations of climate and land use.

Surface water flow and transport models may be sufficient for prediction without incor-
porating reactive geochemistry into the model framework. Water quality in well-mixed 
rivers and streams can be predicted using a one-dimensional (1-D) channel-flow code such as 
QUAL2K (Chapra et al. 2008) or OTIS (One-Dimensional Transport with Inflow and Storage; 
Runkel 1998).

QUAL2K represents a modernized version of QUAL2E (Brown and Barnwell 1987). 
QUAL2K, distributed by the USEPA, runs within the Microsoft Excel spreadsheet environment. 
The program can simulate 1-D surface water flow, changes in water quality along the flow path, 
and chemical interactions with bed sediments.

OTIS is a code used to characterize the fate and transport of waterborne solutes in streams 
and rivers. The governing equation is the advection-dispersion equation with additional terms to 
account for transient storage, lateral inflow, first-order decay, and sorption.

For cases when reactive transport is important in surface water, OTEQ (Runkel 2010) cou-
ples OTIS with the chemical equilibrium code MINTEQ. Within OTEQ, reactions in the water 
column may result in the formation of solid phases (precipitates and sorbed species) that are 
subject to downstream transport and settling processes. Solid phases on the streambed may also 
interact with the water column through dissolution and sorption/desorption reactions.

More comprehensive, integrated watershed models may be developed that incorporate 
the surface-water elements of the hydrologic model into a broader framework. Codes used to 
implement integrated models at the watershed scale are described in more detail in the follow-
ing section.

G R O U N D W AT E R  M O D E L S
The term groundwater model is widely used, and sometimes misunderstood. For the purposes 
of this document, groundwater model refers to a model of flow and nonreactive contaminant 
transport in a water-saturated zone beneath the ground surface. This encompasses concep-
tual groundwater models as well as physical analogues, analytical equations, analytic element 
approaches, or full numerical simulations. Models of water flow in unsaturated porous media are 
described in the “Vadose Zone Models” section later in this chapter. Reactive transport models 
are described in Chapter 7.

Advective Groundwater Flow
The basic equation of groundwater flow is referred to as Darcy’s law (Darcy 1856). Numerous 
textbooks on groundwater hydrology describe Darcy’s experiment and the resulting empirical 
equation (e.g., Fetter 1993; Freeze and Cherry 1979):

Q = −K dh
dl
A (EQ 6.4)

where
Q = volumetric flow rate, volume/time
K = hydraulic conductivity, length/time
h = hydraulic head, expressed in units of length
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l = distance between measuring points along the flow path, length
A = cross-sectional area perpendicular to flow

Dividing the volumetric flow rate Q by the cross-sectional area results in the specific discharge or 
Darcy flux, q:

q = −K dh
dl

(EQ 6.5)

For geochemical problems involving travel time, the pore velocity or average linear velocity v 
is important because it describes the velocity of water traveling along flow paths:

v = − K
ne
dh
dl (EQ 6.6)

where ne is the effective porosity (dimensionless fraction).
In a three-dimensional (3-D) Cartesian coordinate system, hydraulic conductivity is a  

second-rank tensor (Zheng and Bennett 2002):

K =
Kxx Kxy Kxz

Kyx Kyy Kyz

Kzx Kzy Kzz

(EQ 6.7)

where Kxx, Kyy, and Kzz are principal components of the hydraulic conductivity tensor K and the 
remaining elements are cross-terms of K.

In most practical applications, it is assumed that the principal components of the hydraulic 
conductivity tensor are aligned with the horizontal and vertical coordinate axes, reducing the 
cross-terms to zero (Zheng and Bennett 2002). Hydraulic conductivity is then represented by 
a vector with components Kx, Ky, and Kz that describe the hydraulic conductivity in each axis 
direction. For water of uniform density and viscosity, Darcy’s law in three dimensions can then be 
written in differential form as

(EQ 6.8)

In an isotropic system, the magnitudes of Kx, Ky, and Kz are equal. In anisotropic ground- 
water systems, the magnitudes of Kx, Ky, and Kz are not equal. Many aquifers are characterized by 
a certain degree of vertical anisotropy due to the depositional environment and layering of the 
geological matrix.
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By incorporating continuity and conservation of mass principles, the differential equation of 
groundwater flow takes the form of (Zheng and Bennett 2002)

(EQ 6.9)

where
qs = fluid source–sink term, representing the volumetric rate at which water is 

added to or removed from the system per unit volume of aquifer
Ss = specific storage, representing the volume of water released from storage in a 

unit volume of aquifer per unit decline in head
t = time

Diffusion, Dispersion, and the Advection-Dispersion Equation
Molecular diffusion, the movement of solutes along a concentration gradient in the absence of 
advective flow, results in the spreading of a solute slug with time. Fick’s first law describes the mass 
flux of solute per unit area due to molecular diffusion. Fick’s second law describes systems where 
solute concentrations are changing with time.

At the scale of individual pores, groundwater flows at varying velocities because of differences 
in the individual flow paths. Solutes contained in the groundwater will also move at different 
velocities, causing mixing at the macroscopic scale of flow within an aquifer. This mixing is 
referred to as mechanical dispersion (Fetter 1993). Mechanical dispersion results in dilution of the 
solute at the advancing front of the flow system. Mixing along the direction of groundwater flow 
is referred to as longitudinal dispersion. Mixing perpendicular to the direction of groundwater 
flow is referred to as transverse dispersion. Coefficients of longitudinal and transverse dispersivity 
generally have different magnitudes.

The processes of molecular diffusion and mechanical dispersion cannot be separated in prac-
tical, field-scale groundwater problems (Fetter 1993). A combined parameter, the hydrodynamic 
dispersion coefficient, is used to represent the effects of both processes in most groundwater mod-
els. The hydrodynamic dispersion coefficient D in a 3-D system is represented by a second-order 
tensor (Zheng and Bennett 2002):

(EQ 6.10)

Because the flow direction may not be aligned with the coordinate axes and the values of 
longitudinal and transverse dispersivity can be different, the values of the cross-terms of the 
hydrodynamic dispersion tensor cannot be assumed to be zero. Gelhar et al. (1992) provide a 
thorough review of field-scale dispersion in groundwater systems.

Solute transport due to advection, dispersion, and diffusion with internal sources or sinks is 
represented by the advection-dispersion equation (Zheng and Bennett 2002):
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(EQ 6.11)

where
C = solute concentration in the aquifer
Cs = solute concentration of a source or sink
θ = total porosity
q = Darcy velocity vector in three dimensions
∇ = grad operator in vector mathematics
∇∙ = divergence operator in vector mathematics

The advection-dispersion equation forms the basis for many groundwater flow and solute trans-
port models over a wide variety of scales.

M O D E L I N G  A P P R O A C H E S  A N D  C O D E S
A large and ever-expanding body of literature exists regarding the topic of groundwater mod-
eling. Javendel et al. (1984) describe analytical, semi-analytical, and numerical approaches to 
developing groundwater models along with a section on data needs and choice of methods. Wang 
and Anderson (1982) provide an introduction to the topic of numerical groundwater model-
ing, including derivation of the differential equations and the application of finite-difference and 
finite-element methods to problems of groundwater flow. Zheng and Bennett (2002) describe 
contaminant-transport modeling. Maest and Kuipers (2005) review groundwater models with 
an emphasis on prediction of acid drainage. Frippiat and Holeyman (2008) discuss upscaling 
methods for solute transport in heterogeneous porous media. Zhu and Anderson (2002) include 
a chapter on reactive transport modeling within the general framework of geochemical modeling.

Groundwater models should be as simple as possible while still representing the conceptual 
model with sufficient detail and accuracy. More complex models should only be developed and 
employed when required for a particular problem, assumptions inherent in simpler approaches 
are demonstrated to be violated, and/or appropriate data are available for model parameterization 
and calibration.

Ranging from simple to complex, three general categories of quantitative groundwater mod-
els can be applied to a given problem:

1.	Analytical methods that use groundwater flow equations such as Darcy’s law
2.	Analytic element approaches
3.	Full numerical methods

Each of these approaches to developing a groundwater model is described in the following sec-
tions, along with examples of computer codes that make use of these methodologies.

Analytical Methods
Analytical methods are closed-form equations that can be solved directly without the use of 
numerical methods. Transient or steady-state models of groundwater flow and contaminant 
transport in one, two, or three dimensions can be developed using analytical methods.

Models developed using analytical methods, such as the advection-dispersion equation, 
have relatively simple data requirements. Homogeneous, isotropic flow conditions are usually 
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assumed. Analytical methods can be useful for screening-level evaluations and to determine the 
relative importance of different processes.

A useful analytical method for the prediction of impacts from acid drainage is the Ogata and 
Banks (1961) solution to the advection-dispersion equation. Domenico and Schwartz (1990) 
added a retardation factor to solve transport problems involving dissolved constituents that may 
react with the solid aquifer matrix according to a linear adsorption isotherm. The Ogata and 
Banks (1961) and Domenico and Schwartz (1990) equations can be solved in spreadsheets to 
address a wide variety of groundwater problems.

The STudio of ANalytical MODels (STANMOD; Šimůnek et al. 1999) is a publically avail-
able, free set of analytical solutions to the advection-dispersion equation in one, two, or three 
dimensions. A variety of previously published solutions is included in STANMOD.

Analytic Elements
Analytic element approaches use the principle of linear superposition to solve groundwater flow 
and contaminant transport problems in more complex systems than can be addressed by analyti-
cal equations. Haitjema (1995) provides the basic theoretical framework for the analytic element 
method and focuses on its use. Fitts (2010) describes a method of dividing an analytic element 
model into subdomains to allow representation of heterogeneous systems with spatially varying 
anisotropy.

GFLOW (Haitjema Software 2016) is a code that implements the analytic-element method 
for groundwater flow modeling. WhAEM2000 (USEPA 2007) is a public-domain and open-
source analytic element code distributed by the USEPA. An AqSim (Fitts Geosolutions 2017) is 
an analytic element software package for simulating groundwater flow. VisualAEM (Craig 2009) 
is freely distributed software that provides a graphical user interface (GUI) for analytic element 
modeling of two-dimensional (2-D) and multilayer groundwater flow systems. It also allows 
numerical modeling of 2-D contaminant transport.

Numerical Methods
Numerical methods often use iterative processes to solve the equations of large-scale groundwater 
flow and contaminant transport in complex domains. Steady-state or transient flow in heteroge-
neous, anisotropic systems with varying types of boundary conditions and input stresses can be 
simulated. As model complexity increases, the amount of data regarding parameters and inputs 
also increases.

Finite-difference or finite-element solution schemes are used in the commonly available 
numerical groundwater flow codes. Wang and Anderson (1982) provide a thorough description 
of both solution schemes.

Finite-difference solution schemes can be more computationally efficient for a given problem 
compared to finite-element schemes. However, finite-element formulations can represent irreg-
ular external boundaries more precisely. They can also handle internal boundaries such as mine 
pits, underground workings, or faults with greater ease than finite-difference schemes. Because of 
the hydrogeological complexity of many mining-related flow systems, finite-element methods are 
often preferred.

The most commonly applied finite-difference groundwater modeling code is MODFLOW 
(Harbaugh 2005). Recent advances in the MODFLOW family of codes include MOD-
FLOW-LGR, which allows local grid refinement, and MODFLOW-USG, which implements 
an unstructured grid method to support a wide variety of grid types. MODFLOW is available in 
the public domain from the USGS. It is probably the most widely used numerical groundwater 
code in the world.
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Finite-element codes are exemplified by FEFLOW and MINEDW. FEFLOW (DHI-WASY 
2012) is a commercially available code that can be applied to a broad range of variably saturated 
flow and transport problems. MINEDW (Itasca Denver Inc. 2012) was originally a proprietary 
code developed by Hydrologic Consultants Inc. for application to mining-related groundwater 
flow problems and is now distributed commercially by Itasca Denver Inc.

Many other finite-difference and finite-element models suitable for application to acid rock 
drainage (ARD)-prediction problems are available. The site conceptual model, project needs 
including regulatory or third-party review requirements, and available computing power are key 
elements to consider when selecting a solution method and computer code. Maest and Kuipers 
(2005) tabulate the capabilities of a range of codes.

Fracture Flow
The groundwater modeling approaches previously discussed are appropriate for simulating 
flow and transport through continuous porous media. However, the conceptual model for 
a particular problem may show that flow through discrete fractures or fracture networks is an 
important component. An equivalent porous medium may be defined in some of these cases if the 
fracture density is relatively high and the fracture aperture is small. Some codes also allow a dual- 
porosity formulation to consider flow through a fracture network as well as flow through the 
porous medium in blocks between fractures.

For cases where flow through individual fractures is important or a dominant mechanism, 
codes that represent discrete fracture networks and the physics of flow within fractures should be 
applied. An example of such a code is FracMan (Golder Associates Inc. 2012), which is commer-
cially available. Peratta and Popov (2006) describe an approach to couple a discrete-fracture flow 
model with a conventional porous-medium model.

Data collection to properly parameterize a fracture-flow model is in most cases not included 
in routine hydrogeologic investigations. If the site conceptual model indicates fracture flow is 
significant, appropriate field procedures should be implemented.

Example Application
Wels et al. (2000) provide an example of groundwater model application to a site in New Mexico 
using MODFLOW in conjunction with other flow and geochemical models. In this case study, 
a model was implemented to estimate the dilution potential for tailings leachate in an underlying 
aquifer. A separate model using the variably saturated flow code SEEP/W was used to identify 
seepage pathways through the tailings and estimate seepage flux. MINTEQA2 was used to esti-
mate long-term pore-water quality within the tailings due to sulfide oxidation and secondary 
mineral formation.

S U R F A C E - W AT E R / G R O U N D W AT E R  I N T E R A C T I O N
Surface water commonly connects hydraulically to groundwater, but the interactions are difficult 
to observe and measure (Winter et al. 1998). Areas where surface water and groundwater inter-
act provide opportunities for waters of differing geochemical composition to mix. For example, 
groundwater may discharge to a nearby surface stream. This could occur from diffuse discharges 
through the bed of the stream or point discharges at individual springs. Figure 6.2 shows the 
effects from influx of metal-rich groundwater from natural springs (foreground) to the surface 
water of Cement Creek in Colorado.

Conversely, surface water can discharge to groundwater. Hydrologic models of surface- 
water/groundwater interaction are important components of the geochemical models used to 
evaluate these types of systems.
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Streams that are hydraulically connected to groundwater may be either losing or gaining. The 
water-surface elevation in a losing stream (Figure 6.3) is greater than the connected groundwater 
table, resulting in water moving from the stream into the aquifer. The water-surface elevation in 
a gaining stream (Figure 6.4) is lower than the connected groundwater table, resulting in water 
moving from the aquifer into the stream.

Streams may be losing in one reach and gaining in another. Seasonal variability in flow may 
result in a stream reach changing from losing to gaining over time. This can be an important factor 
in stream–aquifer systems in mountainous terrain, where a normally gaining stream can change to 
losing during the spring snowmelt.

The portion of the streambed and aquifer where the waters mix is termed the hyporheic zone 
(Figure 6.5). Because of this mixing, the geochemical composition of water in the hyporheic zone 
may be different from either the surface stream or groundwater (Winter et al. 1998). If a stream 
is separated from the underlying aquifer by an unsaturated zone, it is referred to as a disconnected 
stream (Figure 6.6). Water can move from a disconnected stream into the aquifer by unsaturated 
flow processes, possibly resulting in mounding within the saturated zone beneath the stream.

Groundwater codes such as MODFLOW and FEFLOW, among others, include the capabil-
ity to model stream–aquifer interactions for hydraulically connected systems. The level of detail 
in the individual modules can vary depending on the conceptual model of the particular site.

GSFLOW is a public-domain, integrated code developed by the USGS (Markstrom et al. 
2008). GSFLOW combines the surface-water code PRMS and the groundwater code MOD-
FLOW. It was developed to simulate coupled groundwater/surface-water flow in one or more 
watersheds by coupling flow across the land surface, within subsurface saturated and unsaturated 
materials, and within streams and lakes.

Courtesy of Briant Kimball, U.S. Geological Survey

Figure 6.2  Metal-rich groundwater entering into Cement Creek, Colorado
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Flow Direction

Unsaturated ZoneWater Table

Adapted from Winter et al. 1998

Figure 6.3  Losing stream

Unsaturated ZoneShallow AquiferWater Table

Flow Direction

Adapted from Winter et al. 1998

Figure 6.4  Gaining stream
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Flow Direction

Unsaturated ZoneHyporheic ZoneWater Table

Adapted from Winter et al. 1998

Figure 6.5  Hyporheic zone

Flow Direction

Unsaturated ZoneWater Table

Adapted from Winter et al. 1998

Figure 6.6  Disconnected stream
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Watershed codes, such as those described in the “Watershed-Scale Integrated Models” section 
later in this chapter, can be used to evaluate interactions between surface water and groundwater. 
For the case of a disconnected stream, a code capable of evaluating variably saturated flow within 
the vadose zone may be appropriate.

Interaction between lakes and groundwater can also be important, particularly in evaluations 
of pit lakes. Lakes can be sources (water moving from the lake to groundwater), sinks (water 
moving from groundwater to the lake), or flow-through elements. In a flow-through lake, water 
moves from the connected aquifer into the lake in one area and discharges from the lake into the 
aquifer in another area.

Vadose Zone Models
Potential impacts due to seepage through waste rock piles and tailings facilities are often evaluated 
using geochemical models. The flow components of these types of problems can be characterized 
by water flow through the vadose zone. The term vadose zone refers to the zone between the water 
table and land surface (Fredlund et al. 2012). This zone encompasses unsaturated porous media 
as well as the capillary fringe immediately above the water table.

Flow Equation
Darcy’s law applies to the flow of water through an unsaturated porous medium (Richards 1931). 
However, hydraulic conductivity in unsaturated material is related to matric suction, which in 
turn is a function of moisture content for a given material (e.g., Richards 1931; Hillel 1980; Fred-
lund et al. 2012). Matric suction is a negative pressure potential attributable to capillary forces 
and the affinity of water for a particle surface due to effects such as adsorption (Hillel 1980). The 
equation for flow in unsaturated porous media can be generalized as (Hillel 1980)

(EQ 6.12)

where
ψ = matric suction

H = total hydraulic head, which may include both gravity and suction components

The relationship of matric suction to the degree of saturation is referred to as the soil–water 
characteristic curve (SWCC; e.g., Fredlund et al. 2012). The SWCC is a critical relationship to 
determine if unsaturated flow processes are important factors in the conceptual model for a given 
problem. Ideally, a site- and material-specific set of SWCCs will be determined in the laboratory. 
Well-defined procedures are available for this type of testing (Fredlund et al. 2012).

Determination of SWCCs can be time-consuming if multiple types of materials require 
characterization. In practice, SWCCs are often estimated from particle size distributions or by 
analogy to soils of similar texture. RETC (van Genuchten et al. 2009) is a computer program to 
estimate the hydraulic functions of unsaturated soils using different methods. SoilVision (Fred-
lund 2004) contains a database with unsaturated soils data for more than 6,200 samples.

Materials such as mine waste rock and tailings may have much different particle size distribu-
tions and structures than natural materials. Consequently, methods used in RETC or analogues 
in the SoilVision database should be applied with caution. Alternative approaches such as the 
physico-empirical model developed by Arya and Paris (1981) should be considered to account 
for the unique nature of mined materials. Aubertin et al. (1998) discuss predictive methods for 
SWCCs as applied to tailings from hard-rock mining operations.
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Solution Methods
Because the governing equation is nonlinear, few analytical solutions exist for practical problems 
of unsaturated flow. Codes described in this section have been developed to implement numer-
ical methods solving problems of unsaturated or variably saturated (combined unsaturated and 
saturated) flow. Some of these codes include GUIs and additional capabilities that are beyond the 
scope of this handbook.

HYDRUS (Sejna et al. 2011) is a finite-element code for simulating heat, flow, and solute 
transport in one, two, or three dimensions. The 1-D version of HYDRUS is available in the pub-
lic domain. The 2-D and 3-D versions are available commercially.

SEEP/W (Geo-Slope International 2012a) is a finite-element software product for analyzing 
groundwater seepage and excess pore-water pressure dissipation problems within variably satu-
rated porous materials such as soil and rock.

VADOSE/W (Geo-Slope International 2012b) is a finite element software product for ana-
lyzing flow from the environment, across the ground surface, through the unsaturated vadose 
zone, and into the local groundwater regime.

SVFlux (Fredlund 2012) is a commercially available code for simulating saturated and unsat-
urated flow in one, two, or three dimensions. It can be used to construct axisymmetric models in 
one or two dimensions and full finite-element models in three dimensions.

UNSAT-H (Fayer and Jones 1990) is a public-domain computer code used to simulate the 
1-D flow of water, vapor, and heat in soils. It was developed at the Pacific Northwest National 
Laboratory.

MODFLOW-SURFACT (HGL 2012) is a commercially available, finite-difference code 
based on MODFLOW. It can be used to develop models of variably saturated flow and transport 
in one, two, or three dimensions.

Example Applications
Lefebvre et al. (2001a, 2001b) present an overview of numerical simulation methods applicable 
to waste rock piles. Fala et al. (2003) conducted a modeling evaluation of flow through idealized 
waste rock piles using HYDRUS to evaluate controlling mechanisms. Molson et al. (2005) used 
HYDRUS for the flow component of an acid drainage evaluation from waste rock piles.

P I T  L A K E S
Mine pit lakes represent the confluence of several elements of the water cycle. Groundwater, flow 
through the vadose zone, surface flow, direct precipitation, and evaporation may be of varying 
importance to a particular problem, depending on the physical setting of the pit lake. Vandenberg 
et al. (2011) present an overview of the use of models for the design and evaluation of pit lakes. 
Volume 3 of this handbook series (Castendyk and Eary 2009) presents a comprehensive review of 
mine pit lakes, including several chapters on hydrologic modeling of pit lakes.

The conceptual model for a pit lake is a critical element in guiding the development of appro-
priate mathematical models for the problem. Because of the complexity of pit lake systems, it can 
be tempting to develop overly complex mathematical models that suffer from a paucity of field 
data. However, a pit lake hydrologic model should start as simply as possible, with only the ele-
ments included that are shown to be important.

Many of the modeling approaches and codes previously described for water balances, sur-
face water, groundwater, and the vadose zone can be and have been applied to pit lake problems. 
Watershed-scale models described in the following text may also be appropriate because they inte-
grate most land aspects of the water cycle.
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Because groundwater is often an important component of a pit lake water balance, specific 
approaches for these calculations have been developed. Marinelli and Niccoli (2000) summarize 
some of the analytical equations that are useful for estimating groundwater inflow to a pit lake. 
Aryafar et al. (2007) describe the development of a SEEP/W model to estimate mine pit inflows 
and compare the model to analytical solutions.

In addition to hydrologic models, limnologic models may also be developed for pit lakes. A 
limnologic model represents the physical and chemical processes that occur within a lake, such as 
mixing and stratification. Castendyk (2009) describes approaches to modeling the physical lim-
nology of pit lake systems, including the application of the numerical code DYRESM (Dynamic 
Reservoir Simulation Model; Antenucci and Imerito 2001). CE-QUAL-W2 (Cole and Wells 
2015) is a 2-D water quality and hydrodynamic code that has been applied to pit lake problems 
(e.g., Vandenberg et al. 2011). PITLAKQ (Mueller 2013) is an open-source code that couples 
CE-QUAL-W2 and PHREEQC.

W AT E R S H E D - S C A L E  I N T E G R AT E D  M O D E L S
Continuing advances in computer processing power have allowed development of integrated 
models to simulate the land components of the full water cycle, including surface water, ground-
water, infiltration, and evaporation, at the basin or watershed scale. Integrated models can be used 
to quantify the flux and volume components through different portions of the physical system 
within a single code framework. However, the data need to properly develop an integrated, quan-
titative model at this scale can be significant. Furman (2008) summarizes the mathematics and 
computational tools used to simulate coupled surface and subsurface flow processes. Examples of 
codes used to develop integrated models are described in the following text.

The Soil and Water Assessment Tool (SWAT) is a public-domain, distributed-parameter code 
developed by Texas A&M Agrilife Research and the Agricultural Research Service of the U.S. 
Department of Agriculture (Arnold et al. 2012). SWAT is designed to simulate runoff, ground-
water flow, and water quality at the small watershed to river-basin scale. SWAT and similar codes 
break a complex watershed into hydrologic subunits, each with a uniform set of characteristics. 
Flow and water quality are calculated for each subunit, then aggregated to provide predictions 
at a complex watershed scale. Models using SWAT can also be developed within a geographic 
information system (GIS) framework.

MIKE SHE (DHI Group 2012) is a commercially available code that can be used to develop 
integrated models at the catchment scale. MIKE SHE can incorporate most processes in the land 
phase of the water cycle at varying levels of detail, depending on output needs. The MIKE SHE 
environment includes model pre- and post-processors along with some GIS functionality.

G A S  P H A S E
Gas transport mechanisms, including diffusion and advection, can transport oxygen into unsat-
urated waste-rock and tailings facilities. This can be an important factor in generation of acid 
drainage from these types of facilities. Wels et al. (2003) provide an overview of the role of gas 
transport in ARD generation and methods that can be used to model gas transport.

Diffusion in the gas phase can move oxygen (or other vapor-phase constituents) more effec-
tively than diffusion in the aqueous phase. Free-air diffusivity coefficients are typically up to 
4 orders of magnitude higher than the equivalent diffusivity coefficients in water. This difference 
in the magnitude of diffusive transport results in potentially creating conditions favorable for 
acid drainage in unsaturated media, while at the same time pointing to subaqueous disposal as a 
sometimes feasible option for limiting the generation of acid drainage.
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Advective transport of oxygen into unsaturated media can occur because of convection as a 
result of temperature gradients and advection due to pressure gradients. Such pressure gradients 
can be caused by wind passing over a waste rock pile or because of differences between the ambient 
barometric pressure and the gas-phase pressure within the pore spaces of the unsaturated porous 
media. Massmann and Farrier (1992) describe the role of barometric pumping in the transport of 
gas into the vadose zone and demonstrate the capacity to transfer mass deep into an unsaturated 
porous medium. Amos et al. (2009) developed a conceptual model of advective transport due to 
wind-induced pressure gradients in a waste rock pile.

Gas-phase transport can be modeled using several of the codes previously mentioned for 
groundwater and vadose zone evaluations. Diffusion in the gas phase is included in unsaturated or 
variably saturated codes such as HYDRUS. Massmann (1989) describes how groundwater flow 
codes can be adapted to simulate flow in the gas phase. FEFLOW has the capability of modeling 
gas-phase flow.

Multiphase simulation programs have been developed that can be applied to problems 
involving gas flow. The TOUGH family of codes (Transport Of Unsaturated Groundwater and 
Heat; Pruess et al. 2012) was developed at Lawrence Berkeley National Laboratory to simulate 
the coupled transport of water, vapor, noncondensable gas, and heat in porous and fractured 
media. TOUGHREACT and TOUGH2-CHEM were applied to pyrite oxidation in variably 
saturated flow conditions by Xu et al. (2000). TOUGH-AMD (Lefebvre et al. 2001a, 2001b) is 
an adaptation of TOUGH to transport and reaction in waste rock piles.

C A L I B R AT I O N  T O O L S
Model calibration is the process of selecting parameter values, inputs, and boundary conditions 
such that model output matches related observed data with an acceptable degree of accuracy and 
precision. Calibration of a hydrologic model is an application of inverse modeling. A significant 
body of literature exists regarding calibration of hydrologic models.

Calibration of a predictive model can be a significant effort. The level of calibration required 
for a particular model is dependent on the amount and type of data available and the precision or 
accuracy needed to meet project objectives. Hill and Tiedemann (2007) present suggested guide-
lines for effective model calibration along with a description of the calibration process. Vrugt et 
al. (2008) review the state of the science with respect to inverse modeling of subsurface flow and 
transport properties.

Several computer programs have been developed to automate the calibration process for par-
ticular codes. More recently, model-independent calibration or parameter-estimation programs 
have been developed. Two such programs that have been widely accepted for groundwater model-
ing are UCODE (Poeter et al. 2008) and PEST (Doherty 2010). Both UCODE and PEST have 
been incorporated into several GUIs to speed the model-calibration process.

Calibration of watershed models has historically been a manual process. More recently, 
advances have been made in automatic parameter-estimation methods applied to watershed mod-
els. Duan et al. (2003) summarize methods used to calibrate watershed models.

G R A P H I C A L  U S E R  I N T E R F A C E S
A major development to simplify the application of computer codes to hydrologic models has 
been the advent of graphical user interfaces (GUIs). Several GUIs have been developed for  
public-domain programs, and most commercial codes include their own proprietary GUIs. 
Features such as GIS interfaces, parameter-estimation tools, and mesh generators are routinely 
included in GUIs for hydrologic codes.
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GUIs provide significant capabilities, but can also be limiting. By insulating the user from the 
sometimes complex input files for a code, GUIs can greatly simplify and speed up the develop-
ment of a model for a particular problem. They can also provide post-processing tools. However, 
GUIs can be limited in the number of modules supported for any particular computer code—
for example, not all modules of MODFLOW are supported by every MODFLOW GUI. Some 
GUIs intercept and modify the underlying input files for the model code, making it difficult to 
troubleshoot a model and reducing the interoperability of models between different GUIs.

A selection of widely available GUIs is summarized in the following paragraphs. Others are 
no doubt available and may be suitable for hydrologic models used to help solve geochemical 
problems. Distribution of the modeling codes is typically included when purchasing a com-
mercial GUI.

Groundwater Modeling System, Surface-water Modeling System, and Watershed Modeling 
System software products are commercially available GUIs distributed by Aquaveo LLC (2016). 
They provide GUIs for a wide range of hydrologic modeling codes.

ModelMUSE is a public-domain GUI for the MODFLOW family of codes. It was devel-
oped and is distributed by the USGS (2017).

Groundwater Vistas, developed by Environmental Simulations Inc., is a commercially 
available GUI for MODFLOW and related programs (ESI 2017). Visual MODFLOW Flex 
(Waterloo Hydrogeologic n.d.)is another commercially available GUI for the MODFLOW fam-
ily of codes and related programs.

Selection of a GUI should be based on the capabilities of that particular GUI in relation to 
the type of problem being considered. Commercial and public-domain GUIs are under constant 
refinement to incorporate new capabilities and to keep up with the ongoing developments in 
hydrologic modeling practice.
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Reactive Transport Modeling

Ulrich Mayer

I N T R O D U C T I O N
Significant volumes of mine waste in the form of tailings or waste rock are generated during the 
mining process. Exposure of mine and processing wastes to precipitation and atmospheric oxy-
gen induces rapid weathering reactions in particular because tailings and waste rock sometimes 
contain complex and highly reactive mineralogical assemblages, including sulfide minerals. In the 
absence of sufficient pH-buffering capacity, these weathering reactions produce low-pH waters 
containing elevated sulfate and metal loadings, typically referred to as acid rock drainage (ARD). 
Under neutral drainage conditions, high-sulfate loadings are also common, and select metals, 
including Cu, Zn, Pb, Mo, Se, and As, may be released at concentrations that pose environmental 
concern and require treatment.

Numerical models that are capable of linking the interactions between hydrologic transport 
and mineral weathering can be useful for assessing and predicting metal release from mine waste 
materials. Steefel and Van Cappellen (1998) have eloquently outlined the advantages of multi-
component reactive transport models as analytical tools for the investigation of natural systems. 
Among other important aspects, these authors point out the benefits of process-based reactive 
transport models over empirical models: the potential of these models to investigate coupled 
nonintuitive system behavior, the capability to conduct sensitivity analyses and “what-if ” sim-
ulations, and to test conceptual models. More recently, Steefel et al. (2005) emphasized in their 
influential paper that “reactive transport modeling is an essential tool for the analysis of coupled 
physical, chemical, and biological processes in Earth systems”; the weathering of mine waste is a 
prime example.

The main purpose of this chapter is to introduce the basic concepts behind the reactive 
transport modeling approach. Many mine waste environments have in common that accelerated 
mineral weathering and metal release take place under unsaturated conditions, implying that the 
void space in the waste material is only partially filled with pore water, providing relatively easy 
access for oxygen from the atmosphere. Particular emphasis will therefore be given to formula-
tions that are capable of simulating vadose zone water flow, gas and solute transport, coupled 
with geochemical reaction processes. Advantages and disadvantages of commonly used solution 
methods for reactive transport problems are also evaluated. Approaches for simulating metal 
leaching from mine waste are discussed; in particular, the author elaborates on setting realistic 
modeling goals and strategies for quantitatively evaluating conceptual models and assessing data 
requirements, and discusses limitations of process-oriented reactive transport models. Concep-
tual differences between modeling of metal release and attenuation in mine tailings and waste 
rock are also outlined. Furthermore, an illustrative example is presented to demonstrate the use of 
reactive transport modeling at a mine tailings site.
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G O V E R N I N G  P R O C E S S E S  I N  M I N E  A N D  P R O C E S S  W A S T E 
E N V I R O N M E N T S
Mine and process waste environments can be subdivided into two main categories: mine tailings 
and waste rock piles (Figure 7.1). These environments have in common that weathering processes 
take place when these mine wastes are exposed to atmospheric conditions. The infiltration of 
dilute rain water or snowmelt causes the dissolution of mineral phases and at the same time facil-
itates metal transport with the infiltrating recharge (Figure 7.2). The weathering of mine waste 
is typically aggravated because of the presence of sulfide minerals that are commonly associated 
with ore deposits. Under unsaturated conditions, atmospheric oxygen is relatively easily replen-
ished, causing a significant degree of sulfide mineral oxidation over short time frames. This process 
leads to the generation of acidity, as well as sulfate and metal release. These reaction products 
will accumulate in the pore water as it migrates downward; however, reaction products will also 
interact with non-sulfidic mineral phases present in the waste material, causing the dissolution of 
primary carbonates and silicates (Figure 7.2). In these highly reactive systems, the attenuation of 
metals within the waste material is common, including the formation of secondary minerals, co- 
precipitation, and adsorption. Understanding the combined effect of metal release and atten-
uation along the flow path is beneficial for assessing long-term metal loadings emanating from 
mine waste, assessing future environmental impact, and identifying appropriate operational and 
postclosure waste and water management alternatives, including treatment requirements.

Generalized Conceptual Model of Metal Leaching
As discussed in Chapter 2, prior to simulating the weathering of mine waste with a numerical 
model, it is a necessary requirement to conceptualize the problem at hand and to identify and 
classify the various reaction and transport mechanisms that are thought to be of importance at 
a site. Typically, evaluation of mine drainage issues requires the simulation of water flow under 
variably saturated conditions, solute transport, potentially gas transport, as well as a wide range of 
geochemical reaction processes that control metal release and attenuation. Figure 7.3 presents a 
generalized conceptualization of the reactive transport problem applicable to partially saturated 
mine waste where the water and gas phases are considered mobile and the solid phase is immobile 
(Mayer et al. 2002). Dissolved chemical species migrate with the mobile water phase, while atmo-
spheric oxygen and carbon dioxide released from mineral weathering can move within or with the 
gas phase and partition in and out of the water phase. The solid phase is composed of minerals, 
amorphous phases, and surface species.

Geochemical reactions among these constituents may occur within a single phase (homo-
geneous reactions) or may involve two or more phases (heterogeneous reactions; e.g., Rubin 
1983). Homogeneous reactions within the water phase (also known as the aqueous phase) 

Waste Rock PilesMine Tailings

Source: Mayer et al. 2003

Figure 7.1  Mine waste environments that can be investigated using reactive transport modeling

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



Reactive Transport Modeling	 75

Source: Mayer et al. 2012

Figure 7.2  Conceptual model of sulfide mineral oxidation in mine tailings

Adapted from Mayer et al. 2002

Figure 7.3  Conceptualization of physicochemical system
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include hydrolysis, complexation, and aqueous oxidation–reduction reactions (e.g., oxidation of 
dissolved Fe(II) to Fe(III)). Heterogeneous reactions result in mass transfer between the phases 
and include mineral dissolution–precipitation (e.g., dissolution of carbonate and silicate miner-
als, sulfide mineral oxidation, and the formation of secondary hydroxides, oxides, and sulfates), 
ion-exchange, adsorption, and gas exchange between the pore water and the soil gas (e.g., parti-
tioning of O2 and CO2 between the water and gas phases; Figure 7.3).

Geochemical reactions contribute to the addition or removal of solute to the pore water 
within a representative elementary volume (REV), which is mathematically described by internal 
source and sink terms. In Figure 7.3, these source–sink terms are defined as Qa,a, Qa,g, Qa,m, and Qa,s, 
where the superscripts identify the aqueous, gas, mineral, and sorbed phases involved. External 
sources and sinks (Qa,in, Qg,in, Qa,out, and Qg,out) are due to physical transport of the mobile constitu-
ents into or out of the REV and include advection, diffusion, and dispersion.

This general conceptualization captures the key processes controlling the geochemical evolu-
tion in mine tailings. It must be emphasized that waste rock poses additional modeling challenges 
due to its wide variation of grain sizes, high degree of physical and chemical heterogeneity, and 
complex structure caused by the mode of deposition. In this case, it may be necessary to consider 
the effects of preferential flow and/or internal heat generation on transport and reaction pro-
cesses within the mine waste deposit.

Model Formulation for Multicomponent Reactive Transport
In this section, the key equations are introduced, describing water flow under variably saturated 
conditions, solute transport, gas transport, and geochemical reactions, closely related to the con-
cepts introduced in Figures 7.2 and 7.3. In principle, by discretizing these equations in space and 
time, reactive transport models subdivide the domain of interest (e.g., a cross section through 
a tailings impoundment) into a series of connected REVs, as described in Figure 7.3, allowing 
simulation of geochemical changes within each cell and chemical mass fluxes between the cells.

For general background on groundwater flow and solute transport modeling, as well as reac-
tive transport modeling in saturated systems, refer to Frind and Molson (1994). Further detail 
on the formulation of reactive transport equations can be found in the comprehensive reviews by 
Lichtner (1996) and Steefel and MacQuarrie (1996), or in Steefel et al. (2015).

Modeling variably saturated flow. Considering that metal release typically occurs in the 
unsaturated zone, it is beneficial to incorporate vadose zone flow processes into reactive transport 
models. In many circumstances, this can be achieved by using the Richards equation (e.g., Neu-
man 1973; Panday et al. 1993):

(EQ 7.1)

where Sa is the saturation of the aqueous phase, Ss is the specific storage coefficient, h is the hydrau-
lic head, t is time, φ is porosity, kra is the relative permeability of the water phase, and K defines 
the hydraulic conductivity tensor. Qa is a source–sink term [s–1], for example, for the description 
of infiltration. The relative permeability kra is often calculated using van Genuchten soil hydraulic 
function parameters, which provide a framework for describing soil–water characteristic curves 
(see Chapter 6 for more details) and provide the constitutional relationships between water pres-
sure, saturation, and relative permeability (Wösten and van Genuchten 1988).

Equation 7.1 describes the movement of water under saturated and unsaturated conditions; 
the first term of the equation describes the change of water storage due the compressibility of water 
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and the sediments, and is mostly relevant for saturated conditions. The second term describes 
changes in water storage due to the filling or draining of pore space and dominates under unsatu-
rated conditions. Equation 7.1 provides a solution for hydraulic heads and allows the calculations 
of water saturations and Darcy fluxes required for solution of the transport problem.

Alternatively, a more sophisticated multiphase-flow formulation capable of considering the 
advective movement of the gas phase can be implemented (Lichtner 1996; Xu et al. 2000). Gas 
advection may result, for example, because of heat-induced pressure gradients (Lefebvre et al. 
2001a, 2001b) and can provide an important transport mechanism in waste rock piles.

The formulation described by Equation 7.1 assumes uniform flow, implying that preferen-
tial flow due to physical material heterogeneity, which is often of importance for waste rock, is 
ignored. Various formulations, including dual porosity and dual permeability, are available in the 
literature (e.g., Šimůnek et al. 2003). However, to date, these formulations have not been invoked 
to simulate flow and reactive transport in mine waste.

Modeling reactive solute and gas transport. Solute transport is commonly described using 
the advection-dispersion equation. The use of the multicomponent-based approach allows the 
formulation of the transport problem in terms of total concentrations, rather than transporting 
each chemical species separately (Yeh and Tripathi 1989), which makes the problem computa-
tionally more tractable. The governing equation for the reactive transport of dissolved species in 
variably saturated media is

  
j = 1,Nc (EQ 7.2)

where Tj
a are the total aqueous component concentrations; Tj

s are the total sorbed component 
concentrations; qa is the Darcy flux vector, which can be obtained from the solution of Equa-
tion 7.1; Da is the hydrodynamic dispersion tensor applicable to all species in the system; and 
Qj

a,a and Qj
a,m are source–sink terms due to intra-aqueous and mineral dissolution–precipitation 

reactions. Nc defines the number of chemical components considered in the system (i.e., Fe(II), 
Fe(III), SO4, H+, etc.).

If the partitioning of gases between the water and gas phases is at equilibrium, Equation 7.2 
can be extended to yield (Šimůnek and Suarez 1994)

    j = 1,Nc

(EQ 7.3)

where Sg is the saturation of the gas phase defined as Sg = 1 – Sa, Tj
g are the total component con-

centrations in the gas phase, qg is the advective mass flux in the gas phase, and Dg is the dispersion 
tensor in the gas phase. In mine tailings, it is commonly possible to neglect advective gas trans-
port; in this case, Dg simplifies to the diffusion coefficient for the gases.

Equation 7.3 maintains the mass balance for aqueous, gaseous, and sorbed species. In addi-
tion, it is necessary to provide a mass balance equation for the mineral phases:

  
i = 1,Nm (EQ 7.4)
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where φi is the volume fraction of the mineral in question, Vi
m is the molar volume, and Ri

m is 
the rate of mineral dissolution–precipitation; Nm is the number of minerals considered. The 
multicomponent reactive transport approach requires Equations 7.3 and 7.4 to be solved in a 
coupled manner.

At first sight, it is not obvious how geochemical reactions are considered in the transport 
equations. Essentially, the reactions terms are “hidden” in the total concentration and source–sink 
terms. The total concentration terms contain all reactions that can be described by equilibrium 
relationships, while source and sink terms are related to kinetic reaction processes, leading to the 
production or consumption of components.

Geochemical reactions. Thermodynamic equilibrium reactions. The total concentra-
tion terms in Equation 7.3 implicitly account for aqueous complexation, redox equilibria, ion 
exchange, surface complexation, and partitioning of gases between the water and gas phases. For 
example, the total component concentration for a component in the aqueous phase is defined as 
follows (Yeh and Tripathi 1989; Steefel and Lasaga 1994):

  
j = 1,Nc (EQ 7.5)

where Cj
c are the concentrations of the components as species in solution, Na,eq defines the number 

of aqueous complexes, νij
a,eq are the stoichiometric coefficients of the components in the complex, 

and Ci
a,eq are the concentrations of aqueous complexes. Equation 7.5 provides the mass balance for 

all dissolved species of a specific component. For example, it accounts for all species containing 
Ca, including the free ion (Ca2+) and any aqueous complex (CaOH+, CaCO3(aq), CaSO4(aq), 
etc.). The concentrations of secondary species (Ci

a,eq) are determined based on the concentrations 
of the components as species in solution (Ca2+, CO3

2–, Fe2+, etc.) by law of mass action relation-
ships subject to the appropriate activity corrections:

  
i = 1,Na,eq (EQ 7.6)

where Ki
a,eq is the equilibrium constant for the dissociation of the secondary aqueous species 

into components as species in solution, γi
a,eq is the activity coefficient for the secondary aqueous 

species, and γj
c are the activity coefficients for the components as species in solution. Activity 

coefficients are commonly determined from the modified Debye–Hückel or Davies equation, or 
by the Pitzer equations for high-ionic-strength solutions (see the “Activity Coefficients” section 
of Chapter 3 for additional details). Similar relationships can be defined for the gas phase and the 
sorbed phase (for additional details, refer to Lichtner [1996] and Steefel and MacQuarrie [1996], 
or Mayer et al. [2002, 2003]).

Kinetic reactions. The source–sink terms in Equation 7.3 account for the loss or production 
of component mass due to kinetic processes. Although a thermodynamic formulation is more 
convenient in terms of model parameterization (information on parameters controlling reac-
tion progress is not required), kinetic relationships must be chosen for reactions that tend to be 
slow in relation to the time scale of transport. These reactions often include mineral dissolution– 
precipitation and some oxidation–reduction reactions, in particular, microbially mediated pro-
cesses. The most obvious example for the modeling of metal leaching from mine waste is the 
oxidation of sulfide minerals in the vadose zone. An equilibrium formulation is inadequate under 
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these conditions, considering that sulfides cannot coexist with atmospheric oxygen under ther-
modynamic equilibrium. Enforcing equilibrium conditions would instantaneously deplete O2 or 
the sulfide mineral phase. An example of a source–sink term for the gain or loss of aqueous com-
ponent mass due to dissolution–precipitation reactions is given by

  
j = 1,Nc (EQ 7.7)

where Nm is the number of mineral phases considered, νij
m define the stoichiometric coefficients of 

the components composing the mineral phase, and Ri
m is the rate of dissolution or precipitation 

of a mineral.
Unlike for equilibrium reactions, which can be defined uniquely based on the law of mass 

action relationships (Equation 7.6), rate expressions describing kinetic processes may take many 
forms. For example, for kinetic dissolution–precipitation reactions, it is useful to relate the reac-
tion progress to the reactive surface area of the mineral. Dissolution–precipitation reactions may 
be controlled by the progress of the chemical reaction on the mineral surface or may be limited 
by the transport of reactants to the mineral surface (Figure 7.4). An example of such a transport- 
controlled reaction is the shrinking core model (Levenspiel 1998), which has been extensively 
used in mining applications (e.g., Davis and Ritchie 1986; Wunderly et al. 1996; Mayer et al. 
2002). A symbolic rate expression for dissolution–precipitation reactions can be defined as

Ri
m = φi ,Si

m ,Di
m ,ki

m ,Ki
m ,Cj

c ,Ck
a,eq ,Tj

a( )     (EQ 7.8)

where Si
m is the reactive surface area of the mineral; Di

m is a diffusion coefficient describing the 
migration of a reactant through a surface coating, required for the shrinking core model (e.g., 
Wunderly et al. 1996); ki

m and Ki
m are the rate coefficients and solubility constants. This for-

mulation allows, for example, the description of sulfide mineral oxidation or pH-dependent 
aluminosilicate weathering reactions. For a detailed description of implementing kinetic reac-
tions in reactive transport models, refer to Mayer et al. (2002). The rate defined by Equation 7.8 
will control change in mass in the mineral phase (see Equation 7.4) with a direct link to changes 
in mass in the aqueous phase (see Equations 7.6 and 7.3).

Solution methods for multicomponent reactive transport. In terms of coupling trans-
port and reaction processes, two distinct formulations are commonly used for solving physical 
transport and geochemical reactions as described by Equation 7.3. These are the global implicit 
formulation or one-step approach, and the operator-splitting formulation, which also can be 
defined as the two-step or sequential approach (Engesgaard and Christensen 1988; Yeh and Trip-
athi 1989; Saaltink et al. 2001). The major difference between these methods is that physical 
transport and geochemical reactions are solved simultaneously using the global implicit method, 
while the operator-splitting technique considers transport and reactions sequentially with or 
without iteration between the two steps (Steefel and Lasaga 1994; Walter et al. 1994).

A solution of the global implicit method is commonly obtained using the direct substitu-
tion approach (Steefel and Lasaga 1994). In this case, the equilibrium expressions and/or kinetic 
rate equations are substituted directly into the transport equations as was done previously in 
Equation 7.3, yielding a single set of nonlinear partial differential equations, which are solved 
simultaneously using a Newton–Raphson-type linearization technique. This set of equations is 
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described by Equations 7.3 and 7.4 and was used by various authors, including Steefel and Lasaga 
(1994), Lichtner (1996), Xu et al. (2000), and Mayer et al. (2002).

Yeh and Tripathi (1989) present various methods for the solution of the two-step prob-
lem, which are based on the sequential iteration approach (SIA) or the sequential non-iterative 
approach (SNIA). This approach subdivides the reactive transport problem into subproblems, a 
physical and a chemical step (Walter et al. 1994; Frind and Molson 1994). The SNIA solves the 
transport Equation 7.3 by neglecting the source–sink terms, followed by the solution of geochem-
ical speciation and kinetic processes in a separate step to obtain the concentrations at the new time 
level. The SIA uses a similar tactic but includes iteration between the two steps. This approach has 
also been used extensively (e.g., Walter et al. 1994). A detailed discussion of the formulation of 
the solution approaches is beyond the scope of this chapter. For a more comprehensive discussion 
on this topic, refer to Steefel and MacQuarrie (1996) and Saaltink et al. (2001).

For complex systems, the splitting of operators is often not restricted to the classical sequence 
of transport and geochemical reactions but might involve several steps yielding a multistep 
method as implemented in the MINTOX model (Wunderly et al. 1996). In this case, a three-
step approach is used to solve ARD generation and attenuation. The first step consists of the 
simulation of gas transport and sulfide mineral oxidation and focuses on the quantification of 
contaminant release; the second step consists of the transport of all dissolved species, followed by 
the third step consisting of geochemical equilibrium calculations describing water–rock interac-
tions. This method has also been adopted by Gerke et al. (1998).

Advantages and disadvantages of coupling methods. Several authors have discussed the 
advantages and disadvantages of the various solution approaches currently used in reactive trans-
port modeling (Engesgaard and Christensen 1988; Yeh and Tripathi 1989; Mangold and Tsang 
1991; Steefel and Lasaga 1994; Steefel and MacQuarrie 1996; Saaltink et al. 2001). Advantages of 
the two-step method are (based on the findings of Engesgaard and Christensen 1988, Steefel and 
Lasaga 1994, Walter et al. 1994, and Steefel and MacQuarrie 1996) a higher flexibility when deal-
ing with a complex chemical system, which makes it easy to add or remove a process. In addition, 
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Figure 7.4  Surface-controlled reactions versus the shrinking core model

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



Reactive Transport Modeling	 81

this approach facilitates that individual routines for flow, transport, and reactions are exchange-
able and it is not necessary to invert the large matrices generated by the simultaneous solution 
of a coupled problem. Generally the sequential approach is easier to program and the memory 
requirements are less than those for a fully coupled method. Also, the time discretization for the 
transport and the chemistry operator can be chosen independently (e.g., Prommer et al. 2003).

Advantages of the one-step method are the simultaneous treatment of all processes in time, 
physical space, and chemical reaction space. Also, the global convergence properties of the one-
step method may be better than for the two-step method, and it is sometimes possible to take 
larger time steps compared to the two-step approach.

For saturated systems, it was traditionally accepted that the two-step method is computa-
tionally less expensive for a single time step and is usually the most effective method with respect 
to computer cost for a simulation (Yeh and Tripathi 1989). However, Saaltink et al. (2001) 
have demonstrated that this is not always the case, in particular if chemical species are strongly 
attenuated in comparison to the conservative transport velocity (i.e., if solid phases impose a 
strong control on the geochemical evolution, as is often the case in mine waste environments). 
In addition, reactive transport in mine waste deposits is often characterized by the rapid ingress 
of atmospheric O2 through the gas phase, which is consumed by oxidation reactions, leading to 
a quasi-steady-state concentration profile. These conditions will also favor the one-step method 
(Mayer 1999).

M O D E L I N G  A P P R O A C H
Setting Goals—Sensitivity Analysis, History Matching, and Predictive Modeling
Process-based multicomponent reactive transport modeling is well suited to simulate the com-
bined effect of metal leaching, solute transport, and natural neutralization and attenuation 
processes in unsaturated waste materials (e.g., Mayer et al. 2000, 2002; Romano et al. 2006). In 
addition, reactive transport modeling can be used to assess the fate of reaction products in the 
water-saturated portion of the mine waste deposit and in underlying or adjacent aquifers (Bain et 
al. 2001; Romano et al. 2006).

The approach taken to simulate a specific site will largely depend on the input data and time 
record of data available for comparison of field observations and model results. The objective of a 
modeling study can be subdivided into three broad categories: sensitivity analyses, history match-
ing, and predictive modeling.

Sensitivity analyses can be used to reveal the actual controlling parameters and demonstrate 
the evolution of the geochemistry in mine waste and affected aquifers under a range of possi-
ble conditions, if the available field data are insufficient to provide a more definite analysis. An 
investigation by Glynn and Brown (1996) highlights many of the benefits and limitations of geo-
chemical and reactive transport modeling at sites with limited spatial information.

If detailed site-specific information is available, it may be possible to develop an adequate 
site-specific conceptual model that will allow the matching of the historical geochemical evo-
lution at the site. If successful, this approach provides increased confidence for the use of this 
model to predict the future hydrogeochemical evolution of the site. Chapter 2 of this handbook 
provides more information on setting realistic expectations for modeling. These aspects are of 
particular relevance to reactive transport modeling, given the relatively high level of complexity 
of this modeling technique.

Site-specific conceptual model. For any reactive transport modeling study, a site-specific 
conceptual model needs to be developed prior to starting a modeling analysis (see Chapter 2 for 
more detail on the importance of conceptual models). The conceptual model should be defined 
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based on the current understanding of the processes active at the site and should utilize the avail-
able field data to allow any quantitative statement regarding the geochemical evolution of the 
pore water and weathering progress at the site. The questions that can be asked and answered with 
the modeling exercise will strongly depend on the comprehensiveness of this conceptual model 
and the supporting data.

When formulating the conceptual model, one should be aware that, at most sites, flow, trans-
port, and reaction processes controlling the geochemical evolution are not fully understood or 
are simply too complex to be fully accounted for by a comparably simple concept. The conceptual 
model should therefore focus on the processes that are believed to be most important without 
oversimplifying the system to provide a representative approximation of reality. Logically, the 
modeling results must be viewed in the light of this approximation.

Data requirements. Because reactive transport modeling attempts to describe contaminant 
release and attenuation in mine waste environments on a process-oriented basis, detailed data are 
required to form the conceptual model and even more so to allow quantitative modeling. As in 
any other modeling exercise, it is necessary to define boundary and initial conditions, and to pro-
vide physical and chemical parameters that characterize the subsurface environment and control 
flow, transport, and reaction processes.

Ideally this implies that the following parameters are available:
·· Initial condition: Moisture contents, mineralogy of the porous media downgradient of 
the infiltration zone, information on sorption capacity (e.g., cation exchange capacity), 
initial chemical composition of groundwater in this zone

·· Boundary condition: Recharge rate and chemical composition of the infiltration 
water over time

·· Physical parameters: Porosities, hydraulic conductivities, soil hydraulic function parame-
ters, diffusion coefficients, and dispersivities

·· Thermodynamic and reaction progress parameters: Equilibrium constants, selectivity 
coefficients, rate constants, and reactive mineral surface areas

·· Secondary mineral phases forming due to the interaction of the infiltrating water with the 
minerals initially present in the porous medium

All of the parameters listed previously are important; however, the significance of miner-
alogical composition cannot be overemphasized (Bain et al. 2001; Zhu and Burden 2001; Zhu et 
al. 2002), as it ultimately determines the release and attenuation potential for ARD. Infiltration 
rates and moisture contents (i.e., a good understanding of the hydrogeologic system) are of equal 
importance, because these parameters will determine the migration rate of pore water and the 
ability of oxygen to enter the system through the gas phase.

Additional data are needed to compare the modeling results to the actual evolution at the 
field site. These data may include volume fractions of secondary minerals that have formed or 
depletion of primary mineral phases and spatial profiles of pore water and pore gas composition. 
The information may include microbial community structure and function. Only with these data 
will it be possible to test and calibrate a model and facilitate any type of predictive modeling.

Most of the time, not all of these data are available, and this must be taken into account when 
deciding which questions can be answered using reactive transport modeling.

Limitations of reactive transport modeling. Based on the previous discussion, it is clear 
that it is difficult to predict the long-term evolution of ARD and its attenuation. A reactive trans-
port model is designed to provide a continuous description in space and time. It has to be kept 
in mind; however, that a numerical modeling study is based on the data obtained from the field. 
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Field data are usually characterized by a great degree of temporal and spatial sparsity, and there-
fore only provide snapshots in time and are limited to discrete locations in space.

It is also often difficult to quantify processes that will not impose a control on the evolution 
of the major ion chemistry, but they are nevertheless of importance. The mobility of trace metals, 
for example, can be very difficult to assess, because it may be affected by a large number of com-
peting processes, such as co-precipitation, adsorption, and surface complexation. A distinction 
between these processes can be difficult in terms of data availability and model capabilities; the 
predictive capacity for trace metal transport and release is therefore diminished.

As discussed in more detail in Chapter 2, predictive modeling involves the extrapolation of 
a present condition to the future, which cannot currently be supported by data. Several authors 
have addressed the question of model validation (Konikow and Bredehoeft 1992; Oreskes et al. 
1994; Narasimhan 1995). Oreskes et al. (1994) report that the validation of a model is only pos-
sible if the model can be described by a closed system. A field site is conceptualized in terms 
of a solution domain, which is subject to initial and boundary conditions. Imposing boundary 
conditions on the modeling domain converts the model from an open to a closed system. The 
validity of the model will then depend on the validity of the boundary conditions and the initial 
conditions.

Another important aspect affecting the defensibility of long-term predictions is the non-
uniqueness of solutions to reaction transport problems. Nonuniqueness essentially means that 
two or more different model realizations can produce results, which fit observed data equally 
well. Reactive transport modeling is prone to this problem, because it depends on a large number 
of input parameters, which typically have a high degree of uncertainty. Variations in these input 
parameters might lead to comparable results for the period of investigation. For example, it often 
cannot be determined if a change in aqueous concentrations can be attributed to ion exchange 
reactions or is due to dissolution–precipitation reactions.

I L L U S T R AT I V E  E X A M P L E — M I N E R A L  W E AT H E R I N G  
I N  TA I L I N G S  I M P O U N D M E N T S
This case study demonstrates the use of reactive transport modeling to simulate the generation 
and attenuation of ARD for a tailings impoundment in a process-based fashion. The example 
focuses on the oxidation of sulfide minerals in an unsaturated mine tailings deposit (Mayer et al. 
2012; see Figure 7.2 for schematic representation).

Sulfide minerals considered here are limited to pyrite. In addition, the tailings contain the 
primary mineral phases calcite, siderite, gibbsite, gypsum, K-feldspar, and biotite. Primary miner-
als correspond to the reactive minerals initially present in the mine tailings. Ferrihydrite, jarosite, 
and amorphous silica are included as potential secondary mineral phases. These secondary min-
erals are not initially present but are allowed to form if the solution becomes supersaturated with 
respect to these mineral phases. All mineral dissolution–precipitation reactions considered in this 
demonstrative example are presented in Table 7.1.

The geochemical reaction network involves 12 aqueous components (Al3
+, Ca2+, K+, CO3

2–, 
Cl–, H4SiO4, H+, O2(aq), SO4

2–, HS–, Fe2+, Fe3+). Equilibrium conditions are assumed for the 
iron and sulfur redox couples. The ingress of atmospheric oxygen into the vadose zone and the 
egress of CO2 produced by carbonate mineral dissolution toward the ground surface are assumed 
to be dominated by diffusion. Aqueous complexation reactions (21 total) must be included to 
adequately capture mineral solubilities. The simulation is conducted for a 5-m (16-ft) deep one-di-
mensional (1-D) vertical domain through the tailings, discretized into 0.05-m control volumes. 
The maximum time step taken is 1 year, and the simulation is performed for a period of 10 years.
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The porosity was set to 0.5 and the vertical saturated hydraulic conductivity is 1 × 10–6 ms–1. 
Soil hydraulic function parameters (Wösten and van Genuchten 1988) are Sra = 0.05 [–] (resid-
ual saturation), α = 3.5 [m–1], and n = 1.4 [–]. The free-phase diffusion coefficient for all dissolved 
species is 2.4 × 10–9 ms–2, while 2.1 × 10–5 ms–2 is assumed to be representative for all gases. 
Tortuosity corrections and effective diffusion coefficients are calculated based on the Millington 
formulation in the aqueous and gas phases. A longitudinal dispersivity of 0.005 m is assumed.

A constant recharge rate of 9.5 × 10–9 ms–1 (corresponding to 300 mm yr–1) is assumed with a 
constant head of h = 2.5 m at the base of the domain, resulting in a water table located at an inter-
mediate depth within the domain. A mixed-type boundary condition is applied at the ground 
surface as the transport boundary condition. This boundary condition consists of a specified 
mass flux (third type) for all dissolved species and fixed concentration in an atmospheric bound-
ary layer (first type) for O2 and CO2 in the gas phase. Recharge water is similar in composition 
to rainwater but contains elevated potassium accounting for fertilizer application often used at 
closed tailings facilities in support of revegetation efforts. Recharge water is in equilibrium with 
atmospheric O2 and CO2. Recharge and pore water chemical compositions initially present in the 
tailings are presented in Table 7.2. Pore water initially present in the tailings is assumed to be in 
equilibrium with amorphous silica, calcite, gibbsite, gypsum, and siderite. Initial volume fractions 
and effective rate coefficients for all primary minerals are provided in Table 7.3.

Initial mineral abundances are typical for mine waste with a relatively low sulfide content, 
limited presence of carbonate minerals, and elevated concentrations of silicate minerals. As a 
result, most mineral phases, with the exception of silicates, are only present in small quantities 
of much less than 1%. Notably, mineralogy and effective rate constants are loosely based on mea-
sured and/or calibrated parameters from a decommissioned tailings impoundment at Nickel 
Rim, Sudbury, Ontario (Mayer et al. 2002). Silicate mineral dissolution is strongly affected by 
kinetic limitations, reflecting the slow dissolution of these phases. All secondary phases and the 
primary phase gypsum are assumed to react rapidly, subject to quasi-equilibrium reactions. This 
approach is adequate if the rate of transport is slow in relation to the time scale of reactions. In this 
case, it is not necessary to accurately define the reaction rate coefficients. It is sufficient to use rate 
coefficients on the order of 1 × 10–7 mol L–1 s–1 or greater to approximate equilibrium behavior.

Results show water saturations range from fully saturated conditions in the lower half of the 
vertical profile to Sa = 0.74 near the tailings surface (not shown). Unsaturated conditions in the 

Table 7.1  Primary and secondary mineral reactions considered in acid rock drainage example
Primary Minerals log Ksp

Pyrite FeS2 + ⁷–₂ O2(aq) + H2O → Fe2+ + 2SO4
2– + 2H+ 215.3

Calcite CaCO3 ↔ Ca2+ + CO3
2– –8.48

Siderite FeCO3 ↔ Fe2+ + CO3
2– –10.45

Gibbsite Al(OH)3(am) + 3H+ ↔ Al3+ + 3H2O 8.11

Gypsum CaSO4 · 2H2O ↔ Ca2+ + SO4
2– + 2H2O –4.58

K-feldspar KAlSi3O8 + 4H+ + 4H2O → K+ + Al3+ + 3H4SiO4 0.08

Biotite KAl3Si3O10(OH)2 + 10H+ ↔ K+ + 3Al3+ + 3H4SiO4 12.99

Secondary Minerals

Ferrihydrite Fe(OH)3 + 3H+ ↔ Fe3+ + 3H2O 4.89

Jarosite KFe3(SO4)2(OH)6 + 6H+ ↔ K+ + 3Fe3+ + 2SO4
2– + 6H2O –9.21

Silica (amorphous) SiO2(am) + 2H2O ↔ H4SiO4 –2.71

Source: Mayer et al. 2012
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upper region of the tailings facilitate the ingress of atmospheric oxygen (Figure 7.5a). The oxi-
dation of pyrite is restricted to the upper region of the tailings (Figure 7.5b), limited by oxygen 
availability (Figure 7.5a). Pyrite oxidation leads to the release of acidity and results in the disso-
lution of calcite. In turn, a series of mineral dissolution–precipitation reactions occur buffering 
pH. These phases include siderite, gibbsite, and jarosite (Figure 7.5b, c). The simulated pH- 
buffering sequence is consistent with the results of previous studies (Walter et al. 1994; Mayer et 
al. 2002). However, ferrihydrite, a mineral commonly observed in ARD-affected systems, does 
not precipitate. This is due to elevated potassium concentrations, favoring the precipitation of 
jarosite. Potassium stems from the assumed fertilizer application and is further supplemented 
from the dissolution of biotite and K-feldspar (not shown). Weathering of biotite and K-feldspar 
is enhanced locally due to the presence of low-pH conditions. The zone of active silcate dissolu-
tion is directly correlated to the section of the tailings that show formation of amorphous silica 
(Figure 7.5b).

 

Table 7.2  Boundary and initial conditions for acid rock drainage example*
Parameter Recharge Initial

Al3+ 1.3 × 10–8 2.6 × 10–8

Ca2+ 1.9 × 10–3 1.4 × 10–2

K+ 9.0 × 10–3 9.0 × 10–3

CO3
2– 3.2 × 10–4† 2.5 × 10–3

Cl– 1.1 × 10–4 1.1 × 10–3

H4SiO4 2.0 × 10–4 1.9 × 10–3

H+ (as pH) 5.0 7.0

O2(aq) 0.21‡ –2.5§

SO4
2– 7.5 × 10–3 2.0 × 10–2

HS– — 3.3 × 10–12

Fe2+ 1.3 × 10–11 1.5 × 10–4

Fe3+ 5.4 × 10–5 7.2 × 10–12

Source: Mayer et al. 2012
*All concentrations are in units of [mol l–1] unless otherwise noted.
†As pCO2 [atm].
‡As pO2 [atm].
§As pe.

Table 7.3  Primary and secondary mineral reactions considered in acid rock drainage example
Mineral Volume Fraction [–] keff [mol dm–3 s–1]

Pyrite 1.37 × 10–2 1 × 10–9

Calcite 1.77 × 10–3 5 × 10–8

Siderite 3.49 × 10–4 1 × 10–8

Gibbsite 8.30 × 10–4 1 × 10–8

Gypsum 6.06 × 10–3 At quasi-equilibrium

K-feldspar 2.68 × 10–2 5 × 10–11

Biotite 7.31 × 10–2 1 × 10–11

Source: Mayer et al. 2012
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Carbonate mineral dissolution leads to increased CO2 concentrations. If carbonate dissolu-
tion occurs above the water table, CO2 tends to partition into the gas phase and is subseqently 
transported to the ground surface by gaseous diffusion. If carbonate dissolution occurs below 
the water table, CO2 tends to remain in the water phase and migrates downward by advection 
(Figure 7.5a). The concentrations of iron and sulfate are strongly increased by pyrite oxidation, 
but jarosite and gypsum limit their solubility in pore water (Figure 7.5b, d).

A sharp transition in redox conditions can be observed where O2 disappears. Ferric iron 
dominates in the region with O2 present, while Fe(II) is dominant in the O2-depleted region 
(Figure 7.5c, d). These steep gradients are due to the assumption of redox equilibrium.

This demonstration example is limited to a 1-D vertical profile; however, simulations are also 
possible for two-dimensional reactive transport problems (e.g., Romano et al. 2006).

S U M M A R Y  A N D  C O N C L U S I O N S
This chapter provides an overview on the basic concepts for simulating reactive transport mod-
eling in mine waste environments focusing on formulations applicable to variably saturated 
systems. Over the last 20 years, significant advances have been made in terms of incorporation of 
key processes into reactive transport models, including the incorporation of unsaturated flow or 
multiphase flow models (e.g., Acero et al. 2009), consideration of gas transport in the unsaturated 
zone, and comprehensive implementations of kinetically controlled reactions in addition to exist-
ing equilibrium formulations. Reactive transport models allow the simultaneous investigation of 
ARD and metal attenuation processes in various mine waste environments.

Increased model complexity has also led to increased data demand. It must always be kept in 
mind that modeling is only an approximation of reality and, therefore, it should not be used as a 
predictive tool if the supporting data are not available. The example presented here demonstrates 
that reactive transport modeling can be useful to describe and quantify key controls on the geo-
chemical evolution, whether data availability is limited or a detailed data set is available. It is key 
to restrict the use of models to answering questions that can be supported by the available data. 
Possible modeling approaches include sensitivity analyses (“what-if ” scenarios), history matching 
exercises to test conceptual models, and, with limitations, predictive modeling.
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Codes for Mine Site Characterization

D. Kirk Nordstrom

C O D E  L I S T I N G
Computer software is constantly changing. Between advances in hardware and software, as well as 
growth in our understanding of natural and anthropogenic processes, programs will continue to 
get more sophisticated. The listing of codes in Table 8.1 is fairly current, but it is not intended to 
be comprehensive, and some references may be dated. To obtain the most recent information, the 
various codes should be searched online using the URLs provided or the code names.

Most of these programs are described in the recent review paper by Steefel et al. (2015). 
The reactive transport codes are described in the book by Zhang et al. (2012) along with the 
fundamental mathematics for fluid flow and chemical reactions for both equilibrium and kinetic 
conditions.

T E S T I N G  C O D E S
Testing codes is the first step toward getting some idea of code and model reliability. Unfor-
tunately, it is not commonly done and it is rarely a regulatory requirement. Code developers 
demonstrate their codes with examples they have in their databank and they know what discrep-
ancies to focus on. The code user typically does not test the code and does not know what to 
look for. Even the code developer cannot anticipate all possible conditions that might prove a 
computation incorrect. This is one of the better reasons why the codes and models they employ 
cannot be “validated” in any kind of meaningful sense. Codes can be tested and shown through a 
variety of techniques to provide the user with some confidence that the model is useful, but that 
is rather different from validation, that is, according to Webster’s New World Dictionary, “having 
legal support or having proof and found free from error or criticism.”

It is difficult to recommend a set of test cases for geochemical codes when the applications 
can vary widely for different site conditions and different objectives. Nevertheless, modelers and 
reviewers of models need to be aware that there are several published examples that can provide 
guidance as to what can be considered reasonable versus unreasonable computations. These exam-
ples are benchmarks or references against which new codes can be compared.

Seawater and River Water Test Cases
A seawater test case and a river water test case were designed to compare and contrast the 
speciation results from 11 geochemical or water chemistry codes (Nordstrom et al. 1979). Spe-
ciation, activity coefficients, and saturation indices of some common minerals were compared 
for both major ions and trace elements. For the river water test case, speciation results of major 
ions compared well, as might be expected for dilute water. Agreement was notably poor for the 
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Table 8.1  Computer codes used for mine waste problems
Code Reference URL

CE-QUAL-W2 (V 4.0) Cole and Wells (2015) www.cee.pdx.edu/w2/

CHESS van der Lee et al. (2003) http://chess.geosciences.ensmp.fr/

CrunchFlow Steefel (2007) www.csteefel.com/CrunchFlowIntroduction.html

EQ3/6 Wolery (1992); Wolery and 
Jarek (2003)

www.wipp.energy.gov/library/CRA/CRA-2014/References/
Others/Wolery_Jarek_2003_Software_Users_Manual_EQ36 
_Version_8_0.pdf

The Geochemist’s 
Workbench

Bethke and Yeakel (2014) www.gwb.com/professional.php

GEOCHEMPC/ 
GEOCHEM-EZ

Shaff et al. (2010) —

GoldSim Hall et al. (2006) www.goldsim.com/Web/Solutions/EnvironmentalSystems/

HYDROGEOCHEM Cheng and Yeh (1998);  
Yeh et al. (2012)

www.scisoftware.com/products/hydrogeochem_overview/
hydrogeochem_overview.html

HYDRUS, HP1/2/3, 
HPx

Šimůnek et al. (2013); 
Šimůnek et al. (2016)

www.pc-progress.com/en/Default.aspx?hydrus-3d

HYTEC van der Lee et al. (2003) http://pgt.geosciences.mines-paristech.fr/actualites/
hytec-4-0-6-beta-disponible

LOADEST Runkel et al. (2004) http://water.usgs.gov/software/loadest/doc/

MIN3P Mayer et al. (2002, 2003) www.eos.ubc.ca/research/hydro/research/min3p/reactive 
_tran_web.htm

MINEWALL MEND (1995);  
Perkins et al. (1995)

http://mend-nedem.org/wp-content/uploads/1152A.pdf

MINTEQA2 Allison et al. (1991) www.allisongeoscience.com/MINTEQA2%20for%20
Windows%20Document.pdf

NUFT Hao et al. (2012) https://wci.llnl.gov/codes/cafda/nuft_c/

OGS (OpenGeoSys) Kolditz et al. (2012) www.opengeosys.org/

ORCHESTRA Van der Sloot and  
van Zomeren (2012)

www.macaulay.ac.uk/ORCHESTRA/

OTEQ Runkel (2010) http://water.usgs.gov/software/OTEQ/doc/

OTIS Runkel (1998) http://water.usgs.gov/software/OTIS/

PFLOTRAN Hammond et al. (2012); 
Lichtner et al. (2015)

www.pflotran.org/docs/user_manual.pdf

PHAST Parkhurst et al. (2010) http://wwwbrr.cr.usgs.gov/projects/GWC_coupled

PHREEQC Parkhurst and Appelo 
(2013)

http://wwwbrr.cr.usgs.gov/projects/GWC_coupled

PHREEQCi Parkhurst and Appelo 
(2013)

http://wwwbrr.cr.usgs.gov/projects/GWC_coupled

PHT3D Appelo and Rolle (2010) www.pht3d.org/

PYROX Wunderly et al. (1996) www.flintbox.com/public/project/849

RATAP Scharer et al. (1994) —

RT3D Clement and Johnson 
(2012)

http://bioprocess.pnnl.gov/rt3d.downloads.htm#doc

RETRASO, SA04 Saaltink et al. (2004) http://h2ogeo.upc.edu/software/retraso/ManualRCB.pdf

SULFIDOX Linklater et al. (2006) www.asmr.us/Publications/Conference%20Proceedings/ 
2006/1079-Linklater-AU.pdf

TOUGHREACT  
(V 3.0-OMP)

Xu et al 2004;  
Xu et al. 2012

http://esd1.lbl.gov/research/projects/tough/software/
toughreact.html

WATEQ4F Ball and Nordstrom (1991) 
with updates

http://wwwbrr.cr.usgs.gov/projects/GWC_chemtherm/software 
.htm

Courtesy of U.S. Geological Survey
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trace elements. For the seawater test case, results were discrepant for some major ions and all 
trace elements. Discrepancies for trace element speciation were often orders of magnitude. The 
sources of these discrepancies, in order of importance, were the accuracy of the thermodynamic 
database, the number and type of complex stability constants, the method of calculating activity 
coefficients, redox assumptions, alkalinity corrections, and temperature corrections. Although 
thermodynamic data and activity coefficients have improved since then, they are still a major 
source of uncertainty for trace elements and redox species.

Speciation of surface seawater composition is a useful test case because not only is its com-
position constant, but it has been studied more carefully and intensively than any other water 
composition. In some studies, empirical measurements of activity coefficients and speciation 
were compared to theoretical calculations (see Millero 2001; Deng et al. 2011; Nordstrom 1996; 
Nordstrom and Campbell 2014). These comparisons provide a solid foundation for building con-
fidence in our ability to calculate speciation. The seawater test case has been used as an example 
for such codes as WATEQ4F (Ball and Nordstrom 1991), PHREEQC (Parkhurst and Appelo 
1999, 2013), EQ3/6 (Wolery 1992), and The Geochemist’s Workbench (Bethke 2007, 2008). 
One of the most refined models for speciation of seawater composition has been incorporated 
into the spreadsheet speciation code from the University of Miami (Millero 2001).

Pyrite Oxidation
As explained in Chapter 5, pyrite oxidation is rather complicated because it involves (1) redox 
reactions for two elements, iron and sulfur, with a total transfer of 15 electrons; (2) hydrolysis 
of dissolved oxidized iron; (3) precipitation of a mixture of hydrated ferric oxides; and (4) dif-
ferential kinetics for each reaction, of which some are biotic and some abiotic. The simulation 
of pyrite oxidation in Figure 5.1 makes a useful test case, in particular because there is some cor-
roboration by the field measurements in Figure 5.2. Simulation of pyrite oxidation has been used 
as an example for the codes PHREEQC (Merkel and Planer-Friedrich 2008; Nordstrom and 
Campbell 2014), TOUGHREACT (Xu et al. 2000), and The Geochemist’s Workbench (Bethke 
2007, 2008).

Simulating pyrite oxidation with a computerized chemical model can be challenging, espe-
cially because site conditions will affect reaction rates. Hypothetical simulations like these help 
to understand the nature of the process, but attempting to apply these simulations to specific site 
conditions quantitatively usually requires more information than is available without a multitude 
of assumptions.

Other Examples in Code Manuals
Examples provided in code manuals serve two important purposes. They show how the code can 
be applied and they are useful in teaching new users how to set up input files.

PHREEQC and PHAST. The PHREEQC code has 18 examples of code application 
(Parkhurst and Appelo 2013). The most recent version is 3.3.11, released in 2017 (see Table 8.1). 
The examples are as follows:

1.	Speciation of seawater
2.	Solubility equilibrium transition (gypsum-anhydrite)
3.	Mixing (seawater with carbonate groundwater)
4.	Evaporation and homogeneous nitrogen redox reaction
5.	Irreversible reactions (pyrite dissolution to equilibrium with calcite dissolution, release of 

CO2 and goethite and gypsum precipitation)
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6.	Reaction path calculations (weathering of feldspar to gibbsite, kaolinite, and K-mica)
7.	Gas-phase calculations (decomposition of organic matter)
8.	Surface complexation (Zn sorption on hydrous ferric oxide)
9.	Kinetic oxidation of dissolved ferrous iron with oxygen

10.	Aragonite-strontianite solid solution
11.	Transport and cation exchange (column flow with Ca-Na-K exchange)
12.	Advective-diffusive flux of heat and solutes (column flow)
13.	One-dimensional (1-D) transport with dual porosity and cation exchange
14.	Advection with cation exchange, surface complexation, and mineral equilibria
15.	1-D transport with biodegradation, cell growth, and sorption
16.	Inverse modeling: Sierra Nevada spring water
17.	Inverse modeling: evaporation
18.	Inverse modeling: Madison limestone aquifer
The PHAST code (Parkhurst et al. 2010) simulates multicomponent, three-dimensional, 

reactive solute transport for saturated groundwater systems. Seven examples from the literature, 
called verification examples, provided some confirmation that the code is working correctly. From 
these, four were chosen to provide more detail for the following tutorials:

1.	Pulse source with sorption and decay
2.	Chain of four kinetically decaying reactants
3.	Aerobic consumption with microbial growth
4.	Simulation of reaction and transport in regional scale aquifer (Central Oklahoma)

About half of the textbook Groundwater Geochemistry (Merkel and Planer-Friedrich 2008) 
is devoted to the theoretical background and available codes, and the other half to exercises and 
applications using the PHREEQC and PHAST codes. Several of the applications are as follows:

1.	Seawater speciation
2.	Gypsum solubility
3.	Calcite solubility with CO2 and open and closed systems
4.	Pyrite oxidation with and without calcite
5.	Mineral precipitation in hot springs
6.	Carbonate stalactites in karst caves
7.	Evaporation
8.	Feldspar weathering
9.	Organic matter degradation and reduction of inorganic redox elements

10.	On-site leaching
11.	Reactive transport modeling
EQ3/6. The code EQ3/6, in reality, consists of two codes: EQ3NR and EQ6. The code 

EQ3NR (Wolery 1992) computes speciation and equilibrium solubility. It has several examples 
that provide a tutorial as well as confirmation that the code is working correctly:

1.	Speciation of seawater (with and without Pitzer model)
2.	Calcite-hematite solubility constraints
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3.	Calculate pH of a buffer
4.	O2 fugacity for hematite-magnetite buffer at 250°C (482°F)
5.	Eh computed from Fe redox couple
6.	Dead Sea brine (water activity and solute activities with Pitzer model)
7.	pH scales with Pitzer model

EQ6 (Wolery and Daveler 1992) calculates reaction paths (multiple reactions in a given pro-
cess) with thermodynamic and/or kinetic constraints. Examples provided for EQ6 are as follows:

1.	Computing multiple solubility equilibrium for seawater
2.	Calculating high-temperature pH from quench pH
3.	Microcline dissolution in pH 4 HCl
4.	Microcline dissolution in open-flow system
5.	Gypsum solubility in NaCl solutions (Pitzer model)
6.	Alkalinity titration
7.	Kinetics of quartz precipitation

TOUGHREACT. The code TOUGHREACT (Xu et al. 2006) is part of a series of code 
developments that combined geochemical reaction with a previously developed transport code. 
The following eight sample applications are provided in the user’s guide (Xu et al. 2004):

1.	Transport with reaction and decay
2.	Geochemical evolution of groundwater in the Aquia aquifer (Maryland)
3.	Yucca Mountain infiltration with calcite deposition (unsaturated zone, Nevada)
4.	Thermal test at Yucca Mountain
5.	CO2 disposal in deep saline aquifers
6.	Supergene copper enrichment
7.	Hydrothermal alteration
8.	Geothermal well scaling on injection (Philippines)

The Geochemist’s Workbench. This code has an extensive user’s guide (Bethke 2007) and 
an associated well-written textbook (Bethke 2008) that guides the reader through basic theory, 
reaction processes, and several applications, which include the following:

1.	Hydrothermal mineralization
2.	Geothermometry
3.	Evaporation
4.	Diagenesis
5.	Water–rock kinetics
6.	Weathering
7.	Uranium reduction
8.	Microbial degradation of phenol
9.	Microbial reduction of arsenic

10.	Autocatalytic manganese oxidation
11.	Waste injection
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12.	Scaling and flooding in petroleum reservoirs
13.	Acid mine drainage
14.	Lead contamination
15.	Groundwater chromatography and zoning

Benchmarks
Hydrogeochemical modelers have recognized the need to have well-described problems or 
benchmarks that allow rigorous testing of codes and models. A group of papers in a special issue 
of Computational Geosciences (Steefel et al. 2015) provides useful overviews and insights. A 
requirement for the papers in the special issue was that there had to be a comparison of at least 
three different codes per benchmark. Of course, this requirement does not imply that the mod-
els are different, only the codes. Nevertheless, they represent useful comparisons for examining 
how similar the results are for different codes applied to the same problem. The collection of 
special issue papers includes an introductory paper that lays out the fundamental mathematical 
equations of chemical reaction; microbial growth rates; physical flow with advection, diffusion, 
dispersion, single and multiphase flow, and the numerical formulation methods for solving the 
set of nonlinear equations. The remainder of the paper reviews 12 reactive transport modeling 
problems covered in the special issue, including a problem focusing on acid rock drainage (ARD) 
generation and attenuation.

The benchmark papers address the following:
1.	Microbially mediated chromium reduction
2.	Chromium isotope fractionation
3.	Multicomponent diffusion and electrochemical migration
4.	Simulations of column experiments
5.	Uranium bioremediation
6.	Biogenic uraninite reoxidation
7.	U(VI) transport with surface complexation
8.	Modeling of the generation and attenuation of ARD
9.	Heavy metal cycling in lake sediments

10.	Reactive transport across a cement–clay interface
11.	Evaluation of permeability-porosity-tortuosity relationships with mineral dissolution and 

precipitation
12.	Decalcification of cracked cement structures
The key conclusion of the special issue is that given the same database and treatment of activ-

ity coefficients, essentially identical results can be obtained with a variety of reactive transport 
codes, independent of their formulation details (Steefel et al. 2015). This should not be misinter-
preted as predictive capability. This capability will ultimately be controlled by the validity of the 
site conceptual model and the quality and quantity of the input data. Nevertheless, the bench-
marking exercises have built confidence in the numerical formulation of the participating codes.

D ATA B A S E S
The different levels of thermodynamic data are primary, secondary, and tertiary. Primary data 
are original papers of various thermochemical measurements such as calorimetry, solubility, 
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electrochemistry, colligative properties, and phase equilibria. Secondary data are compilations 
of primary data. Tertiary data are compilations of secondary data (i.e., compilations of sources of 
thermodynamic data). The problem with compilations like secondary and tertiary sources is that 
there is often little or no evaluation of the original data. Only thorough evaluations provide useful 
references for databases. Selected sources of evaluated data are provided in Table 8.2.

Most geochemical modelers simply use the database that comes with a code; however, some 
codes such as PHREEQC, EQ3/6, and TOUGHREACT allow for a choice of databases in the 
same code. Having more than one database in a code puts more responsibility on the user to jus-
tify his or her selection of any particular database.

Table 8.2  Selected sources of evaluated thermodynamic data
Popular Name Reference Notes on Contents

NBS* tables Wagman et al. (1982) Comprehensive; no references (confer with National Institute 
of Standards and Technology)

USGS† tables Robie and Hemingway 
(1995)

Minerals and aqueous species; comprehensive

NIST-JANAF‡ tables Chase (1998) Combustion reactants and products; critically assessed and 
referenced

NAGRA§ tables Hummel et al. (2002); 
Thoenen et al. (2007)

Nuclear waste and groundwater components

OECD/NEA/TDB** 
tables

Book series†† U, Am, Tc, Np, Pu, Ni, Se, Zr, Fe, organics, and some 
groundwater components

CODATA‡‡ key values Cox et al. (1989) Elements, simple aqueous species, and a few related 
compounds; critically assessed

CODATA‡‡ Ca values Garvin et al. (1987) Compounds of Ca and related species; critically assessed

Critical stability 
constants

Martell and Smith 
(1974–1989)

Solubility and aqueous stability constants including organics

HKF§§ tables Oelkers et al. (1995);  
Shock et al. (1997)

Minerals and aqueous species (similar to SUPCRT);  
critically assessed

SUPCRT*** Johnson et al. (1992) Minerals and aqueous species

Geopig Online database http://geopig3.la.asu.edu:8080/GEOPIG/reactants.jsp; based 
on SUPCRT

Holland and Powell Holland and Powell (2011) High-temperature, high-pressure minerals and some aqueous 
species; critically assessed

IUPAC††† speciation 
series

Powell et al. (2005, 2007, 
2009, 2011, 2013)

25°C (77°F) only; stability constants for Hg, Cu, Pb, Cd, and 
Zn with Cl–, OH–, CO3

2–, SO4
2–, and PO4

3–; critically assessed

Courtesy of U.S. Geological Survey

*NBS = National Bureau of Standards (now National Institute of Standards and Technology)

†USGS = U.S. Geological Survey

‡NIST-JANAF = National Institute of Standards and Technology–Joint Army, Navy, Air Force

§NAGRA = Swiss National Cooperative for the Disposal of Radioactive Waste

**OECD/NEA/TDB = Organisation for Economic Co-operation and Development/Nuclear Energy Agency/
Thermodynamic Data Base

††Brown et al. 2005; Bruno et al. 2007; Gamsjäger et al. 2005, 2012; Grenthe et al. 1992; Guillamont et al. 2003; 
Hummel et al. 2005; Lemire et al. 2001, 2013; Olin et al. 2005; Rand et al. 2009; Rard et al. 1999; Silva et al. 1995

‡‡CODATA = Committee on Data for Science and Technology of the International Council for Science

§§HKF = Helgeson, Kirkham, and Flowers formulation (see Helgeson et al. 1981)

***SUPCRT92 = Supercritical 1992

†††IUPAC = International Union of Pure and Applied Chemistry
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It has become increasingly important for modelers to be familiar with differences between 
databases and to document and justify their use of a particular database or particular equilibrium 
constants for any investigation. Sometimes a change in one or more equilibrium constants can 
change the interpretation and remedial decision about a site (Whiting 1992).

Table 8.2 summarizes some of the more commonly used thermodynamic databases and their 
references. Note that databases are dynamic and change as better data become available. However, 
newer databases are not necessarily more reliable. Also, some databases include mineral-phase 
properties only, others include minerals and aqueous species but not reactions, and yet others 
include reactions but not individual species. More details on databases can be found in the appro-
priate references and in the review of low-temperature geochemical modeling by Nordstrom and 
Campbell (2014).

Some sources of data have only aqueous species or reactions (Powell et al. 2005, 2007, 2009, 
2011), some have only solid phases (Holland and Powell 2011), and some have both. Some 
sources compile data only for one element (Garvin et al. 1987; OECD/NEA/TDB book series 
listed in Table 8.2) whereas others focus on combustion products (Chase 1998).

A few words of caution. When looking up data, one must be familiar with thermodynamics 
and the methods of reducing raw measurements to thermodynamic properties. The many terms, 
symbols, and abbreviations used in thermodynamics are not necessarily consistent among differ-
ent authors or institutions. Reactions are not always written the same way in different sources 
and it is, therefore, critical to have the correct reaction equation. Also, every measurement has 
sources of error and uncertainties. Analytical or precision errors do not necessarily reflect errors 
in accuracy. Lastly, new measurements do not necessarily supersede old measurements. Some of 
the most careful measurements on solubility were made toward the end of the 19th century and 
early in the 20th century.

In addition to sources of thermodynamic data, there are numerous compilations of uneval-
uated data. Many of these are listed in Nordstrom and Munoz (1994) up to 1993. This is likely 
to be the most extensive set of references available for that time period. Zemaitis et al. (1986) 
also provide an annotated list of references for useful data for aqueous electrolytes. Gradually 
over time, a convergence of data should evolve as both measurements and evaluations improve. 
Note, however, that even when multiple references present the same value for a thermodynamic 
property, it usually means that there is only one data source, and the accuracy of that value is not 
necessarily satisfactory.

The ultimate goal is to obtain internal consistency between all interrelated thermodynamic 
measurements (solubility, electrochemistry, calorimetry, isopiestics, phase equilibria, etc.). A 
geochemical goal would be to determine the range of conditions for which equilibrium could rea-
sonably be applied and those for which they should not be. These are subjects of ongoing research.
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Case Studies

Questa Baseline and 
Premining Groundwater 
Quality

D. Kirk Nordstrom

The Questa molybdenum mine, located in 
northern New Mexico, has been produc-
ing molybdenum ore since 1923 and closed 
down in 2014. The mine consisted of exten-
sive underground workings and an open pit 
that was mined from 1965 to 1983. As part of 
the permit requirements for closure, state law 
requires that the groundwater quality meet 
New Mexico standards unless it can be shown 
that the groundwater quality contained 
higher concentrations of contaminants nat-
urally, before mining. At the request of the 
State of New Mexico, the U.S. Geological 
Survey completed a baseline and premining 
groundwater investigation to avoid any possi-
bility of a conflict of interest with the mining 
company. The six-year scientific study was 
summarized in a final report (Nordstrom 
2008) that highlighted results from 25 indi-
vidual reports on the geology, hydrology, 
geophysics, and geochemistry of the Red 
River Valley where the mine is located.

N AT U R A L  A N A L O G U E  
A S  T H E  K E Y
A catchment to the east of the mine property, 
known as Straight Creek (Figure 9.1), served 
as a proximal analogue field site for detailed 
hydrologic, geologic, and geochemical 

Application
·· Modeled saturation indices of key minerals 

to identify upper concentration limits of 
contaminants.

·· Modeled mass flux of sulfate for groundwater 
to river and with transport in river.

·· Solubilities of contaminants are very sensi-
tive to pH.

Codes
·· WATEQ4F
·· BALANCE
·· OTEQ
·· PHREEQC

Processes
·· Carbonate mineral dissolution and saturation
·· Pyrite oxidation
·· Gypsum dissolution/saturation
·· Iron oxidation/reduction
·· Ferrihydrite and jarosite precipitation
·· Fluorite dissolution/saturation
·· Alumina and silica saturation/precipitation
·· Groundwater-surface water mixing
·· Surface water reactive transport

Approach
·· Used an unmined proximal analogue field site 

as a model.
·· Correlated solutes and sulfate for acid (pH <4) 

groundwaters.
·· Used saturation indices to find upper concen-

tration limits of some constituents.

Lessons Learned
·· Maximizing high-quality field data minimizes 

the need for poorly constrained computa-
tional modeling.

·· Independent third-party studies can be advan-
tageous to both regulatory and industry needs.
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studies. The catchment had very similar geological and hydrological characteristics as the mine 
site and was located only a few kilometers distant on the same south-facing slope of the Red 
River Valley. No mining had ever taken place here and there was an access road that made it 
possible to bring a drilling rig into the site. Altered volcanics (rhyolite and andesite) contain a 
substantial range of hydrothermal alteration from propylitic to quartz-sericite-pyrite (QSP). 
Acid rock drainage (ARD) occurs naturally from areas with QSP lithology. Because of rapid rates 
of erosion, large areas of mountain slope containing QSP are devoid of vegetation (scars) and 
large debris fans formed downgradient from them. In the debris fans, the groundwater was acidic  
(pH 3–4) and metal concentrations were elevated. Straight Creek was typical of these QSP lith-
ologies with a debris fan that became about 150 m (492 ft) thick near the base at the Red River. 
Underneath the debris fans, volcanics contained abundant carbonates and were anoxic so that 
groundwater was circumneutral in pH and had low concentrations of metals, except for Fe, Mn, 
Ca, and Mg. Sulfate concentrations were also high and alkalinity was occasionally high. These 
waters often reached saturation with respect to gypsum, and secondary gypsum crystals could be 
frequently found in the bedrock and in debris material.

G E O C H E M I C A L  C O N T R O L S  O N  N AT U R A L  A N A L O G U E 
C O N TA M I N A N T  C O N C E N T R AT I O N S
In the Straight Creek acidic groundwaters, most constituents of concern, such as Zn, Cd, Mn, F, 
Be, Li, Co, and Ni, were shown to be conservative in acidic (pH <4) environments by their strong 
correlation with sulfate concentrations, assuming sulfate to be conservative (a safe assumption at 

Courtesy of U.S. Geological Survey

Figure 9.1  Map of Red River Valley in northern New Mexico (see insert) with major features 
labeled. The natural analogue site, Straight Creek, is located just east of longitude 105° 27'. Scar 
areas are shown in gray.
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these concentrations). Figure 9.2 shows the concentrations of Zn and Mn plotted with respect 
to sulfate concentrations for these acidic groundwaters. The SO4 concentrations decreased by 
about 50% from top to bottom of the debris fan, which suggested more dilute waters were seep-
ing in from the sides of the canyon during downgradient movement. The water-balance study 
on Straight Creek confirmed this hypothesis independently. During this downgradient dilution, 
these eight elements maintained a fairly constant ratio with SO4. Aluminum behaved conser-
vatively at low pH and nonconservatively at pH values near or above 4. This behavior can be 
understood in terms of pH-dependent Al hydrolysis (Nordstrom and Ball 1986). The solute cor-
relations with SO4 were confirmed with debris fan groundwaters that were accessible from other 
unmined catchments nearby and provided confidence in the analogue model.

Redox Controls
Iron concentrations did not correlate with sulfate because Fe is very sensitive to changes in both 
redox conditions and pH. In Straight Creek surface water, Fe was entirely oxidized, but when it 
appeared in the groundwater at the most upgradient well, it was predominantly reduced. Iron was 
reduced, but no sulfate reduction was detected. Hence, other elements whose mobility is affected 
by dissolved Fe reduction will also be affected. Copper concentrations did not correlate with sul-
fate but did correlate with the redox state of dissolved Fe, suggesting some Cu attenuation from 
reduction to insoluble oxides or elemental Cu. Chromium concentrations showed some decrease 
in anoxic waters, suggestive of reduction of Cr(6+) to insoluble Cr(3+). Redox conditions can-
not be modeled in this system a priori and must be determined by analyzing the appropriate 
redox couples in the groundwaters. Therefore, Fe(II/III), H2S, SO4, and dissolved oxygen were 

Courtesy of U.S. Geological Survey

Figure 9.2  Plot of Mn and Zn concentrations relative to SO4 concentrations for acidic  
groundwaters in the Straight Creek natural analogue debris fan
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determined. Parts of the debris fan groundwaters were mostly reduced, but other parts were not. 
The degree of oxidation or reduction clearly affected the solubility of redox-sensitive constituents.

Solubility Limits
Mineral solubility equilibrium could be demonstrated for calcite, siderite, rhodochrosite, amor-
phous aluminum hydroxide (or aluminosilicate), gypsum, and barite in circumneutral waters in 
the underlying volcanic aquifer, and for ferrihydrite (or schwertmannite), barite, and amorphous 
silica in acidic waters. These speciation and saturation index calculations were confirmed by plots 
of dissolved metals relative to pH, alkalinity, F, and SO4. Hence, speciation and saturation index 
modeling provided a useful means of determining upper concentration limits for Fe, Mn, Al, 
Ca, and Ba in circumneutral groundwaters and Fe, Ba, and SiO2 in acidic groundwaters. Miner-
alogical studies confirmed the assemblages found in the main lithologic units, identified mineral 
sources of trace elements, and correlated specific minerals with water chemistry trends.

Water and Sulfate Mass Flux in the Red River Valley
A water budget and a water catchment yield were determined for Straight Creek and also for 
this section of the Red River Valley (Figure 9.1). This work made it possible to estimate the flux 
of water and sulfate from natural ARD into the Red River. The water flux was well constrained 
from two synoptic surveys of the river, one in 2001 and the other in 2002. Tracer-injection stud-
ies increased the accuracy of the discharge, and all measurable inflows were determined. Sulfate 
concentrations were less well constrained because it was more difficult to estimate the average 
sulfate concentrations yielded by each of several small catchments where there might be only one 
well or none. Three models of groundwater–surface water mixing found that the range of sulfate 
flux from scar–debris fan drainages was about 900–3,000 kg/d. However, a mass balance calcu-
lation for Straight Creek drainage indicated that only 42% of the sulfate originated from pyrite 
weathering, with the remainder from gypsum dissolution. This sulfate mass flux was important to 
establish what the natural background transport of sulfate was in the Red River Valley.

Mass Balance and Reactive Transport Modeling for the Red River
The middle reach of the Red River (Figure 9.1) receives inputs of natural acidic drainage and 
acidic seepage from mine wastes. These acid inflows contain some Cu, Zn, Mn, and other con-
stituents of concern. In addition to quantifying the yields of sulfate from natural acid drainage, 
the location where this drainage comes into the Red River and the amount of natural attenuation 
during downstream transport was modeled based on data collected from two synoptic sampling 
events with tracer injection. Synoptic sampling with discharge measurements provided the basic 
data for load calculations and changes in loading downriver (Kimball et al. 2002, 2006). The 
tracer injection allowed for more accurate and more frequent discharge measurements and, when 
combined with loading and other fluvial properties, made it possible to apply reactive transport 
models to determine downstream processes of mineral precipitation and sorption. The results of 
the loading modeling for the Red River showed specific locations where groundwater mixed with 
the river water and how much was mixing (Kimball et al. 2006). The reactive transport modeling 
demonstrated that, through precipitation of Fe and Al, some Cu and Zn were sorbed, thereby 
decreasing the dissolved concentrations of these elements.

S T U D Y  C O N C L U S I O N S  A N D  L E S S O N S  L E A R N E D
A study of this type, to determine the premining groundwater chemistry at an active mine 
site, was quite challenging. The biggest challenge in this study was to characterize groundwater 
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chemistry in a highly heterogeneous terrain. Mineral assemblages and their weathering rates 
tend to govern water composition, and these assemblages changed radically over short distances 
because of rapidly changing hydrothermal alteration patterns. In this study, it was important to 
collect extensive field data at a natural analogue site. Use of a natural analogue model was perhaps 
the most important example of the modeling, which is something normally not considered as 
modeling. Within the natural analogue model there were four other uses of models. One use was 
to employ saturation indices to determine if saturation was reached for mineral solubility, which 
established an upper limit on the concentration of potentially contaminating constituents. The 
second was to confirm that several elements behaved conservatively at low pH (<4), except for 
some redox-sensitive elements. The third was to confirm the flux of sulfuric acid from natural 
sources through mixing model calculations. The fourth was to apply mass loading calculations 
and reactive transport modeling to the distribution of contaminants to the receiving river. This 
downstream modeling not only allowed flux calculations to be made but also accounted for natu-
ral attenuation of trace elements during downstream transport. By maximizing the collection and 
interpretation of field data, there was strong scientific justification for setting limits on the range 
of concentrations for the constituents of concern.

In the final report (Nordstrom 2008), 10 tables of data were required to describe premining 
groundwater chemistry in eight catchments in which some had both acidic alluvial ground-
water and circumneutral pH bedrock groundwater. Each catchment had different degrees of 
mineralization, which resulted in different degrees of mineralized water. Concentrations for 14 
constituents of concern were usually given as a range that considered natural variability and the 
inherent uncertainty of the values. Many of the estimated concentrations were above the New 
Mexico groundwater quality standards, and these were allowed to be used in the final deliberation 
for closure compliance requirements for this site.

This project was initiated by the mining industry because of closure permit requirements, 
coordinated and reviewed through regulatory agencies and an environmental group, and exe-
cuted by a third party that lacked any conflict of interest. Collaboration among all parties with 
regular oversight led to a successful outcome in this example, to the benefit of all parties involved.
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Glynn and Brown: 
Application of Staged 
Geochemical Modeling 
to Understand the 
Past and Future of a 
Hydrogeochemical 
System

Andrew Nicholson

Glynn and Brown (1996, 2012) used applied 
geochemical modeling to assess the transport 
of metal-rich, acidic, mine-derived solutions 
through the carbonate-containing alluvial 
aquifer beneath ephemeral Pinal Creek in 
Arizona (Figure 9.3). This mixing of the 
mine discharge and the groundwater resulted 
in the aquifer water transitioning from clean, 
unimpacted water; to acidified water; to a 
neutralized, high-sulfate water as it flowed 
along the aquifer. Their work was based on 
an ongoing U.S. Geological Survey investiga-
tion of the aquifer system and was conducted 
from approximately 1986 and continued to 
2012 (Glynn and Brown 2012).

Pinal Creek has received acidic mine 
waste water from leaching processes in the 
Miami, Arizona, area since about 1926. These 
waters are characterized by elevated levels of 
metals (grams-per-liter levels of iron, copper, 
and aluminum near the sources), pH<3, high acidity, and high levels of sulfate (>50,000 mg/L). 
Releases of these mining solutions resulted in waters flowing through a carbonate alluvial aqui-
fer that contains ~0.5% calcite, resulting in their neutralization. For the past 80 years, an acidic 
front has been moving down the Pinal Creek aquifer, having moved approximately 11 km (7 mi) 
downgradient of the mining area. Below the acidic front, a plume of neutralized (pH ~7) ground-
water had formed with low levels of iron, copper, and other select trace metals, and high levels of 
manganese and sulfate.

To assess the geochemistry of Pinal Creek, Glynn and Brown took a four-step approach:
1.	Evaluation of general groundwater chemistry using chemical speciation results.
2.	Evaluation of mineral precipitation in the system during acidification and neutralization 

using inverse modeling techniques.

Application
·· Modeled saturation of aquifer waters.
·· Used inverse modeling to assess mineral 

precipitation.
·· Used these results to conduct forward model-

ing of plume movement.
·· Detailed evaluation of model sensitivity.

Codes
·· PHREEQC
·· PHREEQM
·· NETPATH

Processes
·· Dissolution of calcite by acid
·· Precipitation of metals in water due to 

neutralization
·· Mass balance concerns in modeling

Approach
·· Used inverse modeling to identify precipita-

tion phases
·· Then used the inverse modeling to guide reac-

tive transport modeling
·· Applied a sensitivity analysis

Lessons Learned
·· Stepwise simple to complex modeling is a 

good process.
·· Modeling is best when based on data, includ-

ing mineralogy and lab experiments.
·· Model transport times were sensitive to selec-

tion of phases that precipitate.
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3.	Reactive transport modeling of the system, characterizing several geochemical processes, 
including calcite dissolution, gypsum precipitation, and aluminum-phase precipitation, 
rhodochrosite precipitation in the neutralized plume, and a sensitivity analysis by varying 
flow rates and dispersivity in the calculations.

4.	Comparison of predicted forward modeling to field results in the Pinal Creek aquifer to 
assess whether the model was accurately describing the system.

The Glynn and Brown study is a relatively rare case where there is a full synthesis of field 
data at a mining site that includes evaluation of mineral saturation of existing waters, appli-
cation of inverse modeling to assess the chemical evolution of waters during acidification and 
neutralization, forward modeling of the acidification and neutralization processes using coupled 
geochemical flow models, and a sensitivity analysis of the model. In addition, they presented the 
complete geochemical modeling and transport study in a single reference (Glynn and Brown 
1996) that was later revised and updated (Glynn and Brown 2012).

Glynn and Brown had access to a data set that was more comprehensive than what is typically 
available at mining sites. Their data set included the following:

Source: Glynn and Brown 1996, courtesy of U.S. Geological Survey

Figure 9.3  Location and generalized geology of the Pinal Creek basin study area
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·· Observation wells for piezometric measurements
·· Detailed groundwater chemistry data with adequate spatial and temporal data to ensure 
that the existing physical and chemical systems were adequately characterized

·· Detailed mineralogic analysis of aquifer materials, including detailed studies of the aqui-
fer alteration mineralogy

·· Results from column tests conducted on the aquifer material (Stollenwerk 1994), which 
allowed direct comparison against the model results

The geochemical model, however, was limited because it was difficult to develop a working 
MODFLOW-based groundwater flow model that adequately simulated the hydrologic transport 
in the system.

S P E C I AT I O N  R E S U LT S
The first modeling conducted was solution speciation modeling using PHREEQC for three dif-
ferent waters found along the Pinal Creek aquifer flow path. This modeling served to establish 
the thermodynamic state of water in the system. These waters were from three wells: Well 404, an 
upgradient, unimpacted well; Well 504, an acidifed well in the mining-impacted plume; and Well 
505, a well in the neutral plume downgradient of the site.

This speciation modeling found the following:
·· The upgradient water was a calcium-carbonate, neutral-pH water, at near saturation 
with calcite

·· The acidic plume was an iron-sulfate water, at gypsum and jarosite saturation
·· The downgradient neutralized plume was a mildly acidic to neutral calcium sulfate water, 
near gypsum saturation, and highly supersaturated with respect to kaolinite.

This speciation modeling and characterization of the system fundamentals laid the ground-
work for further evaluation of the chemical processes controlling groundwater quality.

I N V E R S E  M O D E L I N G
Inverse modeling was conducted to simulate the acidic groundwater interacting with the  
carbonate-bearing aquifer, followed by its neutralization. Well 402 water interacts with the pri-
marily clastic aquifer containing approximately 0.5% calcite. This modeling was conducted both 
with the codes NETPATH and PHREEQC. In this modeling, the mass of different minerals 
precipitating or dissolving was tracked to evaluate the processes that account for changes in 
groundwater chemistry. Multiple scenarios with different physical and mineralogical constraints 
on the system were conducted (see Table 5.6 from Glynn and Brown 1996). The choice of min-
eralogy and processes was based on the work of others characterizing the aquifer mineralogy 
(Ficklin et al. 1991) and evaluating the mobility of acidic solutions in the aquifer (Lind and Stol-
lenwerk 1994; Stollenwerk 1994). Glynn and Brown’s analysis was refined through six separate 
rounds of inverse modeling.

This iterative inverse modeling yielded the following conclusions:
1.	Gas exsolution and dissolution were critical in simulating the system in all scenarios, spe-

cifically CO2 exsolution.
2.	Mg and Ca silicate dissolution were identified to be significant processes in the evolution 

of Pinal Creek aquifer waters.
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3.	Oxidation of iron by manganese oxides was a likely mechanism for the lowering of iron 
concentrations and the increase in manganese concentrations.

4.	To account for the manganese mass balance, it was necessary to invoke the precipitation 
of a reduced, Mn2+, manganese phase.

5.	Several different combinations of mineral phases could explain the aluminum/silica/iron 
chemical evolution of the system.

This inverse modeling directed the geochemical and mineralogical constraints to be implemented 
in further, prospective reactive transport modeling, as shown in Table 9.1.

R E A C T I V E  T R A N S P O R T  M O D E L I N G
Reactive transport modeling was applied to evaluate the chemical evolution of the system. The 
modeling allowed Glynn and Brown to assess how different mineralogical and geochemical con-
straints affected the rate at which the acidic front advanced. Intrinsic to their analysis were some 
additional assumptions and understanding of the system based on findings from other studies in 
the Pinal Creek system, including those related to

Table 9.1  Summary of inverse modeling analyses for the Pinal Creek aquifer

Reaction or Addition*

Model 1 
Tremolite 

Non- 
Minimal 
Model

Model 2 
Tremolite

Model 3 
Tremo-
lite, No 
Calcite

Model 4 
Tremolite 
Electron 
Transfer

Model 5 
Tremolite 
AlOHSO4

Model 6 
Tremolite 
AlOHSO4 
Electron 
Transfer

Model 7 
Biotite

Well 504 MF 0.258 0.258 0.258 0.258 0.258 0.258 0.258

Well 504 MF minimum 0.258 0.258 0.258 0.258 0.258 0.258 0.258

Well 504 MF maximum 0.277 0.277 0.277 0.277 0.264 0.264 0.263

Dolomite + 0.398 2.191 0.290 2.291

Gypsum –

Goethite – –8.292 –8.292 –8.292 –8.291 –8.292 –8.292 –9.074

Calcite + 3.588 4.383 1.626 3.817 3.991

Anorthite + 2.512 2.202 2.691

AlOHSO4 – –0.423 –0.423

Gibbsite – –0.423 –0.423 –5.448 –4.827 –2.167

SiO2 – –3.649 –3.649 –5.803 –8.687 –3.165 –3.629

Rhodochrosite – –2.757 –2.757 –2.756 –2.769 –2.364 –3.253

MnO2 + 3.903 3.903 3.903 6.659 3.903 4.309 4.294

Mn(OH)3 – –5.512 –0.811

Tremolite + 0.500 0.500 0.142 0.580 0.440 0.498

Biotite + 0.521

K-montmorillonite – –1.796

Net protons consumed –0.279 –0.281 –0.272 –0.266 –0.271 –0.270 –0.298

Alkalinity change 
difference

0.214 
0.493

0.213 
0.494

0.213 
0.485

0.213 
0.479

0.213 
0.484

0.213 
0.483

0.190 
0.487

Courtesy of U.S. Geological Survey
*MF, mixing fraction; +, dissolution only; –, precipitation only
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·· The groundwater velocity field,
·· The amount of dilution and other transport processes, and
·· Additional detail on the composition of the aquifer material.

The reactive transport modeling was conducted in a one-dimensional fashion using 
PHREEQM and later PHREEQC, which had incorporated the necessary transport code rou-
tines. The mobility of the low-pH front in the aquifer was assessed by varying several specific 
variables to assess the sensitivity of the system. These included

·· The solid carbonate concentration;
·· Adding longitudinal dispersivity;
·· Including or excluding dolomite;
·· Including or excluding rhodochrosite precipitation;
·· Varying the possible aluminum phases to precipitate, including Al(OH)3, kaolinite, 
or AlOHSO4;

·· Varying partial CO2 pressures;
·· Including or excluding cation exchange;
·· Including or excluding surface-complexation-based sorption;
·· Including or excluding irreversible dissolution of Ca and Mg silicate minerals.

Reaction path modeling runs were conducted assuming a 5.6-km- (3.5-mi-) long column, 
divided into 10 cells. The average groundwater rate was assumed to be 5 m/d (16.4 ft/d).

The speed of the acidic front moving downstream was highly dependent on the amount of 
carbonate in the system (Figure 9.4). The modeling results showed that pH plateaus were com-
monly created due to the formation of mineralogical buffers. The pH was not expected to decrease 
monotonically through time.

In addition to the amount of calcite in the system, the speed of the acidic front was also sen-
sitive to the ratio of carbonate to the amount of MnO2 (CM ratio) in the system, with the plume 
moving faster when the CM ratio was lower. Also, the choice of Al-bearing phases in the system 
affected the results. Incorporation of AlOHSO4 instead of Al(OH)3 resulted in slower plume 
movement, consistent with the findings of other workers (e.g., Nicholson et al. 2003).

More extensive forward reactive transport modeling was done and the effects of redox and Al 
chemistry on solute transport tested in the most recent paper (Glynn and Brown 2012).

C O M PA R I S O N  T O  F I E L D  C O N D I T I O N S
The estimated retardation of the acidic plume (the rate of movement of the groundwater divided 
by the rate of movement of the acidic front) based on field observation ranged from 5 to 8.4. 
Model results ranged from 3.2 to 8.1, with a typical value of 4.7 for these simulations. The pH 
plateaus determined in the results of modeling studies were within the pH ranges observed in 
the field.

The results obtained by Glynn and Brown show that even with detailed system characteriza-
tion, there can be uncertainty in specific geochemical mechanisms that control the transport of 
aqueous species in an aquifer. However, they effectively simulated the behavior of the Pinal Creek 
plume within the constraints of the system. Their model can be used to constrain the expected 
behavior in the Pinal Creek aquifer and aide in management decisions for the site.
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L E S S O N S  L E A R N E D
The work of Glynn and Brown provides several specific insights into the process and applicability 
of geochemical modeling:

·· Simple to complex. By approaching the problem stepwise, from simpler mass balance 
and inverse modeling to more complex reactive transport modeling, they were able to 
identify system controls that would likely not have been identified had they gone directly 
to more complex modeling.

·· The importance of data. The authors based their modeling on both temporal field data 
(detailed mineralogical studies of the aquifer materials) and laboratory simulations of 
aquifer acidification and neutralization. This approach aided in constraining the model-
ing assumptions.

·· Mineralogy and thermodynamic data matter. Glynn and Brown found that the choice 
of minerals precipitating and the assumed solubility of those minerals strongly affected 
the rate of transport in the aquifer. Careful consideration of this factor is essential in envi-
ronmental systems because metastable minerals, with variable solubility due to poorly 
formed crystal structures, can dominate mine-water impacted systems.
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Courtesy of U.S. Geological Survey

Figure 9.4  Curves for pH breakthrough of four PHREEQC advection-reaction simulations that 
use the basic reaction model (see Glynn and Brown 1996, 2012) with amorphous Al(OH)3 as the 
Al-bearing phase allowed to precipitate. No dolomite was included. Initial calcite concentrations  
for each of the simulations shown: (a) 2.1 × 10–2 mol/kg H2O, (b) 3.0 × 10–2 mol/kg H2O, (c) 4.2 ×  
10–2 mol/kg H2O, and (d) 8.4 × 10–2 mol/kg H2O.
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Hydrologic Modeling

Walter Weinig

B L A C K F O O T  B R I D G E  I M PA C T 
A N A LY S I S
Song and Leone (2013) summarized a 
hydrologic modeling application to evaluate 
potential impacts to water quality from pro-
posed phosphate-mining activities in Idaho. 
The proposed mining project could affect 
surface-water and groundwater resources 
through release of metals and other constit-
uents into the environment. Results of the 
modeling study were used to support the 
environmental impact statement (EIS) for 
the proposed project and provided input to 
the mine design for permitting.

B A C K G R O U N D
The proposed mine consists of an open pit 
to be developed in three panels, plus aux-
iliary mine facilities. Mining activities are 
expected to occur over 17 years once devel-
opment begins.

The stratigraphic section in the proj-
ect area includes Quaternary-age alluvium, 
colluvium, and travertine deposits; Tertiary-age basalt flows, tuff, and rhyolite; and Mississip-
pian- to Triassic-age sedimentary deposits. The structural geology is complex. A major fault 
discharges deeply circulating groundwater to a series of springs and wetlands along the mountain 
front, affecting regional groundwater flow. A series of high-angle normal faults cut through two 
of the planned open pit panels. With one exception, displacement of bedding across the fault 
planes is minor.

Several streams and surface-water bodies occur within or near the project area. The major 
surface-water feature is the Blackfoot River, which flows along the northern property boundary 
(Figure 9.5). The Blackfoot River is designated as a Special Resource Water under State of Idaho 
water quality standards, recognized as needing protection to maintain outstanding characteristics 
and current beneficial uses.

M O D E L  C O D E  S E L E C T I O N  A N D  M O D E L  C O N S T R U C T I O N
A hydrologic model was developed using the variably saturated groundwater flow and solute 
transport code MODFLOW-SURFACT. MODFLOW-SURFACT uses a finite-difference 
discretization scheme to numerically solve complex flow and transport problems. The code was 

Application
·· Modeled water quality impacts for a proposed 

phosphate mine.
·· Evaluated different capping alternatives of 

overburden material.
·· Calibrated to regional groundwater elevation 

and surface water flows data.

Codes
·· MODFLOW-SURFACT

Processes
·· Unsaturated zone infiltration through cap
·· Groundwater–surface water interaction
·· Groundwater flow in a complex geo-

logic setting

Approach
·· Developed overarching conceptual site model.
·· Used unsaturated zone leaching model.
·· Calibrated to steady state and transient state.

Lessons Learned
·· Modeling facilitates alternative analyses.
·· Code selection is guided by conceptual 

site model.
·· Public domain code is allowed for transpar-

ency during permitting.
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selected because of its ability to simulate steep hydraulic gradients and cell rewetting, and for its 
advanced numerical capabilities with respect to solving the transport equations.

The model domain (Figure 9.5) covered an area of about 70 km2 (27 mi2). Boundaries of the 
model grid were set at a significant distance from the project area to minimize the influence of 
boundary conditions on simulation results in the area of interest.
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STATE LAND CREEKFISH
POND

WETLAND G

WETLAND C
MID
PIT

BLACKFOOT
RESERVOIR

NORTH
PIT

WETLAND N

WOODALL
SPRING

SOUTH
PIT

Blackfoot River

Source: Song and Leone 2013

Figure 9.5  Model domain and boundary conditions
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The finite-difference grid was divided into 204 columns, 400 rows, and 12 layers. Song and 
Leone (2013) indicate that horizontal grid spacing was variable based on the size of the area of 
interest, the total area of the model domain, and the degree of accuracy and precision needed. 
Model layers were designed to represent the significant hydrostratigraphic units identified in the 
conceptual site model and the development of the mine pits.

F L O W  M O D E L  C A L I B R AT I O N
According to Song and Leone (2013), the hydrologic model was initially calibrated to steady-
state conditions. Two different transient calibrations were then performed: one based on seasonal 
variations in recharge and a second based on the results of an aquifer test. After the transient cali-
brations were complete, the steady-state model was rerun to confirm that a single set of parameter 
values satisfied both the steady-state and transient targets.

G E O C H E M I C A L  S O U R C E  T E R M S
Results of site-specific geochemical characterization studies (Whetstone Associates 2010) were 
used to evaluate the geochemical characteristics and leaching behaviors of the overburden and 
ore that would be produced from the proposed mine. Selenium was selected as the constituent of 
concern for the site. Laboratory columns were prepared and leaching tests were conducted over 
several leaching cycles to obtain leachate concentrations for all potential source areas.

Results of the geochemical characterization indicated that the most significant potential 
source of selenium contributing to loading in groundwater would be leachate from unsaturated 
source areas (Song and Leone 2013). The actual amount of selenium potentially discharging to 
groundwater would also depend on the net percolation rate through different cover types applied 
over the source areas.

H Y D R O L O G I C  M O D E L  R E S U LT S
Song and Leone (2013) indicate that three development scenarios were evaluated using the 
hydrologic model: the Proposed Action, Alternative 1A, and Alternative 1B. Three types of cover 
systems were considered in the three scenarios: the Base Case, the Simple 1, and the Complex 2.

According to Song and Leone (2013), the Proposed Action scenario included a combination 
of the Base Case cover system and the Simple 1 cover system. Alternative 1A involved placing 
a combination of the Complex 2 cover system and the Simple 1 cover system over the various 
source areas. Alternative 1B replaced a portion of the Simple 1 cover from Alternative 1A with 
the Complex 2 cover system, resulting in the use of the Complex 2 cover system over nearly 90% 
of the source areas.

Simulation results for Alternative 1A as presented by Song and Leone (2013) are shown in 
Figures 9.6 and 9.7. Figure 9.6 presents the simulated maximum selenium plume in groundwater 
due to mining activities while Figure 9.7 shows the anticipated impact of selenium to surface 
water in the vicinity of the project. A sensitivity analysis was performed to evaluate uncertainties 
related to two key parameters: the hydraulic properties of one of the aquifers and the unsaturated 
and saturated source strengths.

L E S S O N S  L E A R N E D
Song and Leone (2013) summarized the results of a modeling study performed to support prepa-
ration of an EIS and mine design and permitting activities. The Song and Leone study illustrates 
some important aspects of the use of hydrologic models:
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·· Hydrologic modeling helps facilitate evaluation of alternatives. As Song and Leone 
(2013) point out, numerical modeling and quantitative analysis are necessary to facili-
tate mining activity evaluation and assess alternatives to mitigate potentially unacceptable 
impacts to water resources. The hydrologic model allowed assessment of several alterna-
tive scenarios using a common conceptual and numerical framework.

·· Model codes should be selected based on project-specific requirements. The computer 
code used in this study (MODFLOW-SURFACT) was selected after the conceptual site 
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Source: Song and Leone 2013

Figure 9.6  Simulated selenium extent in Alternative 1A
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model was developed and the critical requirements for output were defined. As illustrated 
in this handbook, a large number of codes and modeling approaches are available for any 
particular problem. Selection of an appropriate code should be based on project needs 
and available data.

·· Transparency is important. In the highly regulated environment typical of a proposed 
mining project, the modeling approach and underlying data should be transparent and 
available for review by all stakeholders. Use of a well-documented and widely available 
code helps facilitate review of model results and assessment of their validity for the prob-
lem at hand. Proprietary and undocumented codes should not be selected when detailed 
review by regulators or external stakeholders is expected.
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Figure 9.7  Simulated selenium impact to surface water
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Buckhorn Mine 
Groundwater Flow and 
Contaminant Transport 
Modeling

Ann Maest

B A C K G R O U N D
The Buckhorn mine is an underground gold 
mine in north-central Washington State, 
less than 16 km (10 mi) from the Canadian 
border (Figure 9.8). Mining began in Janu-
ary 2008. Gold ore is extracted using block 
caving methods, and all ore is trucked off-site 
for beneficiation and processing at the Kettle 
River mill and tailings facility, approximately 
80 km (50 mi) to the southeast. Waste rock 
is temporarily stored on-site and placed as 
cemented or uncemented backfill in the 
underground mine as mining progresses. 
The ore host and surrounding rocks are 
comprised of altered and unaltered andes-
ite and clastics (including volcaniclastics), 
skarns, marble, and unmineralized rhyolitic/ 
granodioritic dikes (Washington Depart-
ment of Ecology 2005). The two lobes of 
the mine are the shallower Southwest zone, 
where mining first began, and the deeper 
Gold Bowl zone to the northeast, which has a 
higher sulfide content. The ore is hosted primarily in garnet and magnetite skarns, and the most 
common sulfide mineral is pyrrhotite. The mine is located at the head of three drainages: Nich-
olson, Myers, and Marias Creeks. Most groundwater moves along faults. Dewatering wells and 
sumps are used to dewater the mine.

M O D E L  D E V E L O P M E N T  A N D  C A L I B R AT I O N
A transient FEFLOW model for the mine was developed by URS Corporation (2006) and was 
used in the Final Supplemental Environmental Impact Statement (Washington Department of 
Ecology 2006) to predict groundwater inflows to the mine and changes to groundwater elevations 
and streamflows as a result of mine operations. The model was updated by Golder Associates Inc. 
(2011) to include additional faults, dewatering wells, streamflow, groundwater elevation data, 
monitoring wells, and discharge locations (Golder Associates Inc. 2011). The FracMan code was 
used to help input the faults to the FEFLOW mesh and allow for easy manipulation of data and 
checking for consistency. The hydraulic conductivity (K) values used for the faults in the updated 

Application
·· Prediction of groundwater elevations during 

mine operations
·· Prediction of nitrate concentration trends in 

nearby stream

Codes
·· FEFLOW
·· FracMan

Processes
·· Effect of faults on groundwater flow directions 

and elevations
·· Effect of groundwater pumping on water table

Approach
·· Develop conceptual model of groundwater 

flow system.
·· Incorporate identified faults, measured 

groundwater elevations, and streamflow.
·· Calibrate to measured groundwater eleva-

tions, streamflow, and water quality tracer 
study results.

·· Use calibrated model to estimate size and 
extent of capture zone, effects of dewatering 
wells, and groundwater flow paths.

Lessons Learned
·· Faults control movement of groundwater and 

mine constituents.
·· Groundwater flow and contaminant transport 

modeling are highly uncertain in a fractured 
bedrock setting.
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model were based on older and more recent pump tests. Precipitation and recharge measurements 
were derived largely from the Republic meteorological station, which typically had approximately 
10 cm (4 in.) less precipitation than the Buckhorn mine station (available only from 2009–2010 
for the model). The timing of precipitation is also different at the Republic and Buckhorn stations 
because of the differences in elevation and location.

The updated model was calibrated to groundwater elevation data from six monitoring wells 
and base flows from 13 surface water monitoring stations using data from 2006 to 2010. The cali-
brated model was evaluated against data from 1990 to 2005. Modifications in structure and fault 
properties were made to the calibrated 2006 model to reach an acceptable match with measured 
adit flows and groundwater elevations in the updated model. The best matches with water eleva-
tions and streamflows were attained using a hydraulic conductivity value of 15.2 cm/d (0.5 ft/d) 
for all faults except NWF-2, which used a K value of 61 cm/d (2.0 ft/d).

M O D E L  R E S U LT S  A N D  C O M PA R I S O N  T O  O P E R AT I O N A L 
C O N D I T I O N S
The calibrated model results for two monitoring locations are compared to measured stream 
discharge and groundwater elevations in Figure 9.9. Although the model is a transient model, 
it does not adequately capture the peaks in stream discharge associated with snowmelt each 
spring. Groundwater elevations show more variability seasonally, but modeled peaks are not well 
matched with measured peak water levels. The relatively low K values assigned to the faults could 
help explain the discrepancies. Although the model used values of 15.2 and 61 cm/d (0.5 and 
2.0 ft/d) for the faults, another report estimated hydraulic conductivity of the North Lookout 
Fault (NLF) zone at 12.2–26 m/d (40–85 ft/d). Under snowmelt and groundwater recharge 
conditions experienced in May and early June 2011, the model was numerically unstable (Golder 
Associates Inc. 2011). During this snowmelt and snowmelt conditions in other years, water levels 
in the fractured bedrock rose by up to 61 m (200 ft), and the model could not converge. The 

Figure 9.8  Overview map of Buckhorn mine location
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model was used to estimate the shape and extent of the groundwater capture zone (Figure 9.10), 
but capture was not attained in spring 2011.

Concentrations of nitrate began to increase on the southwest side of the mine site in upper 
South Fork Bolster Creek in 2008. Nitrate concentrations can be elevated at mine sites from 
blasting agents used to extract the ore. Possible sources of high-nitrate water include mine water 
in the underground mine and infiltrated runoff from waste rock. The FEFLOW model added 
nitrate as a tracer at possible source locations to help understand the transport to South Fork 
Bolster Creek (SW-14). Measured and modeled nitrate concentrations at SW-14 are shown in 
Figures 9.11 and 9.12. The modeled concentrations were based on an assumption that the source 
is water stored in a large sump in the underground mine. The model predicted that nitrate con-
centrations would peak in early spring runoff from 2008 to 2011 but would decrease each year 
after 2009; in 2012, concentrations were predicted to return to approximate baseline conditions. 
Actual nitrate concentrations instead increased from 2008 through 2011 and have not returned 
to baseline values (~0.5 mg/L as N at this location).
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Figure 9.9  Measured and modeled (a) discharge at headwater monitoring location in South Fork 
Bolster Creek (SW-14) and (b) water levels in monitoring well MW-15 in the NLF-3 fault
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S U M M A R Y
The FEFLOW model for the Buckhorn mine is not able to simulate site conditions, including 
leakage of mine-related constituents to streams, discharge or groundwater elevations during 
snowmelt, or streamflows throughout the year. Fractured bedrock is difficult to model, and more 
work is needed to simulate actual site conditions.

Dewatering

Well/Piezometer and Drawdown (ft)

Seeps/Springs
Groundwater Contours (ft)
Zone boundary 
(Fault or Fracture System)

Andesite
Clastics
Marble
Skarn

LEGEND

Adapted from Golder Associates Inc. 2014

Figure 9.10  Map of modeled capture zone (black dash-dot line), monitoring wells and piezome-
ters, faults (thick lines), and groundwater elevations (dotted lines)
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Figure 9.11  Measured nitrate concentrations in South Fork Bolster Creek (SW-14), 2007–2013
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Figure 9.12  Modeled nitrate concentrations, as a fraction of mine water concentration, in South 
Fork Bolster Creek (SW-14)
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Uranium Processing 
Wastes and Groundwater 
Plumes: Three Field 
Studies

D. Kirk Nordstrom

Uranium wastes in the form of waste rock, 
tailings, and further processed wastes will 
oxidize and weather to form soluble uranium 
and other soluble contaminants. In a min-
eral deposit, uranium commonly occurs in a 
reduced form, U(IV), which is very insoluble. 
Upon oxidation to U(VI), it becomes quite 
soluble, especially when complexed with 
carbonate ions. Two recent reviews describe 
the occurrence and mineralogy of uranium, 
the mining and mineral processing, and the 
biogeochemical processes affecting mobility 
(Newsome et al. 2014; Campbell et al. 2015).

The three case studies described here 
involve reactive transport modeling from 
uranium wastes. The first is about the sulfuric 
acid leachate mobility at Riverton, Wyoming; 
the second is about uranium reactive trans-
port in the shallow aquifer of the Naturita 
waste site, Colorado; and the third is about 
reactive transport for bioremediation at the 
Rifle waste site, Colorado.

S T U D Y  I :  R I V E R T O N , 
W Y O M I N G
During the processing of uranium, sulfuric acid solutions are typically used to leach uranium 
from ore that has been finely ground in a mill. After the uranium has been extracted, some of that 
sulfuric acid becomes waste. The waste slurry containing fine sands was deposited in evaporation 
ponds without liners. At Riverton, Fremont County, Wyoming, about 1 billion kg of processed 
ore and spent leach solutions were deposited on Quaternary deposits that overlie coarse sand-
stones. Narasimhan et al. (1986) modeled the groundwater flow for this site with the TRUMP 
code and coupled it with the PHREEQE code to form the DYNAMIX code. Infiltration by both 
initial processing fluids and rainwater, saturated and unsaturated groundwater flow, and chemical 
reactions all had to be considered. The acid was neutralized by calcite occurring in the aquifer, 
promoting the precipitation of gypsum and aluminum and iron hydroxides (White et al. 1984). 
An estimated 1.7% of the process tailings water had mixed with the natural groundwater. It would 
appear that attenuation processes, such as precipitation and sorption, would be more important 

Uranium Study I: Riverton, Wyoming

Application
·· Modeled groundwater flow from a uranium- 

contaminated site
·· Incorporated dissolution and precipitation of 

major minerals (calcite, gypsum, gibbsite, ferric 
hydroxide)

Codes
·· TRUMP
·· PHREEQE
·· DYNAMIX

Processes
·· Calcite dissolution
·· Gypsum precipitation
·· Gibbsite precipitation
·· Ferric hydroxide precipitation
·· Groundwtater mixing
·· Acid neutralization
·· CO2 production

Approach
·· Finite difference method for groundwater flow
·· Considered advective and diffusive flow

Lessons Learned
·· Groundwater flow models can be effectively 

combined with geochemical models to char-
acterize rate and mechanism of contaminant 
transport from a uranium waste site.

·· Proportion of tailings water contaminating 
groundwater can be estimated.
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in controlling contaminant concentrations 
than dispersion, but the authors explicitly 
stated that they did not do any sensitivity or 
uncertainty analyses to determine that like-
lihood. They also did not attempt to predict 
future groundwater contamination scenarios 
because additional work would be required 
to confirm the relative importance of the 
various attenuation processes. In spite of this 
study’s shortcomings, it was a pioneering 
effort at the time and it demonstrated what 
reactive transport modeling was possible, 
how it could help with site characterization, 
and what the potential was for predicting 
plume migration.

S T U D Y  I I :  N AT U R I TA , 
C O L O R A D O
The former uranium and vanadium mill site 
near Naturita, Colorado, processed these ele-
ments from the 1930s until the mill was shut 
down in 1958, except for uranium concen-
trates that were produced but not processed at 
this site from 1961–1963. After salt roasting, 
both carbonate and sulfuric acid leaches were 
used for processing. Mill tailings and contam-
inated soils were removed. Groundwaters in a 
shallow alluvial aquifer became contaminated 
from leached uranium. The groundwater was 
modeled using MODFLOW, and nonreac-
tive transport was simulated with the code MT3DMS. Hydraulic conductivity was estimated 
using slug tests, isotopic age dating, and chloride transport. Investigations by Curtis et al. (2006) 
simulated U(VI) transport of the contaminated groundwaters using a surface complexation 
model (SCM) and the FITEQL code. Simulated KD (distribution coefficient) values using SCM 
varied strongly with highly variable uranium and alkalinity concentrations because of a variable 
recharge rate. Saturation indices indicated equilibrium solubility with respect to calcite and 
undersaturation with respect to oxidized uranium minerals, uraninite, and U3O8. Batch adsorp-
tion experiments with sediments from the site provided data of a general nature that were fit 
without reference to specific mineral surfaces and used postulated reaction stoichiometries based 
on typical secondary coatings of soils and sediments. The sorption model could account for ura-
nium attenuation without having detailed knowledge of the minerals and their surfaces.

S T U D Y  I I I :  R I F L E ,  C O L O R A D O
At several uranium-contaminated sites, usually mill tailings sites, reductive bioremediation has 
been examined as a possible strategy to immobilize groundwater uranium plumes. By promot-
ing metal-reducing bacteria with injections of soluble organics, such as acetate, soluble U(VI) 
would be reduced to insoluble U(IV). The creation of anoxic conditions would keep the uranium 

Uranium Study II: Naturita, Colorado

Application
·· Simulated uranium transport and sorption in 

groundwater with a semi-mechanistic method
·· Wide range of uranium and alkalinity 

concentrations

Codes
·· FITEQL
·· MODFLOW
·· MT3DMS

Processes
·· U(VI) adsorption
·· Calcite saturation

Approach
·· Used a surface complexation model (SCM) to 

simulate KD values

Lessons Learned
·· Sorption modeling can account for atten-

uation of U(VI) during groundwater flow 
with highly variable uranium and alkalinity 
concentrations.

·· There was improvement over just using a con-
stant KD without SCM.

·· Sensitivity of sorption is highly sensitive to 
recharge rate and to alkalinitiest.
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stabilized in a solid phase. Reduction might 
occur either directly by microbial enzymatic 
reactions or indirectly by reduction from 
other components such as Fe(II) produced 
by microbial iron reduction.

Near Rifle, Colorado, uranium mill tail-
ings (now removed) have leached into the 
groundwater table, raising uranium concen-
trations to 0.1–0.4 mg/L. The site is on a flood 
bank of the Colorado River with an uncon-
fined alluvial aquifer. Several bioremediation 
experiments have been studied from 2002 to 
2008. Installation of several wells with long-
term monitoring provided the hydrologic, 
chemical, mineralogical, and microbial data 
necessary to model the field site. The site was 
investigated not only with a series of repeated 
injections of organics, each succeeding exper-
iment improving over the previous, but also 
with the development of more complex 
models, including the evolution from one- 
dimensional (1-D) to three-dimensional 
(3-D) models (Fang et al. 2009; Yabusaki et al. 
2011). The primary result of several years of 
investigations was that microbial stimulation 
required larger quantities of organic carbon 
loading than anticipated. When iron reduc-
tion increases, dissolved uranium decreases, 
but when sulfate reduction begins, increases 
in U(VI) are seen because the organic is con-
sumed in this process and iron and uranium 
reduction decreases. Organic concentrations 
must be about triple than what is necessary to 
sustain sulfate reduction if iron and uranium reduction is to continue. Other results include the 
recognition of preferential flow paths that greatly affect the temporal and spatial rates of reductive 
processes as well as flow velocities and mineral dissolution and precipitation. Modeling at this 
site not only made it possible to interpret the results of complex hydrobiogeochemical processes, 
but it also provided much-needed guidance during the evolution of the field experiments over 
six-plus years.

Uranium Study III: Rifle, Colorado

Application
·· 3-D variably saturated flow coupled to biogeo-

chemical reactive transport

Codes
·· eSTOMP on a massively parallel computer

Processes
·· U(VI) adsorption/desorption
·· U(VI), Fe(III), and S(VI) reduction
·· Microbial growth
·· Mineral dissolution and precipitation 

(uraninite, siderite, calcite, So, FeS, Fe3O4, 
and FeOOH)

Approach
·· Used equilibrium constants from the Nuclear 

Energy Agency database (Grenthe et al. 1992).
·· Used rate constants from the literature.

Lessons Learned
·· Uranium reduction is promoted by enhance-

ment of anoxic microbial activity through 
organic carbon injections.

·· The amount of organic carbon needed to 
promote U(VI) reduction must substantially 
exceed that necessary to maintain sulfate 
reduction.

·· Modeling 3-D variable flow in a physically and 
chemically heterogeneous system is computa-
tionally demanding.
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Simulations of Reactive 
Transport Modeling in 
Surface Waters

D. Kirk Nordstrom

Runkel et al. (1996) developed a reactive 
transport model for trace metal contaminants 
in mountainous stream systems. The first code 
for this purpose was OTIS (One-Dimen-
sional Transport with Inflow and Storage; 
Runkel 1998). The code was coupled with the 
hydrochemical code, MINTEQA2 (Allison 
et al. 1991), and the resulting code became 
OTEQ (Runkel 2010), which can calculate 
reactive transport models. The OTEQ code 
has been used extensively for a large number 
of mountainous streams contaminated with 
acid mine drainage (AMD) for purposes of 
characterizing and remediating these con-
taminated surface waters (e.g., see those cited 
in Nordstrom 2011).

The four case studies depicted here 
describe simulations done with these codes in 
a testing capacity. The first case reports on a 
field study in which sulfuric acid was added 
to a stream containing AMD (the Snake 
River near Montezuma, Colorado), and 
downstream monitoring was done to com-
pare with simulations. The second explains 
simulations done for a pH neutralization 
field experiment. The third describes how a 
calibrated reactive transport model can be 
used to test the consequences of different 
remediation scenarios on downstream water 
chemistry. The fourth is a more severe test, called a postaudit, and involves simulating transport 
of several trace elements during pH neutralization without knowing the field results until after 
the simulation is completed. Initial calibration is done with field data and then the simulation is 
conducted blind except for knowledge of base injection. Reactive transport modeling for surface 
waters has the advantage of more direct access to the system under study than similar modeling 
for subsurface systems. Furthermore, some of the conclusions derived from surface-water reactive 
transport modeling should have implications for improved subsurface system modeling.

Simulation Study I: Decrease in pH,  
Snake River, Colorado

Application
·· Modeled changes in pH and Fe concentrations 

as a result of adding sulfuric acid to a mildly 
acidic stream.

·· Incorporated dissolution and precipitation of 
ferric hydroxide with mixing.

Codes
·· OTEQ (in an earlier form)
·· OTIS (in an earlier form)
·· MINTEQA2

Processes
·· Acidification
·· Ferric hydroxide dissolution
·· Iron photoreduction
·· Mixing

Approach
·· Constant tracer injection was used to define 

hydraulic properties.
·· Changes in pH and iron concentrations 

were measured.
·· Simulations were obtained with reactive 

transport model based on calibration to back-
ground conditions before adding acid.

Lessons Learned
·· Equilibrium-based reactive transport satisfac-

torily simulated the field results.
·· The ion activity product for Fe(OH)3 var-

ied little.
·· Iron solubility could be modeled, assuming 

equilibria for moderately acid conditions.
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S T U D Y  I :  S N A K E  R I V E R , 
C O L O R A D O
For 3 hours, a constant injection of sulfuric 
acid was added to the Snake River, a naturally 
acidic stream in Colorado (McKnight and 
Bencala 1989). A lithium chloride solution 
was also injected for 6 hours as a conser-
vative tracer to determine discharge and 
other hydraulic transport parameters. The 
pH decreased from 4.2 to 3.2 at the first of 
five sampling stations downstream from the 
injection point over a total distance of 2.8 km 
(1.7 mi). Flows are typically 0.1–0.5 m3/s. 
The decrease in pH caused an increase in 
iron concentrations to a constant level that 
could be modeled with a solubility product 
constant of Fe(OH)3 of pKsp = 40.2–40.8. 
Variations in Fe concentration were caused 
by dissolution of freshly precipitated fer-
ric hydroxide and photoreduction. Only Fe 
concentrations and pH varied significantly 
during the acidification experiment. An  
equilibrium-based reactive transport model 
was applied to the data and was found to 
satisfactorily simulate the iron dissolution 
process and pH changes (Runkel et al. 1996). 
Most other solutes were found to behave con-
servatively as would be expected for an acid 
water. This was the first successful application 
of a surface-water model for AMD incorpo-
rated into a code (that became OTEQ) and 
an important step forward in reactive trans-
port modeling of contaminated streams.

S T U D Y  I I :  S T.  K E V I N  G U L C H , 
C O L O R A D O
A 500-m (1,640-ft) reach of AMD in St. Kevin Gulch, Colorado, was used for a field experi-
ment on neutralization (Broshears et al. 1996). The results were exploited to test the simulation 
capability of a reactive transport model. Prior to the pH modification experiment, a LiCl tracer 
constant-injection study obtained discharges and other hydraulic parameters. Constant injection 
of a concentrated NaHCO3 solution occurred over a 5.6-hour period in two steps, and water sam-
pling was collected from just upstream of the injection point and four stations downstream. The 
pH increased from 3.5 to 4.2 in the first step and to 5.8 in the second step at the first downstream 
station (24 m [79 ft] downstream from the injection). However, at the most downstream station 
(498 m [1,634 ft] from injection), the pH only increased to 4.5.

The interpretation of the results was that the oxidation of ferrous iron was slow compared to 
the water transport rate and could not be modeled by instantaneous oxidation and equilibrium 

Simulation Study II: Increase in pH,  
St. Kevin Gulch, Colorado

Application
·· Modeled changes in pH, Fe, and Al concentra-

tions after adding NaHCO3 to an acidic stream.
·· Incorporated oxidation, hydrolysis, and precip-

itation of ferric hydroxide with mixing.

Codes
·· OTEQ (in an earlier form)
·· OTIS (in an earlier form)
·· MINTEQA2

Processes
·· Neutralization and mixing
·· Ferric hydroxide precipitation
·· Fe photoreduction
·· Al precipitation
·· Mixing

Approach
·· Constant tracer injection with sodium was 

used to define hydraulic parameters.
·· Changes in pH, Fe, and Al concentrations 

were measured.
·· Simulations were obtained with reactive 

transport model.

Lessons Learned
·· Equilibrium-based reactive transport was 

unsatisfactory.
·· Kinetic constraints delayed oxidation and 

precipitation of Fe.
·· Dissolved Al was affected by streambed 

interactions.
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precipitation. Slow ferrous iron oxidation results in higher pH and Fe concentrations than 
simulated for the sites nearer the injection point. Further downstream, the effects of slow iron 
oxidation are less pronounced, and modeled and measured pH and Fe gradually converge 
(Figure 9.13). Determinations of dissolved ferrous and ferric concentrations were not made in 
this study, so they were estimated based on improved fits between simulations and measurements 
for both Fe concentrations and pH. These reactive processes were further complicated by rates of 
photoreduction, sorption reactions, and precipitate dissolution (when neutralization stopped). 
Aluminum gave better results in the simulation than Fe and pH. The measurements showed 
that the main mismatch occurred when neutralization stopped and aluminum concentrations 
rebounded when there was an initial spike in Al. Freshly precipitated Al redissolved when the pH 
decreased to give this spike (Figure 9.13). For this study, equilibrium-based modeling gave poor 
comparisons between simulation and measurement, and the processes whose rates were needed 
to improve the simulations were identified and discussed.

S T U D Y  I I I :  U S I N G  A  R E A C T I V E  T R A N S P O R T  M O D E L  T O 
E VA L U AT E  R E M E D I A L  A LT E R N AT I V E S
If a catchment or drainage basin containing several inputs of acid mine drainage (portal effluent, 
tailings and waste rock seeps, open pit drainage) can be synoptically sampled for contaminants 
with a constant injection of a tracer for more reliable discharge estimates, then it is possible to 
calibrate a reactive transport model and then simulate conditions under different remediation 
scenarios to estimate changes in the resultant water chemistry. In other words, the consequences 
of different combinations of remedial alternatives can be simulated to see what has the greatest 
effect on improving water quality before making the final management decisions. Sometimes a 
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Figure 9.13  Measurements of pH, and dissolved Al and Fe concentrations during a pH neutral-
ization experiment

Copyright © 2017 Society for Mining, Metallurgy & Exploration Inc. All rights reserved.



124	 GEOCHEMICAL MODELING FOR MINE SITE CHARACTERIZATION AND REMEDIATION

combination of remedial actions and natural 
attenuation can have the most cost-effective 
solution for remediation. Such an application 
has been done with successful results for the 
Summitville Superfund mine site in Col-
orado (Ball et al. 2004). The first report on 
this approach was from Runkel and Kimball 
(2002) for Mineral Creek, San Juan Moun-
tains, Colorado. Mineral Creek is a 15-km 
(9.3-mi) tributary of the Animas River (where 
an accidental mine water release contami-
nated surface-water supplies in four states 
in early August of 2015). The OTEQ code 
was used for simulating baseline steady-state 
conditions, and inputs included streamflow 
from tracer dilution, synoptic sampling for 
downstream chemistry, inflow chemistry 
and discharge of tributaries and seeps, and 
mass action expressions for dissolution/ 
precipitation reactions, sorption reactions, 
and complexation reactions.

The dominant features of the down-
stream chemical profiles were reproduced 
along a 3.5-km (2.2-mi) reach in which the 
main processes were precipitation of Fe(III) 
and Al hydroxides and sorption of Cu, As, 
and Pb onto freshly precipitating Fe(III) 
hydroxides (using the surface complexation 
model and database of Dzombak and Morel 
1990). Additional simulations were then run 
under two different remediation scenarios. 
Both simulations dosed a small acidic stream 
of pH 2.4 with CaCO3 to a pH of ~7. In the 
first simulation, the treatment system was closed so that Fe(II) was not oxidized, and in the sec-
ond simulation, the treatment system was open such that the Fe was oxidized to Fe(III). Both 
scenarios increased stream pH and substantially reduced total and dissolved concentrations of Al, 
As, Cu, and Fe by the end of the study reach. Dissolved concentrations of Pb were reduced much 
more under the second Fe-oxidized scenario and Zn, Ni, and Cd were affected very little.

Although this study shows that this reactive transport model is a promising tool, several 
limitations were discussed. The importance of highly reliable streamflow, inflow chemistry, and 
in-stream water chemistry was stressed. Collecting this data requires considerable investment in 
personnel, equipment, and water analyses. If the data are compromised, the uncertainty can esca-
late substantially and may not be meaningful for treatment design. Mass balances can be further 
compromised if base flows add sizable contributions to the loading and these cannot be measured. 
Seasonal and climatic variations in flows will change the mass balances, and repeating the synoptic 
sampling with tracer injection is required to determine the range of conditions for highly vari-
able flows. Finally, error propagation from analytics, streamflow parameters, and thermodynamic 

Simulation Study III: Evaluating Remedial 
Options for Mineral Creek, San Juan 

Mountains, Colorado

Application
·· Modeled changes in pH and metal concentra-

tions after two hypothetical remedial options.
·· Incorporated oxidation, hydrolysis, and precip-

itation of ferric hydroxide with mixing.

Code
·· OTEQ

Processes
·· Neutralization and mixing
·· Ferric hydroxide precipitation
·· Al precipitation
·· Trace metal sorption (Cu, Pb, Zn, Cd, As, Ni)
·· Mixing

Approach
·· Constant tracer injection with synop-

tic sampling
·· Simulations obtained with reactive transport 

model by adding CaCO3 under two treatment 
conditions: (1) Fe(II) kept reduced and (2) 
Fe(II) oxidized during treatment

Lessons Learned
·· Calibration to current conditions was 

successful.
·· The cost and time necessary to complete the 

study for complex terrains can be substantial.
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data need to be demonstrated to add confi-
dence in the results, and sensitivity analysis 
would be useful for identifying the most crit-
ical parameters as accurately as possible. An 
examination of errors for the trace metal 
loading of Peru Creek, Colorado, using the 
same tracer injection with replicate synop-
tic sampling was provided by Runkel et al. 
(2013). The lower error of tracer dilution to 
estimate discharges compared to standard 
acoustic Doppler measurements was demon-
strated, although it must be noted that tracer 
dilution does not work for a losing stream. 
Otherwise, replication gave considerable 
confidence to the reactive transport model-
ing because other sources of error were within 
reasonable bounds. This modeling has proven 
useful for systems of complex hydrology and 
geochemistry in mountainous terrains.

S T U D Y  I V :  A  M O D E L 
P O S TA U D I T — B L I N D 
S I M U L AT I O N  O F 
N E U T R A L I Z AT I O N
A postaudit study for reactive transport 
modeling on a 2-km (1.2-mi) acidic reach of 
Mineral Creek, Colorado (pH = 3.1 to 4.8), 
provided an opportunity to predict how well 
a model could simulate the effects of acid 
neutralization (Runkel et al. 2012). After ini-
tial calibration using OTEQ under low-flow 
steady-state conditions, a simulation was run 
with the only known variables from the base 
neutralization study, which were changes 
in streamflow and the pH and alkalinity at 
injection (after mixing). Simulations with MINTEQ were run to develop revised concentrations 
for dissolved inorganic carbon, total hydrogen ion, and Fe(II) and Fe(III) concentrations at the 
upstream boundary condition. Precipitation reactions were limited to ferrihydrite and gibbsite. 
Gas exchange was not considered; equilibrium with atmospheric CO2 was assumed throughout. 
Two different sets of surface complexation constants were considered. Also, when precipitates 
formed, they could remain in the water column or they could partially settle out. This possible 
range was considered.

The results from the postaudit were presented in terms of percent relative error (measured 
concentration, minus simulated concentration, times 100, divided by measured concentration). 
A second metric was used to determine how well the simulation predicted attainment of water 
quality standards. In general, the predictions agreed well for the most downstream compliance 
point. Predictions for Al, As, Fe, H+, and Pb were better than those for Zn, Cd, Cu, and Mn. 

Simulation Study IV: A Model Postaudit,  
Mineral Creek, San Juan Mountains,  

Colorado

Application
·· Predicted changes in pH and metal concentra-

tions during base addition to an acid drainage 
with minimal input data and compared to 
measured values.

·· Based solely on pre-neutralization conditions 
and initial base addition.

Code
·· OTEQ
·· MINTEQ

Processes
·· Neutralization and mixing
·· Ferric hydroxide precipitation
·· Al precipitation
·· Trace metal sorption (Cu, Pb, Zn, Cd, As, Mn)
·· Mixing

Approach
·· Constant tracer injection with synoptic sam-

pling calibration for pre-remediation
·· Given initial condition for base addition

Lessons Learned
·· Prediction was generally favorable and useful 

for regulatory purposes.
·· A major source of error was estimating the 

mass of fresh precipitate to sorb trace metals.
·· Another source of error was the surface com-

plexation constant for sorption of As.
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Because of the difficulty in estimating the mass (and surface area) of precipitated Fe, there tended 
to be an underestimation of sorbed Zn, Cd, Cu, and Pb. Sorption of As was overestimated and 
likely is related to the surface complexation constant.
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Recap: What Models Can and Cannot Do

D. Kirk Nordstrom

This appendix is a modified and expanded version of “Recommended Guidelines on the Use of 
Models” from Nordstrom (2012).

1.	A conceptual model is critical to the success or failure of any geochemical modeling. 
How we conceive of a site and what data we collect to improve our conception of a site is 
more important than any other modeling we do.

2.	Modeling cannot give an exact answer, only an approximation. Modeling is often, but 
not always, performed with mathematics. Mathematics gives exact answers to idealistic 
and simplistic questions. Pure mathematics can give a unique answer to a question, but it 
is not science and it is not realistic. Modeling, when carefully utilized, can constrain the 
possibilities and even approximate the probabilities, but uniqueness is not a modeling 
characteristic unless the problem is simple, and then modeling may not be needed.

3.	Modeling can never substitute for reliable and relevant field data. All modeling, 
when applied to a specific site, depends on the quality of site characterization. The more 
sophisticated and extensive the modeling and the greater the paucity of the field data, the 
greater the likelihood the model is not adequately constrained. With little field data, it 
becomes easier to model geochemical processes so that any desired result can be produced.  
Corollary: The more high-quality field data that are acquired, the more constraints avail-
able for modeling and the fewer assumptions needed. Ask yourself whether the field 
observations and data drive the modeling or vice versa. Model output, as always, is directly 
dependent on the data and assumptions that go into the model. Collecting too much field 
data is also possible, and the model should be checked for the most sensitive parameters 
and only data that will most constrain the likely models should be collected.

4.	The largest weaknesses of any model computation are the quality of the input data 
and the adequacy of the assumptions (implicit and explicit). There are generally two 
explicit parts to the input data: the field data and the thermodynamic and/or kinetic data-
bases. Both are common sources of error that get propagated in model computations. 
Field data are most commonly collected by low-salaried workers who often do not know 
or appreciate the implications of mistakes or errors in field measurements and are not 
motivated to record problems or errors with field work. There are dozens of possible 
databases that could be used for thermodynamic data. Many of them contain internal 
inconsistencies that may or may not propagate serious errors in the output. If preferred 
databases are not being used, it would be prudent to test the database by comparing the 
results when the database is revised to one of the preferred databases.

Assumptions used in a model computation should always be clearly stated. Some 
assumptions are often not articulated because they are considered to be well established 
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or widely known. An example would be the assumption of rapid equilibrium for aque-
ous solution-phase speciation. Chemical measurements on solution reaction equilibria 
have established this assumption as true for 99% of reactions occurring in natural waters. 
There are a few that do not, but these are rare and unusual situations, mostly having to 
do with the formation of complex or polymeric species whose equilibrium constants are 
questionably reversible. Solubility equilibria, however, typically are not attained quickly 
and depend on the rate of reaction relative to the flow rate of the water. Hence, solubility 
equilibrium is more likely to be reached in aquifers with slow velocities rather than in 
surface waters.

5.	Model computations are not unique. The fewer the constraints, the wider the range of 
possible computational results. Anyone who claims that his or her results are unique is not 
being honest. The best that one can hope for is to have enough constraints to narrow the 
possible results to the one (or more) outcome that is the most likely.

6.	Model and code reliability can be tested in some limited ways. Independent evaluation 
of the reliability of the model computation gives the user or interpreter more confidence 
in the computational output. There is some analogy here to validation of water analyses 
by quality assurance/quality control protocols. One example is given previously where 
the effect of changing the database can be considered to determine what the effect is on 
the output. Another example is to perform a computation on a water analysis that has 
undergone a round-robin speciation computation by several codes, as in Nordstrom et 
al. (1979). This exercise would take only a few minutes for any modeler, but it would be 
revealing if the results were not reasonably consistent. Other examples and test cases can 
be found in Ball and Nordstrom (1991), Parkhurst and Appelo (1999), Parkhurst (1997), 
Zhu and Anderson (2002), and Nordstrom and Campbell (2014). Ultimately, we are 
looking for an independent measure of the system performance. The only other reliable 
measure that works is “expert opinion.” That is why careful and thorough independent 
review is essential.

7.	The main conclusion or argument based on model computation should be reproduc-
ible in a simpler manner by hand calculation. Results from model computations should 
be reproducible, in a simpler way, such as through a back-of-the-envelope calculation. If 
a modeler cannot evaluate a computation or argument based on computations by a hand 
calculation or a spreadsheet computation and get the same basic results, then there must 
be something wrong (with either the computation or the hand calculation).

8.	Model computations must be explicable to non-modelers. If the results cannot be clearly 
explained to non-modelers who are familiar with the basic physical and chemical princi-
ples involved, then it raises the question whether the modeler really understands them.

9.	No matter how much data are acquired, no matter how sophisticated the modeling, 
there are always factors one cannot know that limit our ability to predict the future. 
Our ability to predict and control the world around us is inherently limited. Uncertainty 
stems from chaotic sources that are both natural and human derived. The environment 
is much richer in complexity and uncertainty than any of our models can accommodate.

10.	The more sophisticated the modeling, the less we know about how well the model 
performs or how it works (the “complexity paradox”). Oreskes (2000a) has an excellent 
description of this problem: “The closer a model comes to a full representation of a com-
plex earth system, the harder it is to evaluate it. There is a trade-off between representation 
and refutability.”
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11.	Is it necessary to predict? An important question that is rarely asked: What did we do 
before modeling? We made measurements and did calculations to estimate the nature of 
the system under investigation—it was similar, but we did not call it modeling. Oreskes 
(2000b) points out that, historically, earth scientists did not usually make predictions. 
Instead, they studied the earth by studying current processes and looking at the rock 
record. Further, model evaluation should focus as much on the input data as on the 
output and how the output compares to independent observational data. Indeed, some 
predictions are meaningless and unnecessary to achieve a particular regulatory goal.

12.	Transparency is essential. Proprietary codes have no place in a regulatory arena. An inde-
pendent programmer and modeler must have access to the code to determine if it really 
does what is claimed by its sponsor.

13.	Develop a model evaluation plan. Have a set of criteria and a plan for how to evaluate 
computational results from a given code. Propagate errors and uncertainties where possi-
ble. A sensitivity analysis can help determine what factors, variables, or parameters have 
the greatest influence on the results. An uncertainty analysis can determine what are the 
most important sources of uncertainty and whether they can be estimated or not.

14.	Choose a code that has been tested and is appropriate for the particular objec-
tives required. There are numerous geochemical codes, and one should consider using 
a code that is well suited and adequately tested for the particular site conditions under 
investigation.

15.	Remedial alternatives can be evaluated more quantitatively through the use of codes 
that can simulate the consequences (simulation scenarios) of different potential 
options. Once a contaminant site has been adequately characterized, simulation scenarios 
can be compared for a variety of remedial options to optimize the remediation in terms of 
the most cost-effective approach.
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Fifteen-Year Retrospection on Glynn  
and Brown (1996)

D. Kirk Nordstrom

The series of papers by Pierre Glynn and/or Jim Brown on the Pinal Creek, Globe–Miami, site in 
Arizona provides the most extensive and comprehensive application of geochemical models to a 
mine waste site that the authors of this handbook are aware of. The last paper Glynn and Brown 
published regarding this site (Glynn and Brown 2012) includes the following 15-year retrospec-
tion by senior author Glynn with some general thoughts on how best to model contaminated 
mine sites that require hydrogeological as well as geochemical interpretations.

THE SENIOR AUTHOR’S 15-YEAR PERSPECTIVE ON THE GLYNN  
AND BROWN (1996) PAPER
The geochemical modeling conducted by Glynn and Brown (1996), while confirming 
and refining knowledge about chemical reactions in the Pinal Creek groundwater sys-
tem, also highlighted significant knowledge gaps. The Glynn and Brown (1996) study 
provided a basis for further groundwater geochemical investigations at the Pinal Creek 
site, including several reactive transport modeling studies. For example, Brown et al. 
(1998) modified and refined the simulation of groundwater evolution presented in 
Brown (1996) for 1-D flow (with lateral dilutions as needed) from Well 51 to Well 701 
from 1984 to 1994. Some of the reactions were changed in the modified model as well 
as the spatial distribution of those reactions. For example, rhodochrosite was allowed 
to precipitate and CO2 was allowed to equilibrate with a pCO2 of 10–1.33 (typical of the 
unsaturated zone) in the “neutralized” zone downgradient from Well 503. Sensitivity 
analyses examined, for example, surface complexation and sorption of metals on iron 
oxyhydroxide. Sorption was relatively less important than initially considered by the 
authors in controlling pH and dissolved metal concentrations relative to other processes 
(such as redox processes, carbonate dissolution, and dilution). Longitudinal hydrody-
namic dispersion was found to be relatively unimportant (a beta version of PHREEQC 
v.2 was used). Generally, good fits were obtained for the simulation of heavy metals 
such as Cu, Zn, and Ni. However, the simulation of pH and dissolved Fe and Mn still 
proved problematic, and a simulation of the carbonate and redox reaction kinetics was 
still needed.

Brown et al. (2000), again improving on Brown (1996), found that HYDROGEO-
CHEM and PHREEQC simulations of the Stollenwerk (1994) column experiments 
provided similar numerical results, but once again, required accounting for reaction 
kinetics, if the experimental results were to be matched by the numerical simulations. In 
the absence of adequate knowledge of reaction rates, the observed experimental results 
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could also have been matched by fitting irreversible mass transfers of water and reactants 
in PHREEQC. A common result of the Brown et al. (2000, 1998) studies was that the 
numerical simulation results were reasonable only if the number of adsorption sites was 
reduced to 5% of the initial value considered by Stollenwerk (1994). Stollenwerk sim-
ulated, through the use of the geochemical code MINTEQA2, the neutralization and 
later rinse-out of Pinal Creek acidic groundwater that he observed in a column experi-
ment. Because MINTEQA2 was not a reactive transport code, Stollenwerk used a series 
of “batch” calculations to simulate transport, and explicitly defined the aqueous and 
solid-phase chemical inputs for each cell at each time step. As mentioned in Brown et 
al. (2000), “Although output from one time step provided much of the input for the 
next time step, the aqueous and solid-phase concentrations of selected constituents were 
manually adjusted to fit measured concentrations in column outflow and measured 
changes in column mineralogy.”

To improve the characterisation of calcite, dolomite, and pyrolusite (MnO2) dis-
solution rates at the Pinal Creek site, Brown and Glynn (2003) conducted in situ field 
experiments that suspended well-characterized commercially obtained mineral sam-
ples in acidic waters at the Pinal Creek site (Wells 101 and 301) for various lengths 
of time (from 96 to 595 days) starting in April 1998. In situ dissolution rates for cal-
cite and dolomite were determined, and found to be about three orders of magnitude 
slower than rates determined by Plummer et al. (1978) and Busenberg and Plummer 
(1982) in laboratory experiments. Interestingly, Brown and Glynn (2003) found that 
the incorporation of the in situ rates, or alternatively, the faster laboratory-determined 
rates, in PHREEQC v.2 (Parkhurst and Appelo 1999) reactive transport simulations 
did not result in better fits of Stollenwerk’s column experiments. Instead, an equilibrium 
model adequately simulated carbonate dissolution at the shorter and faster (relative to 
the field situation) spatial and temporal scales of the column experiment. More surpris-
ingly, Brown and Glynn (2003) observed growth in the mass of the pyrolusite material 
placed in the in situ experiments, despite thermodynamic conditions that, in theory, 
favored pyrolusite dissolution. They postulated that this result could be related to the 
result of Villinski et al. (2001), who found that the dissolution of MnO2 under similar 
conditions in a laboratory flow-through cell resulted in the precipitation of a mixed 
oxidation Mn-Fe phase with the structure of jacobsite (MnFe2O4). Brown and Glynn 
(2003) then used the rate equations developed by Postma and Appelo (2000) for the 
reductive dissolution of birnessite (MnO2) by dissolved Fe(II) to better fit the distribu-
tion and evolution of dissolved Mn and Fe concentrations in the transition zone and in 
the acidic part of the plume (at well 402) from 1984 through 1992. Although the rate 
constant used in their PHREEQC v.2 simulations was about 3 to 4 orders of magnitude 
smaller than the range of values used by Postma and Appelo (2000) in their column 
experiments, Brown and Glynn (2003) did obtain a better fit of the observed Fe, and 
especially, the observed Mn concentrations in the transition zone. Their simulated pH 
values, however, remained about 1 pH unit higher than the observed values.

The field, laboratory and numerical modeling investigations of the Pinal Creek 
basin provide several lessons that may be useful to other investigations of complex, 
highly dynamic, systems with a relative paucity of information (and limited funding to 
obtain information):

1.	Constructing, analyzing and interpreting numerical models, regardless of the 
type of model (hydrologic vs. geochemical; inverse vs. forward), forces the mod-
eler(s), and hopefully the user (s) of the models, to reexamine and revise their 
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conceptual model and perceptions of the available information. The modeling 
process forces the modelers and users to assemble, structure, transform, and 
assess a wide variety of information.

2.	No model is ever final. As numerical modeling leads to greater understanding of 
a system, it invariably illuminates knowledge gaps and the need for more infor-
mation. Frequent iteration is needed among field observation, field experiments, 
laboratory experiments, and the periodic assembly and interpretation of the 
available information through numerical modeling.

3.	The combination of inverse modeling (including inverse geochemical model-
ing) and forward or “predictive” modeling is particularly powerful in helping 
assess available information. Inverse modeling forces the modeler to use basic 
principles (such as conservation of mass and energy) to interpret the available 
observations in terms of properties of the system (e.g., geochemical mass trans-
fers, possible reactions, other intrinsic system properties). Forward, or predictive 
modeling, forces the modeler to test available information by “extrapolating” 
forward through time, space or other informational dimensions by using the 
modeler’s preconceptions of system behavior. In the case of the Pinal Creek 
system, inverse modeling helped Glynn and Brown (1996) identify sets of reac-
tions that could explain the observed geochemical evolution of groundwaters, 
and helped identify field and laboratory observations/experiments that might 
improve characterization and quantification of active geochemical processes. 
Sensitivity analyses conducted through “forward” reactive transport modeling 
identified which minerals and reaction processes, given knowledge of reaction 
thermodynamics and stoichiometries, provided reasonable rates of migration of 
chemical fronts and a reasonable distribution of solution properties (such as pH 
and Fe and Mn concentrations) in space and time. More importantly, the geo-
chemical modeling at the Pinal Creek site helped identify which reactions and 
processes were unreasonable.

4.	Determining what is unreasonable is generally dependent on limited information 
and observations (through time, space and process domains) and on an interpre-
tation of that limited information. In complex, highly dynamic, systems with 
limited regularity or steadiness of observations, such as the Pinal Creek ground-
water system, the problem of eliminating unreasonable processes is exacerbated: 
what might seem reasonable, or unreasonable, given available information at 
some point in time and space could change. 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, match-
ing, and predicting specific system behavior. Curve and point-by-point matching 
of numerical simulations to the observed chemical evolution at the Pinal Creek 
site, or laboratory columns, was generally difficult and provided limited, albeit 
useful, returns on expended effort. Inverse modeling and sensitivity analyses 
of general system behavior, however, through relatively unconstrained reactive 
transport simulations, provided substantial insights on knowledge gaps and 
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information needs that could improve understanding of the complex, highly 
dynamic processes at the site. These modeling efforts should have been con-
ducted much earlier in the life of the Pinal Creek project investigations.

6.	Finally, the Pinal Creek project taught us the value of spatial and temporal obser-
vations. 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 resolution in both time and 
space. Considering a greater variety of geochemical/hydrological information 
than might initially be considered in setting up a monitoring program is useful 
and can sometimes help compensate for a lack of spatial/temporal monitor-
ing: different geochemical or hydrological measurements often reflect different 
degrees of spatial integration and temporal evolution.
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