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FOREWORD

When performing exposure assessments using predictive methods, assessors
frequently ask the following questioné: "How do I select the best fate model to
usé iﬁ my assessment,” "How can I tell if the model someone else used in their
assessment is appropriate,” and "What are the strengths and weaknesses of these
models?" This document is a first step in addressing these questions.

One of the functions of the Exposure Assessment Group is to develop
guidelines for exposure assessments. On September 24, 1986, the U.S.
Environmental Protection Agency published Guidelines for Estimating Exposures.
During the development of the guidelines and subsequent review and comment, four
areas were identified that required further research. One of these areas was
selection criteria for mathematical models. This document, which is the second
selection criteria document in the series, deals with ground-water models. The
first dealt with surface water models. Similar documents will follow dealing
with air models, and int he future, other types of models.

This document is designed to help the exposure assessor evaluate the
appropriateness of models for various situations. The report defines the terms
and discusses the general approaches that modelers take to a problem so that
exposure assessors may more readily evaluate the appropriateness of both new and
existing models. In addition, step-by-step criteria are provided to enable the

“assessor to answer the questions posed above.

Michaet A. Callahan
Director .
Exposure Assessment Group
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PREFACE

The Exposure Assessment Group of the Office of Health and Environmental
Assessment (OHEA) is preparing several documents addressing selection criteria
for mathematical models used in exposure assessments. These documents wil}
serve as technical support documents for the Guidelines for Estimating
Exposures, one of five risk assessment guidelines published by the U.S.
Environmental Protection Agency in 1986.

The purpose of this document is to present criteria which provide a means
for selecting the most appropriate mathematical model(s) for conducting an
exposure assessment related to ground-water contamination.

The literature search to support the models discussed in this report is

current to September 1986.
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ABSTRACT

Prior to the issuance of the Guidelines for Estimating Exposures in 1986,
.the U.S. Environmental Protection Agency (EPA) published proposed guidelines in
the Federal Register for public review and comment. The purpose of the
guidelines is to provide a general approach and framework for carrying out human
and nonhuman exposure assessments for specific pollutants. As a result of the
review process, four areas were identified that required further research, One
of these was the area of selection criteria for mathematical models used in
exposure assessments.

The purpose of this document is to present criteria which provide a means
for selecting the most appropriate mathematical model(s) for conducting an
exposure‘assessment related to ground-water contamination.

General guidelines and principles for model selection criteria are
presented followed by a step-by-step approach to identifying the appropr{ate
model{s) for use in a specific application. Several of the currently-available
models are grouped into categories and a framework is provided for selecting the
appropriate model(s) based on the response to the technical criteria. Brief
summaries of all the currently available models discussed in this report are
contained in the appendix.

Two site-specific example problems are provided to demonstrate the
procedure for selecting the appropriate mathematical model for a particular

application.
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1. EXECUTI. . SUMMARY

1.1. INTRODUCTION

This document presents a set of criteria which provide a means of selecting
the most appropriate mathematical model for conducting an exposure assessment
related to ground-water contamination. These criteria were developed in
recognition of the growing use of exposure assessments across the U.S,
Environmental Protection Agency’s regulatory programs. Use of the criteria will
expedite the regulatory process by eliminating the use of unacceptable or
inappropriate models. . Their use will also improve the quality of data used in
the decision-making processes and promote consistency in exposure assessments.

When performing a predictive exposure assessment, a major task is to
predict the transport of contaminants. Since ground-water flow is an integral
part of contaminant transport, it is equally important, if not more so, to
accurately predict the ground-water fiow. Therefore, both ground-water flow and
contaminant transport mathematical models, and criteria for selecting these
models, are discussed in this document.
1.2. BACKGROUND INFORMATION

Some of the general background information necessary to understand the
selection of a ground-water flow and/or contaminant transport model is discussed
in this section. This chapter is intended for the exposure assessor or the
non-modeler who is not completely familiar with hydrogeologic and modé]ing
terms.

The first section provides a primer on ground-water flow. The intent of
this section is to pro#ide a brief summary of the background information

necessary to understand ground-water problems. The chapter discusses the
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general terms used to describe and define ground-water flow and presents the
basic equation for flow in a ground-water system.

The second section provides background information on contaminant transport
in ground water. The chapter presents the basic equation for
advective-dispersive transport and discusses the important terms in detail.

The tast section provides definitions for terms used throughout the report.
1.3. GENERAL GUIDELINES AND PRINCIPLES OF MODEL SELECTION CRITERIA

In order to enhance understanding and facilitate implementation of the
mathematical model selection criteria, the following terms are defined:
mathematical model, process equation, analytical solution, analytical models,
numerical models, objectives criteria, technical criteria, and implementation
criteria. The relationship between these terms may be thought of as follows. A
mathematical madel consists of two aspects: a process equation and a solution
technique to solve the process equation. An analytical solution solves a very
simple process equation analytically by hand calculations. An analytical model
solves a more complex, but still relatively simple; process equation
analytically with a computer program. A num2rical model solves a simple or
complex process equation numerically with a computer program. In the context of
this document, mathematical model refers to all three solution techniques of a
‘procéss équation. The more detailed the specific application,  the more complex

,} the process equation. The complexity of the process equation dictates the
‘solution technique required.

There are three factors which dictate the level of complexity of the
mathematical model chosen in the selection process:
1. objectives criteria;

2. technical criteria; and
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3. implementation criteria. A

The objectives criteria refer to the level of modeling detail required to
meet the objectives of the study. There are many different objectives of
modeling studies, however, in the context of model selection, all objectives are
classified in two broad categories: 1) to perform a screening study or 2} to
perform a detailed study.

A screening study is one where the purpose js to make a preliminary_
screening of a site or to make a general comparison between several sites. A
detailed study, on the other hand, is one where the objective is to make an
assessment of the environmental impact, performance, or safety of a specific
site.

Based on the objectives of the study (screening or detailed levels), the
analyst or modeler will select either a screening or detailed model. The
specific model to be used will be selected based on the technical selection
criteria discussed below.

1.3.1. Jechnical Criteria

The second level of consideration when selecting a mathematical model is
the technical criteria. Technical criteria are those criteria related to the
mathematical model’s ability to simuiate the site-specific contaminant transport
and fate phenomena of importance.

With regard to model selection, the technical criteria can be divided into
three categories:

1. transport and transformation processes;
2. domain configuration; and

3. fluid{s) and media properties.



Transport and transformation process criteria relate to those significant
processes or phenomena known to occur on site that must be modeled in order-to
properly represent the site. Domain configuration relates to the ability of the
model to accurately represent the geohydrologic system. When high levels of
resoTution are reguired to predict contaminant concentrations for comparison to
health or design staﬁdards, it is generally necessary to simulate site-specific
geometry and dimensionality for which numerical models are most appropriate. If
simplifying the site geometry can be defended on a geologic and hydrologic
basis, then the use of a simpler analytical model/solution may be justified.

The third category of technical criteria corresponds to the ability of the
mathematical model to represent the spatial variability of fluid(s) and media
properties of the geohydrologic site.

_ Once the level of model has been decided, the technical criteria will
direct the analyst to the specific type of mode! needed to properly simulate the
transport and transformation aspects of the environmental setting.

1.3.2. Implementatjon Criteria

‘The third level of consideration when selecting a mathematical model is
related to the implementation criteria. Implementation criteria are those
criteria dependent on the ease with which a model can be obtained and its
acceptability demonstrated. Whereas the technical criteria identify the models
capable of simulating-the relevant phenomena within the specified environmental
setting, the implementation criteria identify documentation, verification,
validation requirements, and ease of use so that the model selected provides

accurate, meaningful results. -
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1.3.3. Other Factors Affecting Model! Selection

Other general factors related to model selection which are secondary to the
technical or implementation criteria include data availability, schedule,
budget, staff and equipment resource, and level of complexity of system(s) under
study. Schedule and budget constraints refer to the amount of
time and money available for the assessment. If both analytical and numerical .
models meet the selection criteria, time and cost may be considered factors for
electing to use an analytical approach.

1.4. MODEL SELECTION DECISION PROCESS

The decisions to be made when selecting a ground-water flow model are
discussed in detail in this seciion. Some guidance is provided for making the
decision and some discussion is provided regarding the errors associated with
using the incorrect model or feature(s) of a model. The criteria for ground-
water flow are presented followed by those for contaminant transport.

e Are you simulating a water table (i.e., unconfined) or a confined aquifer,
or a combination of both (i.e., conditions change spatially)?

) Does the ground water flow through porous media, fractures, or a
combination of both?

] Is it necessary to simulate three-dimensional flow or can the
dimensionality be reduced without losing'a significant amount of accuracy?

° Are you simulating a single-phase {i.e., water) or a multi-phase (i.e.,
water and oil) flow system?

. Can the system be simulated with a uniform value (homogeneous) or spatially
variable values (heterogeneous) of hydraulic conductivity, porosity,

recharge, and/or specific storage?
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° Is there a single or are there multiple hydrogeologic layers to be
simulated?

| ; Is (are) the hydrogeologic layer(s) of constant or variable thickness
spatially?

® Is the hydrologic system in a steady-state condition or do water levels
fluctuate with time (transient condition)?

After all these criteria has been satisfied, in most cases there will be
several ground-water flow models which would be appropriate. At this point the
analyst can either select a ground-water flow model and then continue with the
selection process to select a compatible (but separate) contaminant transport
model, or the user can continue the process to select a combined flow and
transport model. It is quite common to develop a fairly sophisticated.flow
model to predict ground-water travel paths and velocities and 1ink it with a
simpler transport model.

The decisions to be made when selecting a contaminant transport model are
discussed in detail in this section. Some guidance is provided to help in
making the decision and some discussion is provided regarding the errors
associated with using the incorrect model or feature(s) of the model.
® Does the contaminant enter the ground-water flow system at a point or is it

| distributed along a line or over an area or a volume?
) Does the source consist of an initial stug of contaminant or is it constant
over time?
(] Is it necessary to simulate three-dimensional transport or can the
dimensionality be reduced without losing a significant amount of accuracy?

® Does the model simulate dispersion?
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. Does the model simulate adsorption (i.e., distribution or partitioning
coefficient) and, if so, does it simulate temporally and/or spatially
variable adsorption? Temporally or spatially variable adsorption is
important where the soil conditions and/or concentrations change with time
and space.

(] Does the model simulate first or second-order decay and/or radionuclide
'decay?

) Does the model simulate density effects related to changes in temperature
and concentration? A truly coupled model is one where the ground-water
flow is influenced by the density and viscosity of the water, which are
influenced by the temperature of the water and the concentration of the
solute. In some cases {i.e., large heat source or large fluctuations in
solute concentration) it may be important to consider temperature and
contaminant concentration effects on ground-water flow.

After sequencing through the decision tree, there will, in most cases, be
several models which meet the desired criteria. Since several models could meet
the desired criteria, it is difficult to 1ist a single model as a standard
model. At this point the analyst can either select a transport model which is
compatible with the flow model selected above, or select a combined ground-water
flow/contaminant transport model.

Regardless of the approach selected, separate or combined flow and
transport model, it is likely that there will be several models which meet the
technical criteria. The selection of the final model(s) should be based on the
implementation criteria,'i.e., the model has been through a rigorous quality
assurance program so that it is thoroughly verified and the model is well

documented with user’s manuals and test cases.
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- If several models pass the quality assurance and documentation criteria,
the final selection of a model should be based on familiarity with and
availability of the model, schedule, budget, and staff and equipment resources.

A model selection worksheet is included in this section which facilitates
the seIeétion of the actual model or suite or models to be used based on the
response to the technical criteria. Separate worksheets are provided for both
analytical solutions and for analytical and numerical models (coded for the
computer). A summary of each of the models contained in the worksheets is
contained in Appendix A.

A discussion of waste management models has been included in this section.
Waste management models are defined as models which trace contaminant movement
through the three primary environmental pathways: air, surface water, and/or
ground water. It is not the objective of this document to cover waste
management models in any detail. Rather, a few such models are described
briefly to make the reader aware of them. The models discussed are:

1. . risk assessment methodology for regulatory sludge disposal through land
application; .

. risk assessment methodology for regulating landfill disposal of sludge;

RCRA risk/cost policy model (WET model);

the Tiner location risk and cost analysis model; and

landfill ban model.

1.5. MODEL SELECTION EXAMPLE PROBLEMS

wn L] w ~N
- [ *

Two site-specific example problems are provided in this section to
_demonstrate the procedure for selecting the appropriate mathematical model for a
particular application. The first example is an application where the objective

is to perform a screening study, while the objective of the second example is to



perform a detailed study. The discussions of the example problems are presented

- in the order that should be followed when conducting a ground-water flow and

contaminant transport model study, with model selecting being one element of the

process.

1.6. APPENDIX A
The appendix of the document contains a summary page for each of the

analytical and numerical mathematical models discussed in Table 5-3. The models

are divided into seven categories:

1. analytical flow models;

2. analytical transport models;

3. numerical flow models which can be applied to both saturated and
unsaturated systems; |

4. numerical flow models which can only be applied to saturated systems;

5. numerical contaminant transport models which can be applied to both
saturated and unsaturated systems;

6. numerical contaminant transport models which can only be applied to
saturated systems; and

7. numerical contaminant and heat transport models which couple the solutions

for pressure, temperature, and concentration (coupled models).
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2. INTRODUCTION

This document presents a set of criteria which provide a means of §e1ecting
the most appropriate mathematical model for conducting an exposure assessment
related to ground-water contamination. These criteria were developed in

‘recognition of the growing use of exposure assessments across the U.S.
Environmental Protection Agency’s regulatory programs. Use of the criteria will
expedite the requlatory process by eliminating the use of‘unacceptab1e or
inappropriate models. Their use will also improve the quality of data used in
the decision-making processes and promote consistency in exposure assessments.

These selection criteria are particularly directed toward exposure
assessments. However, the same or very similar criteria would be applicable to
all aspects of managing ground-water contamination problems/sites. To manage
contamination problems/sites, mathematical models are needed to perform initial
screening studies, assist in the design of disposal schemes, assess the probable
contaminant performance of specific sites, predict contaminant migration, and
aid in the design of monitoring programs and remedial action alternatives.

In the context of this document, the term mathematical model refers to both
analytical and numerical solutions. Analytical solutions refer to both those

‘which are coded for the computer as well as those which are suitable for hand
calculation. Numerical solutions refer only to those which are coded for
solution on the computer since this is the only practical solution technique.
Throughout most of the report, the term mathematical model is shortened simply
to model.

When performing an exposure assessment, the primary interest is in

predicting the transport of contaminants. However, since ground-water flow is
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an integral part of contaminant transport, it is-equally important, if not more
so, to accurately predict the ground-water flow. Therefore, both ground-water
flow and contaminant transport mathematical models, and criteria for selecting
these models, are discussed in this document. Related models, such as
unsaturated flow, nonaqueous phase liquid, and geochemical models, are not
discussed in this document. |

In ofder to develop a tractable, useful model, the importance'of the
various processes controlling contaminant migration in ground water must be
identified. Only the dominant précesses are incorporated in the mathematical
models. The explicit incorporation of every known or observed process is not
practical because the resulting model would require excessive computational time
and would contain too many‘internal coefficients that must be adjusted in the
calibration or initial phase of a modeling study. In addition, the effect of
the minor processes, in terms of the predicted concentration levels, is very
small in comparison with the dominant transport processes and attenuation
mechanisms.

A1l of the contaminant transport models discussed in this report are
designed for situations where the contaminant is at trace concentration levels.
~ Trace concentrations, in this context, are defined as concentrations that have a
negligible impact on the density and viscosity of the fluid and, therefore, have
an insignificant effect on the ground-water movement. The models are not
designed to be used in an emergency response framework, such as an accidental
spill, because in those situations 1) the contaminant is not likely to be at
trace concentrations initially and 2) the time required to set up the model, run
the model, and evaluate results is generally greater than the emergency response

times.
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This document is intended primarily to assist potential model users who are
- not experts in water quality modeling. A concerted effort has been made to
define specific terminology and to characterize the important assumptions and
Timitations of the existing models. The existing models are generally the best
available technology and are useful tocls when applied properly. However, model
accuracy is very sensitive to input parameters and calibration with field data
is essential. In any modeling study the assumptions and limitations of a
particular model along with the means by which it is applied should be clearly
understood by the model user as well as by persons making decisions based, in
part, on the modeling results. Although the guidance provided in this document
is primarily directed toward applications-oriented users of mathematical models,
the information presented is also important to managers and other decision
makers who will have the ultimate responsibility of assessing and controlling
contamination problems. -

In view of the diversity in typical modeling needs and objectives
associated with exposure assessments and related studies, these selection
criteria are formulated as a general guideline for selecting a relevant or
appropriate mathematical model. They are not intended to serve as an absolute
set of standards for accepting or rejecting models for possible use in exposure
assessments.

These criteria deal only with the selection of existing mathematical models
for predicting ground-water flow and contaminant tramsport. The criteria do not
deal with the development of numerical algorithms for constructing new models,
Two other reports which address the issue of model selection criteria are

Simmons and Cole, 1985, and U.S. EPA, 1987.



The organization of this document is as follows:

Chapter 2 -- Background Information -- General discussion of ground-water
flow and contaminant transport, description of equations and processes, and
definition of specific terms.

Chapter 3 -- General Guidelines and Principles of Model Selection
Criteria -- Overview of the modeling process, overview of model selection
criteria, and important issues related to model selection.

Chapter 4 -- Model Selection Decision Process -- Step-by-step process to
identify the appropriate model(s) for a specific application.

Chapter 5 -- Model Selection Example Problems -- éxamples of how to use the
selection criteria.

Appendix A -- Analytical and Numerical Model Summaries.
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3. BACKGROUND INFORMATION

Some of the general background information necessary to understand the
selection of a ground-water flow and/or contaminant transport model is discussed
in this section. This chapter is intended for the exposure assessor or the
non-modeler who is not completely familiar with hydrogeologic and modeling
terms. It should be emphasized that the information presented here is a brief
overview. For much more detailed discusstons the reader is directed to the
following sources: Freeze and Cherry, 1979; Chow, 1964; Davis and DeWest, 1966;
Javandel et al., 1984; Bachmat et al., 1980, and Mercer and Faust, 1981.

The first section provides a primer on ground-water flow. The second
section provides background information on contaminant transport in ground
water. The last section provides definitions for terms used throughout this '
report.

5.1. PRIMER ON GROUND-WATER FLOW

This section is intended to provide a brief summary of the background
information necessary to understand a ground-water problem. The ;hapter
discusses the general terms used to describe and define ground-water flow and
presents the basic equation for flow in a ground-water system.

3.1.1. r_an e Hydrologi 1

The hydrologic cycle can be defined as the endless circu]ation'of‘water
between ocean, atmosphere, and land. The hydrologic cycle is composed of
precipitation, storage, runoff, and evaporation of the earth’s water during the
cycle. The total amount of water is essentially fixed, but ‘ts form may change

(i.e., solid, liquid, gas).
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of the cycle, particularly the portion that infiltrates the land surface and

Our interest for the purposes of this report is in the land-based poértion

flows underground. The subsurface distribution of water can be divided into

five categories:

1.

Soil Zone -- That area where evaporation and transpiration of water occurs

(partially saturated).

Vadose (Unsaturated) Zone -- Partially-saturated zone consisting of
sediments whose interconnected pore space (porosity) is not completely
filled with water. Water flow in this region can be both horizontal and
vertical as stratification of the sediments will cause significant
conductivity contrasts.

The Capillary Fringe -- A transition zone from the partially-saturated

vadose zone to the fu11y-saturated'phreatic (water table) surface.

Phreatic {Saturated) Zone -~ Below the phreatic surface, the porous

material is fully saturated with water (with the exception of entrapped

~gas). Water in this zone is under hydrostatic pressure. The porous

material is called the aquifer.

Dense Rock -- The phreatic zone merges at depth into a zone of dense rock
with water in the pore spaces but few or none of these pore spaces are
interconnected and flow of water is severely limited.

That portion of the hydrologic cycle beneath the land surface can be called

the subsurface flow system. Inflow or recharge to the subsurface flow System

arrives as precipitation {in the form of rainfall or snowmelt) or as

infiltration from surface water bodies. Outflow or discharge occurs as

evapotranspiration or evaporation and as flow to surface water bodies.

Artificial recharge and discharge occur as injection or pumping, respectively.
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In this report, the selection of models developed to simulate ground-water
flow and contaminant transport in the saturated zone is discussed in detail.
Therefore, the rest of this background discussion is directed to flow in the
phreatic or saturated zone.

Water that infiltrates the land surface generally moves vertically downward
to the water table and the phreatic zone. Water in the phreatic zone generally-
moves horizontally from areas of greater to areas of lesser hydrostatic head
(i.e., energy: see Section 3.1.3). In both zones, unsaturated and saturated,
the prime moving force is gravity.

The occurrence, movement, and storage of ground water are related to and
influenced by the porous media st;ucture, lithology, thickness, hydraulic
conductivity, hydraulic gradient, and porosity. A formation, or group of
formaiions, that contains sufficient saturated permeable material to yield
significant quantities of water to wells and springs is defined as an aquifer.
Movement and storage of water in an aquifer are chiefly controlled by the
aquifer hydraulic conductivity, permeability, and porosity. Aquifers can be
subdivided into three main types as follows:

1. Unconfined {Water Table) Aquifer -- An aquifer in which the top of the

saturated zone (water table) is in direct contact with the atmosphere
through the open pores of the earth material above.

2. Confined (Artesian) Aquifer -- An aquifer which has an overiying layer

which does not allow direct contact of the aquifer with the atmosphere.
Water in a confined aguifer is under pressure and wells penetrating into
the aguifer will have a water level that reflects the pressure in the

aquifer at the point of penetration.
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3.  Perched Aguifer -- Beds of clay or silt or other materials of limited areal
extent which present a restriction to f]pw of downward moving water in the
vadose zone may cause local areas of saturation above the regiona1 water
table. An unsaturated zone is present between the bottom of the perching
bed and the water table.

Aquifers have a higher hydraulic conductivity than adjacent units. The
lithologic units of Tow hydraulic conductivity relative to the aquifer are
commonly called aquitards. Appreciable quantities of water can move through an
aquitard, in most cases vertically upward and/or downward, from aquifers above
and below. If very little flow occurs, the unit is termed an aquiclude.

3.1.2. Porosity and Hydraulic Conductivity
The portion of an aquifer’s volume which consists of openings or pores and

not solid material is defined as porosity. Porosity is an index of how much

water can be stored in the saturated material and is usually expressed as a

percentage of the bulk volume of the material. Effective porosity is defined as

the ratio of the transmissive pore volume to the total unit volume, where the
transmissive pore volume is that portion which éontributes to the net flow
through the system.

Hydraulic conductivity (K) is a measure of the capacity of a porous rock,
soi]; or sediment to transmit water. Aquifers having high hydraulic
conductivity generally consist of clean coarse sands and mixtures of sand and
graveT and fine sands, silts, or clays. Aquifers having low hydraulic
conductivity generally consist of very fine sands, silts, and clays, glacial
till, or stratified clays.

Average values of hydraulic conductivity for different soil classes are as

follows:
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Hydraylic Conductivit
Soil Class  {cm/sec) lapd/fte)

Clay 10-6-1p-3 10-2-10
Sand 10-3-1. 10 -104
Gravel 1.0 -10 104 -106

If a hydraulic conductivity is independent of position in an aquifer, the
formation is homogeneous. If the conductivity is dependent on position, the
formation is heterogeneous {i.e., K varies from peint to point in the medium).
If the conductivity is independent of the direction of measurement at a point in
the aquifer, the formation is isotropic at that point. If conductivity varies
with the direction of measurement at a point in an aquifer, the formation is
anisotropic at that point. A formation can be isotropic and heterogeneous;
which is not at all uncommon. Anisotropy is common when the conductivity varies
in the x (horizontal) and z (vertical) direction. In many aquifers the vertical
conductivity can be estimated as one tenth the horizontal conductivity.

The transmissivity of an aquifer is defined as the rate at which water of
the prevailing kinematic viscosity is transmitted through a unit width under a
unit hydraulic gradient. Though spoken of as a property of the aquifer, it
embodies also the saturated thickness and the properties of the contained
liquid. Transmissivity is also defined as the product of hydraulic conductivity
and aquifer thickness.

The storage coefficient of an aquifer is defined as the volume of water
released from storage in a vertical column of 1.0 square feet when the water
table or other piezometric surface declines 1.0 feet. In an unconfined aquifer,
it is approximately equal to the specific yield, which is defined as the amount

of water that drains from a soil due to the force of gravity.
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3.1.3, Flow in Ground-Water Systems

In 1856 Henry Darcy reported that flow between two points in a soil column |
is directly proportional to the difference in potential head (energy) between
‘the points and inversely proportional to the distance between the points. These
two quantities together (difference in head divided by the distance between the
points) are known as the hydraulic gradient. Darcy’s Law can be written as

Q = -KA (hy-hp)/L (3-1)
flow rate (L3/t)

where Q

K = permeability or hydraulic conductivity of the media and fluid

(L/t)
A = cross-sectional area of flow (Lz)
hi,hp = potential head at two points on a line parallel to flow (L)
L = Tlength of flow path from hy to hy (L)
hi-ha/L = hydraulic gradient = head drop per unit distance

The negative sign in Equation 3-1 indicates that ground-water flows from
high to Tow potential. Head, potential, fluid potential, and potential head are
all the same and can be defined as the mechanical energy per unit mass of a
fluid at any given point in space and time with respect to an arbitrary state
and datum (typically mean sea level).

Darcy’s Law is valid for steady flow with constant flux. The Taw is only
valid for laminar flow, not when the flow becomes turbulent which is not common
in ground water. Darcy’s Law is a measure of the average or bulk velocity
through a given cross section of a porous medium. The true ground-water
velocity between soil grains is defined as the Darcy velocity divided by the

porosity of the soil.
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The fundamental equation of ground-water fiow can be derived from Darcy’s

- Law
q = Q/A = -KvH (3-1a) )
plus a continuity equation
S oH/st = - y. q (3-2)
to yield |
SoHfot = . KVH (3-3)
wheré ¥V = del operator, or

az/ax2 + az/ayz + 88/522

S = storage coefficient
H = hydraulic head
K = hydraulic conductivity

Equation 3-3 can take many forms depending on whether the fiow is steady state
or transient and whether the media is homogeneous or heterogeneous and isotropic
or anisotropic. Refer to the references at the beginning of the chapter for the
various forms of the equation. Steady-state flow occurs when the magnitude and
direction of the flow velocity are constant with time at any point in the flow
field. Transient flow (unsteady flow) occurs when the magnitude or direction of
the flow velocity changes with time at any point in the flow field.

Each form of the ground-water flow equation has an infinite number of
solutions. To get a specific solution for a problem, the initial and boundary
conditions must be specified. Initial conditions pertain to transient flow
cases only, and specify the value of the dependent variable (head) initial time
{t = 0). Boundary conditions are where the head or flux conditions at the

boundaries of the problem must be specified as either prescribed head

{Dirichlet) or flux (Neumann). For prescribed head conditions, the head is
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specified at points along the boundary. For prescribed flux conditions, the
flux of water‘(either in, out, or no flow) is specified at points along the
—boundafy.
3.2. PRIMER ON CONTAMINANT TRANSPORT

This section is intended to provide a brief summary of the background
information necessary to understand the transport of contaminants in ground
water. The chapter begins with the basic equation for advective-dispersive
transport and discusses the important terms in detail.
3.2.1.' Advective Dispersion Equation

Movement of contaminants in the soil can be described by the following

equation (van Genuchten and Alves, 1982)

ac/ot = D* acl/ox? - V* acfox - ke (3-4) .
where C = solution concentration (mg/1)
D* = D/R
v* = V/R
R=1+ (B/N) Kd = retardation factor {(dimensionless)
D = dispersion coefficient (cm?/day)
Y = average interstitial pore-water velocity (cm/day)
k = degradation rate coefficient (day‘l)
B = bulk density (g/cm3)
_N = effective porosity (dimensionless)
Kd = partition coefficient {ml/g)

' Equation 3-4 states that the change in contaminant concentration with time at

any distance, (X} is equal to the algebraic sum of the dispersive transport (lst

term to right of equal sign), the convective transport (2nd term), and the

degradation or decay of the compound {3rd term)}. Van Genuchten and Alves (1982)
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note that various modified forms of this same basic equation have been

‘used for a wide range of contaminant transport problems in soil science,-

chemical and environmental engineering, and water resources.

Equation 3-4 considers only one-dimensional transport of contaminants.
This equation considers dispersion, advection, equilibrium adsorption (linear
isotherm), and degradation/decay (first-order kinetics).

A wide variety of physical processes occur in ground-water systems which
are important, to varying degrees, in the analysis of contaminant fate and
transport. A more detailed description of these processes is given by Fischer
et al. (1979) and Schnoor (1985). Some of the important hydrologic transport
processes include:

] Advection -- The process by which solutes are transported by the bulk
motion of the flowing ground water. As a result of advection, nonreactive
contaminants are carried at an average rate equal to the average linear
velocity of the water. |

(] Molecular Diffusign -- The process whereby ionic or molecular constituents
move under the influence of their kinetic activity in the direction of
their concentration gradient. Diffusion occurs in the absencé of any bulk
hydraulic movement of the solution. Diffusion is a diépersion process
which is important only at low velocities.

] Hydrodynamic Dispersion -- The tendency of a contaminant to spread out from
the path that it would be expected to follow according to the advective
hydraulics of the flow system. Dispersion occurs because of mechanical
mixing during fluid advection and because of molecular diffusion due to the

thermal-kinetic energy of the soiute particles.
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) Mechanical (Hydrauli i ion -- Dispersion that is caused entirely by

the motion of the fluid.

e Longitudinal Dispersion -- Spreading of the contaminant in the direction of
bulk flow.
° Transverse Dispersion -- Spreading of the contaminant in the directions

perpendicular to the bulk flow. |

Hosf contaminant transport models simulate hydrodynamic dispersion only and
disregard the molecular diffusion component because it is so small. Some models
do simulate the mo]eculaf diffusfon component for cases where the ground-water
velocity is small and the diffusive component can become significant.

Most models available today simulate contaminant transport using a form of
the advective-dispersion equation. Increasing evidence suggests that the
conventional advective-dispersive equation does not always adequately describe
contaminant transport in a natural geohydrologic system as a result of 1) random
variations in ground-water velocity that are induced by media heterogeneities,
and 2) the failure of Fick’s diffusion law to properly describe hydrodynamic
dispersion at field scales {(Gelhar et al., 1979; Gelhar and Axness, 1983; Smith
and Schwartz, 1980; Matheron and DeMarsily, 1980; Dagan and Bresler, 1979; and
Dagan, 1982). Field determinations of dispersivity have shown a scale
dependence, that is, the observed dispersivity was dependent on the size of the
experiment rather than being exclusively a media property. A more detailed
discussion of recent findings regarding dispersivity can be found in Gelhar and
Axness (1983), Freyberg (1986), Gelhar et al. (1985), and Pickens and Grisak
(1981). |
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3.2.2. Attenuation and Deqradation Mechanisms

The primary physical processes included in contaminant transport models are

sorption and degradation. The kinetic formation and rate constants used to
describe these processes are typically based on laboratory measurements. The
results of the laboratory measurements are incorporated in the models as source
or sink terms in the general advection dispersion equation.

The direct transfer of controlled experimental results to natural ground-
water systems is not always straightforward. Uncertainties arise in the
definition of driving forces such as whether the system is aerobic or anaerobic,
the pH of the natural system, and the chemical equilibria of the natural system
(i.e., whether other ions are present which may catalyze or retard various
reactions and the organic content of the soil). One of the biggest problems
with simulating natural ground-water conditions in the laboratory is properly
representing the geologic media (i.e., layering, heterogeneity, hjdrau]ic
conductivity, porosity, etc.). In spite of the uncertainties, these processes
are incorporated in many ground-water models, and some models have been
calibrated to field conditions. Careful calibration.has shown that they are
useful for representing the transport of various chemicals.

Most of the available models use some form of first-order reaction kinetics
to represent the different processes that wi]j degradé or transform a specific
chemical. For a simple first-order reaction, ignoring all other mechanisms, the
concentration can be represented as a first-order differential equation

dc/dt = -kc - (3-8)
where k is the rate constant (1/T7). In the simpler models, the rate constant

does not change, in the more complex models the rate constant(s) may be variable
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and calculated as a function of changing environmental conditions. The

- analytical solution to this equation when k is a constant is

- C(t) = C, ekt (3-6)
where Co is the initial concentration. From this equation an estimate of the
time required for the process to reduce the contaminant concentration below a

fixed "action level” can be determined.

t =Ln g(%}[&o (3-7)

Often the reaction rate of various chemicals subject to different kinetic
processes are characterized in terms of their half life, t;,;. This is a

measure of the time required for some kinetic process to degrade or transform

7

the specific chemical to one-half of the initial concentration. The half-life
is calculated from Equation 3-7 with the C(t)/C, set to 1/2.

A brief description of the sorption and degradation processes is included
for potential users unfamiliar with the terminology. Much more detailed
descriptions including assumptions, limitations, kinetic formulations, and
methods for estimating rate constants are given by Bohn et al. (1979), Bolt and
Bruggenwert (1978), Peterson et al. (1986), and Freeze and Cherry (1979).
3.2.2.1. Sorption -- Sorption is a transfer process whereby dissolved chemicals
in the ground water become éttached to sedimentary materials and/or organic
matter. The process is commonly described using a partition coefficient. The
defiﬁition of the partition coefficient is the ratio of the mass of chemical
sofbed on the solid phase divided by the mass of chemical left in solution at
equilibrium, as shown in Equation 3-4. The important assumptions in using this
formulation are: 1) the chemical is at trace concentrations, hence the sorption

isotherm may be assumed to be linear; and 2) the system is at equilibrium.
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Some problems associated with field application of this concept include:
1) many chemicals exhibit nonreversible sorption characteristics, hence,
desorption from sediments to the water column may not be correctly represented;
2) sorption characteristics are dependent on particle size (sand, silt, clay)
and particle size is variable in a natural system; 3) sorption characteristics:
are dependent on pH and ionic strength which are often variable in a natural
system; and 4) the presence of other compounds in a natural system results in
competition for sorption sites on the soil matrix. Some of the compounds that
may be strongly affected by sorption include heavy metals and many organic
compounds. For organ compounds, partition coefficients are frequently
normalized to the organic carbon content of the soil (Karickhoff, 1980, 1981,
and 1984; and Gschwend and Wu, 1985). As noted previously, the relationship
between dissdlved and adsorbed forms of a contaminant is usually represented in
the form of an equilibrium partition coefficient (Kd). The partition
coefficient is defined as the ratio of the mass of the substance adsorbed to the
particulates (per unit mass of pafticu]ates) over the dissolved concentration of
the solute. The retardation factor is calculated from the partition
coefficient, bulk density, and the effective porosity, and is a number which
~ describes how many times slower than water a contaminant travels through a |
porous media system.
3.2.2.2. Degradation -- Degradation in ground water systems may result from one
or more of three mechanisms: biological transformations, hydrolysis, or

chemical reactions. Biological transformations are reactions due to the

metabolic activity of aquatic microbes, primarily bacteria. Depending on the
specific chemical, the transformations may be very fast due to the presence of

enzymes and for other compounds the process may be very slow. The rate and
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nature of by-products will also be dependent on the availability of oxygen. In
unsaturated aerated zones, aerobic degradation will predominate, while anaerobic
mechanisms will be controlling in anoxic zones. For chemicals where

the transformation is fast, degradation is often the most important
transformation process in the aquatic environment. Various kinetic formulations
have been proposed including first- and second-order forms. The rate
coefficients are known to be a function of temperature, pH, and available
nutrients. The second-order kinetic formulations describe the degradation rate
as a function of the concentration of the compound and the bacterial population
which is changing as the compound is degraded. A variety of organic compounds
may be subjéct to degradation. A discussion of various compounds is provided by
Klecka (1985).

Hydrolysis is the reaction of chemicals with water. Typically a compound
is altered in a hydrolysis reaction by the replacement of some chemical group of
the compound with a hydroxyl group. The hydrolysis reactions are commonly
catalyzed by the presence of hydrogen or hydroxide ions and hence the reaction
rate is strongly dependent on the pH of the system. Hydrolysis reactions alter
the structure of the reacting compound and may change its properties. The new
compound is usually less toxic than the original compound, but this is not
always the case depending on the specific reaction. Neely (1985) lists several
functional groups that are susceptible to hydrolysis reactions including alkyl
halides, amines, carbamates, carboxylic acid esters, epoxides, lactones,
phosphoric acid esters, and sulfonic acid esters. For many functional groups,
and therefore a considerable number of compounds, hydrolysis will not occur.

Chemical reactions refer to the interaction of contaminants with other

chemicals in the ground water besides the water itself. Many chemical reactions
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are of the oxidation-reduction type (redox). Redox reactions involve the
" transfer of electrons from one chemical (the reducing agent) to the other (the
oxidizing agent). In the process, toxicity and solubility properties are often
changed. Possible couples for redox reactions can be determined from oxidation
potential tables.
3.2.3. Definition of Terms

Throughout this report a number of terms or phrases are used which may be
interpreted as having somewhat different meanings by different readers with
various backgrounds, experience, and general inclinations. In an attempt to
avoid any misinterpretations, Fhis section defines the specific mganing intended
for a few key terms.

1. cCalibration -- In this document we will use the term calibration to
describe the initial phase of a modeling study where the input coefficiénts
of a model are adjusted in an attempt to match measured field data (e.g.,
velocity, concentration). The types of coefficients that are commonly
adjusted in a ground-water flow mocdel are recharge and discharge, hydraulic
conductivity or transmissivity, and porosity. The types of coefficients
that are commonly adjusted in a transport model inc]ude dispersion
coefficients, degradation rate constants, sorption properties, and possibly
source and sink terms.

2. Validation -- The term va]idation will be used to describe a separate step
of a modeling study where the calibrated model (i.e., fixed coefficients,
no more adjustments) is applied to a different set of conditions and the
results are compared with a separate set of field data. The validation
phase is an attempt to see if the model can reproduce field data under

conditions different than those used in the calibration phase. This
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3.

distinction between calibration and vélidation is easy to define and
appropriate from an idealistic point of view. Real applications may find
it impossible to obtain a separate data set or the validation phase may
indicate poor model performance and the validation data set might be used
for additional calibration. Under these circumstances, larger uncertainty
in the model results, and this needs to be incorporated into any
decision-making process.

Verification -- The term verification will be used to define the process of
comparing the results of one model against those of another model. For
example, it is common to compare the results of a tested and accepted
analytical solution/model against a more sophisticated numerical mode] in
order to verify the numerical solution technique.

Mathematijcal Model -- The term mathematical model will be used to describe
the mathematical representation of the physical system. The medel may
represent an analytical solution to these equations and in other cases the
model may be an approximate numerical representation of these equations.

In some cases, the models based on analytical solutions are simple enough
that the calculations can be performed using a hand calculator. In other
cases the anaiytical models are more complex and often are implemented as a
program to be run on a computer. All of the numerical models are
implemented as programs to be run on a computer. Computer models are often
referred to as codes or computer codes. We have used the term model, as
opposed to code, wherever appropriate in this document. Mathematical model
in this definition is equivalent to mathematical systems mode! involving

multi-processes.
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5. Process Equation -- The mathematical representation of a physical
phenomenon or process for a system. For example, solute transport in a
saturated system may be described by the solution of the advective
dispersion equation. A process equation in this definition is equivalent
to a multi-process equation involving several different phenomena.

6. Analytical Models -- A computer program written to solve a particular
process equation. For example, the AT123D model (Yeh, 1981) is a computer
program written to analytically solve the ad&ective dispersion transport
equation for a variety of simple initial and boundary conditions.

7. Numerical Model -- A compyter program written to solve a particular process
equation for which no general solution exists. For example, the CFEST
model (Gupta et al., 1986) is a computer program, part of which is written
to numerically solve the advective dispersion transport equation for a
variety of simple or complex initial and boundary conditions.

The relationship between the above terms may be thought of as follows. A
mathematical model consists of two aspects: ‘a process eduation and a solution
technique to solve the process equation. An analytical salution solves a very
simple process equation analytically by hand calculations. An analytical model
solves a more complex, but still relatively simple, process equation
analytically with a computer program. A numerical model solves a simple or
complex process equation numerically with a computer program. In the context of
this document, mathematical model refers to all three solution techniques
(analytical solution, analytical model, numerical model) of a process equation.
The more detailed the specific application, the more complex the process
equation. The complexity of the process equation dictates the solution

technique required.
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The term analytical or numerical code typically refers to the computer
program (the set of computer instructions written in a programming language and
écted on by a computer), whereas an analytical or numerical model is the
implementation of the code with a specific data set (either site specific or
generic) to test the simulated representation of the system against observed or
measured behavior. In this document the analytical solutions referenced in
Table 5-1 and the analytical and numerical codes summarized in Appendix A are
all included in the general category of mathematical models.

8. 0Objectives Criteria -- Criteria related to the level of modeling detail
required to meet the objectives of the study. In the context of model
selection, objectives are classified into two categories: perform a
screening or generic study where simple analytical solutions/models would

most likely be used, or perform a detailed study using numerical models.

9. Technical Criteria -- Criteria related to a code’s ability to simulate the
transport and fate phenomena of importance. These criteria are based on
the physical, chemical, and biological characteristics of the site and the
contaminant of interest.

10. Implementation Criteria -- Criteria related to the ease with which a code
can be obtained and its acceptability demonstrated. Relevant factors
include sources of the code, documentation, verification, and validation.

11. Screening and Detailed Assessment -- The types of modeling analysis that
are described in this document may be very broadly categorized as screening
or detailed (site specific) exposure assessment studies. Obviously, these
categories cannot be distinguished by definitive criteria but rather there
is more of a "gray" area between the two. We have chosen to use the term

screening analysis to represent studies where limited calibration and
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validation data ave available and the uncertainty associated with the
predicted results is comparatively large, sbmewhere in the nature of an
order of magnitude. The term detailed or site-specific analysis is used to
represent studies where a smaller uncertainty in the predicted results is
necessary, on the order of a factor of two to ten. Calibration and
validation data are necessary in order to reduce the uncertainty inherent
in the results and also attempt to quantify the bounds associated with the
uncertainty through the validation phase and sensitivity studies. The
models used for a screening analysis are generally easier to use but make
certain restrictive assumptions. The more complex site-specific assessment
models are more difficult to use and generally do not make as many
restrictive assumptions; the input data requirements, however, may be

substantially greater.
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4. GENERAL GUIDELINES AND PRINCIPLES
OF MODEL SELECTION CRITERIA

This chapter discusses some of the general guidelines and principles
related to model selection criteria. The first section discusses the steps that |
should be taken in the overall modeling process. The second section provides a
general discussion of the model selection process and discusses the three
prinéip]e criteria used to select a model: objectives criteria, technical
criteria, and implementation criteria. The last three sections discuss some
important issues related to model selection: model selection vs model
application familiarity with a medel, and model reliability.

4.1. OVERVIEW: MODELING PROCESS

The selection of models for the analysis of exposure to contaminants
involves factors addressing a number of issues, not all of which are amenable to
expression in specific criteria. Certain judgmental factors are better suited
to statement in the form of general guidelines and principles. Many of these
arise from the nature of the overall mode]iﬁg process of which model selection
is but a single step. Five general steps may be identified in the modeling
process. Although model selection is meant to be the primary emphasis of this
report, the different steps influence each other and need to be described. The
five general steps are:

1. Problem Characterization -- The analyst clearly identifies the exposure

assessment study objectives and constraints.

2. Site Characterization -- The analyst reviews available data on the site,
develops a conceptual model identifying processes of interest, performs a
screening analysis; if a modeling study is necessary, the ané]yst then

jdentifies data needs and fill those needs. The results of the site
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characterization will determine technical specifications for model

selection by identifying the single processes at the site.

‘3. Mode]l Selection Criteria -- The analyst matches the objective, technical,
and implementation criteria to available models and selects the most
appropriate model(s).

4. Code Installation -- If the m&de] selected is a computer code, the code is B
installed on the computer system and tested to document proper installation
and ability to reproduce accepted solutions to standard problems.

5. Model Application -- The verified model uses site characterization data as
input for the exposure assessment simulation.

These five genera]isteps are not the model selection criteria but rather
the overall process by which a problem is identified and a model selected to
perform an exposure assessment study. Model selection criteria is listed as the
third step in this process. The two previous steps, problem characterization
and site chara;terization, are crucial in the selection of an appropriate
model(s). While the steps can be considered sequential in nature, it is
important to reéognize interactions and feedback mechanisms between them. For
instance, knowledge of the model selection criteria is important to assure that
site characterization is adequate and properly formatted. An understanding of
code installation procedures is required for proper scheduling and resource
allocation: Familiarity of candidate models is needed to assure that site

characterization provides necessary input data.

- Problem characterization is important because a wide variety of models and
modeling approaches are available. Different modeling techniques are suitable
for different objectives and physical problems. The exposure assessment

objective must define what the goal of the analysis should be and must also be
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defined in a manner consistent with known project constraints such as schedule,
" budget, and other resources.

Site characterization is an important step that needs more description
because the conceptuaiization of the physical system, whether it is a specific
site or a generic problem, will obviously influence any additional steps. If
the objectives of the exposure assessment are to evaluate an existing '
contamination problem, then this step should include the availability of field .
measurements in the specific study area. Depending on the problem, the field
measurements may include geologic structure data, pump tests, recharge/discharge
data, elevations of surface water bodies, contaminant sampling, and source
characterization. Field measurements may identify the extent of the
contamination problem and whether or not the concentration levels are above some
regulatory or dangerous level. In addition, if these initial studies identify a
contamination problem and a modeling study is to be performed, then the field
measurements will be used in‘the selection of an appropriate model and for model
calibration.

Model selection criteria (the primary goa] of this report) is entirely
dependent on the first two steps. This step is covered in more detail in the
rest of this chapter and in Chapter 4.0. |

Code instatlation only applies when the model chosen in the third step is a
computer code. When a code is first obtained and installed on a specific
computer system, it is essential that the model be tested to verify that it is
working correctly and can reproduce suitable example problems. Various computer
systems and the necessary model software may have a variety of differences, some
distinct and others more subtle. These differences may require modifications to

an acquired code (e.g., double precision arithmetic or changing output formats)
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on different computer systems. Verification assures that modifications have not
changed model results significantly. This step should be performed by the ~
-person doing the actual model analysis.

Model application relates the use of a model in an attempt to answer the
Questions to the use of a model in an attempt to answer the questions defined in
the objectjves. Depending on the objectives of the analysis, this step may
cbhsist of several parts including calibration, validation, and application tb
evaluate different conditions or scenarios.

4.2. OVERVIEW: MODEL SELECTION CRITERIA

There are three factors which dictate the level of complexity of the
mathematical model chosen in the selection process: 1) objectives criteria, 2).
technical c¢riteria, and 3) implementation criteria.

4.2.1. Objectives Criteria

The first level of consideration when selecting a mathematical model is
related to the dbjectives of the study. Based on the objectives, the analyst
can 1imit the choice to either simple analytical solutions/models or to more
éomp]ex numerica] models.

The objectives criferia refer to the level of modeling detail reguired to
meet the objectives of the study. There are many different objectives of
modeling studies, however, in the context of model selection, all objectives can
be classified in two broad categories: 1) to perform a screening study or 2) to
perform a detailed study.

A screening study is one where the purpose is to make a preliminary

screening of a site or to make a general comparison between several sites. A



screening assessment can also be generic (i.e., not site specific) where the
objective is to compare several hypothetical cases or designs.

A screening study may be appropriate when sufficient data is not available
to properly characterize the site. Although lack of data is no excuse for not
modeling a site correctly, often there are times when a screening comparison of
cases/sites can be quite helpful in analyzing a problem. A screening study can
he]b direct the data collection éffort at a site. For generic studies, it is
most often not possible to se]eci a detailed data set which is representative of
all the hypothetical sites/cases being simulated. By virtue of the fact that it
is a generic study, the data base is typically quite simple such that it is
representative of several sites/cases.

A detailed study, on the other hand, is used when the objective is to make
a detailed assessment of the environmental impact, performance, or safety of a
specific site. This type of study requires detailed data for a specific site or
for a number of sites, and the results of the study are typically used to make
specific decisions regarding the site or sites. For example, 2 detailed study
might involve predicting concentration of a particular contaminant at a specific
aquifer location. The results of the study would be used by decision makers to
determine whether remedial action is needed at the site.

Screening and detailed studies usually require the use of screening and
detailed models, respectively. A screening model would typically be an
analytical solution or model with minimal data requirements. Usualiy these
analytical solutions/models are used for special, simplified physical conditions
that represent the behavior of particular physical processes when isolated from
other effects. Compafed to numerical models, screening models require less

data, are easier to implement, and are less expensive to run.
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Detailed models are typically numerical models which have more extensive
data requirements, are more difficult to implement, and cost more to operate
ktake longer to set up, calibrate, and evaluate results and require more
computer time) than analytical models/solutions. Detailed models usually have
more realistic initial and boundary conditions and possibly more time-dependent
inputs and outputs than screening models.

Based on the objectives of the study (screening or detailed), the analyst
or modeler will select either a screening or a detailed model. The specific
mode]l to be used will be selected based on the technical selection criteria
discussed below. |

§.2.2. Technical Criteria

The second level of consideration when selecting a mathematical model is
the technical ¢riteria. Technjcal criteria are those criteria related to the
mathematical model’s ability to simulate the site-specific contaminant transport
and fate phenomena of importance. These criteria are based on the physical,
chemical, and biological characteristics of the site and the contaminant of
interest. The characteristics of thé site and the processes that need to be
simulated are determined from the hydrogeologic and contaminant data and the
conceptual model of the site. |

With regard to model selection, the technical criteria can be divided into
thrée categories: 1) transport and transformation processes, 2) domain
ﬁonfiguration, and 3) fluid(s) and media properties.

4.2.2.1. Transport and Transformation Processes -- Transport and transformation

process criteria relate to those significant processes or phenomena known to
occur on site that must be modeled in order to properly represent the site. The

transport process is the physical migration process controlled by adsorption,
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attenuation, diffusion, dispersion, volatilization, and density effects related
"to temperature and/or concentration., The transformation processes that effect
contaminant migration can be divided into chemical and biological processes.
Chemical processes include complexation, hydrolysis, chemical degradation, and
oxidation-reduction. Biological processes include biodegradation, biological
transformation, metabolism, and respiration. The mathematical model selected
must be able to simulate all the relevant physical processes occurring within
the specified environmental setting.
4.2.2.2. Domain Confiquration -- The second category of the technical criteria
relates to the ability of the model to represent the domain configuration of the
geohydrotogic system. The relevant parameters related to geometry include:
) Water table or confined flow system
) Porous media or fracture flow
) Steady-state or transient flow
. Single- or multi-phase flow
. Constant, flux, or no-flow boundary conditions
° Single- or multi-layer system
) Constant or variable thickness layers
[ One-, two-, or three-dimensional system
) Source configuration

- Constituents

- Point, line, or area source

- Initial value, constant, or variable source

When high levels of resolution are required to predict contaminant
concentrations for comparison to health or design standards, it is generally

necessary to simulate site-specific geometry and dimensionality for which
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numerical models are most appropriate. If simplifying the site geometry can be
defended on a geotechnical basis, then the use of a simpler analytical ] -
ﬁode]/so]ution-may be justified.
Analogously, the natural dimension of the system can be reduced if at least
one dimension can be integrated to a single value. For example, if a
contaminant is distributed evenly in a single aquifer in the vertical direction,
the level of contamination can be expressed as a single value in a
two-dimensional transport model of the horizontal plane (x-y). In effect, the
contaminant mass in the vertical (z) dimension is integrated into a single
representative value.

4.2.2.3. Fluid(s) and Media Properties -- The third category of technical

criteria corresponds to the ability of the mathematical model to represent the
spatial variability of fluid(s) and media properties of the geohydrologic site.
The relevant issue in this category is whether the site can be considered
homogeneous or heterogeneous with regard to hydraulic conductivity, recharge,
porosity, and specific storage. If homogeneous conditions can be assumed, it is
often possible to simulate the site with an analytical solution/model.
Heterogeneous conditions almost always require a numerical model. For example,
an aquifer may consist of several §e01ogic material types all having different
hydraulic conductivities. Proper simulation of the spatially variable hydraulic
conductivity would require the use of a numerical model.

As stated above, the objectives criteria will direct the analyst to select
either a scfeening or a detailed model. Once the level of model has been
decided, the technical criteria will direct the analyst to the specific type of
model needed to properly simulate the transport and transformation aspects of

the environmental setting.



4.2.3. Implementation Criteria

The third level of consideration when selecting a mathematical model is
related to the implementation criteria. Implementation criteria are those
criteria dependent on the ease with which a model can be obtained and its
acceptability demonstrated. Whereas the technical criteria identify models
capable of simulating the relevant phenomera within the specified environmental
setting, the implementation criteria identify documentation, verification,
validation requirements, and ease of use so that the model sg]ected provides
accurate, meaningful results.

Relevant questions to be considered concerning the implementation of a
particular model include: 1) ;hat is the source of the model and how easy is it
to obtain (i.e., is it a proprietary model); 2) are documentation and user’s
manuals available for the model and, if so, are they well written and easy to
use; 3) has the model been verified against analytical solutions and other
models and, if so, are the test cases available so the analyst can test the
model on his computer system; and 5) has the model been validated against field
data? |

The technical criteria can be used to narrow the model selection to a few
codes in the same general category. The implementation criteria can then be used
to further narrow the decision to one or sevéral of the technically acceptable
models.

4.2.4. Other Factors Affecting M i

Other general factors related to model selection which should never
override the technical or implementation criteria include data availability,
schedule, budget, staff and equipment resources, and level of complexity of

system(s) under study. Schedule and budget constraints refer to the amount of



time and money available for the assessment. If both analytical and numerical
models meet the selection criteria, time and cost may be considered factors for
electing to use an analytical approach. Analytical solutions/models are easier
to install on a computer system, are more quickly mastered, and are dependent on
more easily-obtainable input data than numerical models. The time factor will
be of increased importance if staff are not familiar with any of the appropriate
models. In this case, schedule considerations may dictate selection of a
different modeling team; one experienced with the appropriate models.

Staff resources are also a major consideration in modeling. Regardless of
the quality of the model selected, the expertise of the analyst has a major
impact on model results. This can also impact model selection when the analyst
-is familiar with one or more of the appropriate models. In the simplest case,
if the analyst has direct experience with an acceptable model, then that model
is preferred. Similarly, if the analyst has experience with a specific type of
model (e.g., finite element vs finite difference), one of that type should be
selected. In certain cases, familiarity with a model more complex than required
may dictate use of that model rather than a simpler one since there
will be no Toss of resolution and the added staff experience would compensate
for time and cost differences. In no case, however, should familiarity with a
mode]l dictate its selection when it does not satisfy the technical and
implementation criteria. In practice, many models are rightfully applied to
situations which are not fully compatible with the model’s design
characteristics. However, justification of the choice should indicate the
correctness of the model’s use.

Hardware requirements are similar to staff requirements. The more comp]ex.

mafhematical models require more powerful computers with larger mass storage
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devices and extra periphera] equipment. If both analytical and numerical models
meet the selection criteria, available hardware'may dictate the use of the
simpler analytical models. If a sophisticated model is required and adequate
equipment is not available, alternate means of conducting the modeiing must be
found. Equipment constraints cannot be used to select a model other than those
meeting the selection criteria.

As noted in the preceding paragraphs, subjective factors such as
objectives, schedule, budget, and staff and equipment may be used to select one
model from a group of models all found to meet selection criteria. Alternately,
subjective factors may dictate use of a different modeling team to improve the
quality of results obtained from a given model. Under no circumstances,
however, shall subjective factors be used to select a model which otherwise
fails the selection criteria.

In summary, the first step of the model selection process is to define the
objectives of the study. If the objective is to perform a screening-level or
generic type study, a simple analytical solution/model or a simple numerical
model should be selected. If the objective is to perform a detail-level study,
a more complex numerical model should be selected unless the study area is such
that it can be simulated on a technically sound basis with a simpler model.

The decision as to which category of models or type of model can accurately
simulate a site or perform an assessment is based on the
technical criteria. The technical criteria are based on a model’s ability to
correctly simulate the transport and transformation processes, domain
configuration, and fluids and medii properties of a site. Depending on the
objective of the study, the technical criteria can be used to narrow the

selection of either screening or detailed models.
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Once the appropriate models have been selected on the basis of technical
criteria, the list can be further narrowed by use of the implementation
criteria. The implementation criteria relate to factors such as availability of
models, documentation, verification, and validation.

If a 1ist of models still remain after satisfying the objectives,
technical, and imp]ementation criteria, the final decision should be based on
such subjective factors as schedule, budget, and staff and equipment resources.
Under no circumstances, however, should subjective factors be used to select a -
model which otherwise fails the selection criteria.

4.3, MODEL SELECTION VS MODEL APPLICATION

While this document is concerned with the issue of model selection, it is
important to realize that in most cases the biggest differences in model
predictions are a result of how the model is applied, not which model was
selected. For most modeling studies, there are typically a number of models
which satisfy the objectivés, technical, and implementation criteria. If all of
these models are applied to the same‘data set, they will all obtain virtually
the same results. Differences may.arise based on how the initial and
boundary conditiohs and grid (numerical models) are specified in the model, but
in all cases these differences should be insignificant.

The big difference in modeling assessments results from how the model is
applied, not from which model is selected. The difference in how the model is
applied stems from the fact that different modelers interpret the same data set
differently. For example, if you gave ten different modelers the same raw data
set and the same model code, they would probably develop ten different models of
the site based on ten different interpretations of the data. The differences in

the models might be small in many cases, but it is not unreasonable that large
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differences (i.e., compietely different ground-water flow directions or
" contaminant concentrations) could occur; especially for large, complex data sets
requiring a detailed modeling approach. If, on the other hand, you gave ten
different modelers the same model input data set (i.e., the inputs are defined
for them, not a raw data set) and ten different models, with which they were
very familiar, they should all arrive at about the same results. |
. Where the major differences occur in any modeling study is in the

interpretation of the raw data and in the conceptualization of the study area.
Since it is impossible to know everything about a ground-water flow/contaminant
transport system, raw data are always subject to different interpretation. As a
result of this basic fact, it is important to remember that the major
differences in modeling studies will probably result from differences in the
application of the model(s), not from the selection of the specific model to
use.
4.4, FAMILIARITY WITH A MODEL

It is important to emphasize the importance of familiarity with a model,
especially with regard to the more complex models. ODetailed models, especially
numerical models, can be quite complex with a large number of input variables,
switches, outputs, and simulation/computer related requirements. Often it
requires months or even years of experience and several studies to fully
comprehend all the aspects of a mode}. Because of this, it is strongly advised
that an analyst select a model with which he/she is familiar if it possesses all
the selection criteria.

Many people feel that a more complex model should not be selected if a
simpler model can do the job. They argue that the complex model requires too

much data, will take longer to implement, and will cost more to run on the
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computer than the simpler model. This may not be the case at all. Most complex
codes can be run in a Tess complex mode which requires less data and
implementation time. Even if computer costs are a little higher, the costs are
almost always far offset by the savings in labor costs because the analyst is
familiar with the mode] and can use it far more efficiently.

When dealing with the more sophisticated numerical models, only analysts
familiar with the selected model should perform the assessment. If experienced
persons are not available within the group, expert help from outside the group
should be obtained. Simpler models can be used by analysts with little or no
specific experience with the model. However, the work should be reviewed by a
more experienced user to ensure that the model was set up and the results were
interpreted correctly.

4.5. MODEL RELIABILITY

Because a natural ground-water system is very complex and heterogeneous, a
model will never form an exact replica of the system. Because every model will
inevitably be a simplification of the actual system, mathematical models shouild
not be used to make "exact" predictions of ground-water flow or contaminant
concentrations. Ideally, models should only be used to make comparisons between
cases, whether site Specifi¢ or generic.

When developing a model of a study area, simplifications must be made at
every step in the process. The simp]ificatiﬁns are a consequence of limitations
in the acquisition of field data, 1imitations in developing a conceptual model
of the systems, Timitations in properly representing the data and physical
procésses in the model, and 1imitations in predictive mathematical theory for
some physical processes. Because of all the limitations and simplifications, it

is often difficult to place a great deal of confidence in predictive model
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results {i.e., prediction of a contaminant concentration at a well). When
comparing various cases or scenarios with a model, however, all the cases are
subject to the same limitations and simplifications. Therefore, model results
are more reliable in a situation where one case or alternative is compared to
another.

Another method by which model results can be made more useful is to perform
a sensitivity analysis. A sensitivity analysis is an analysis that quantifiés
the change in a specific performance assessment measure {i.e., ground-water
velocity or concentratien) resulting from a change in a specific iﬁput parameter
or set of parameters to the model. For éxamp]e, the model could be used to
predict a range of ground-water velocities based on a range of hydraulic
éonductivities and gradients thought to be répresentative of the aquifer. A
sensitivity analysis is a means of dealing with the inherent uncertainty which
exists in the measurement of many hydrogeologic and contaminant transport
parameters,

Although the many limitations and simplifications make it difficult to
place a 1ot of confidence in model predictions, the use of models to make such
predictions can often be justified in that, in most cases,'a model is the only
means or the best means available to make the prediction. For sites with
complex hydrogeologic conditions, the use of a model is often the only means of
integrating all the data into a meaningful package. In all cases, no matter how
simple the site or how extensive the input data, model output or predictions
always need careful evaluation because they are generally only as accurate as
the model input data and the knowledge of the system upon which the model is
based. Model results, whether "exact" predictions, a comparative analysis or a

sensitivity run should always be considered as a guide to the probable system
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response. Despite their limitations, when properly applied, models are often
the best tools available for assistance in making decisions on ground-water flow

énd contaminant transport problems.
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5. MODEL SELECTION DECISION PROCESS

This chapter discusses the technical criteria used to select the
appropriate mathematical model for a specific application. The first section
provides a detailed discussion of the technical criteria and the errors

associated with selecting one option over another. The second section briefly

discusses the model selection process from the point of view of a reviewer from

a regulatory agency. The last section groups the available models into
categories and provides the framework for selecting the appropriate model or
category of models based on the response to the technical criteria.
5.1. TECHNICAL CRITERIA USED FOR MODEL SELECTION

The technical c¢riteria used to select the appropriate performance
assessment mathematical model{s) for ground-water applications are outlined in
Figure 5-1.

| The first task in any contaminant transport analysis is to simulate the

ground-water flow. The ground-water flow can be simulated separately from the
contaﬁinant transport, or both can pe simulated with one model. However, each
approach requires sequential simulations; first the ground-water flow followed
by the contaminant transport. For this reason, Figure 5-1 is divided into two
sections. The first section addresses the technical decisions that need to be
made to select the appropriate ground-water flow model (or flow portion of a
combined ground-water flow and contaminant transport model), while thé second.
section addresses the technical decisions that need to be made to select the
appropriate contaminant transport model.

The decisions that need to be made when selecting a ground-water

flow/contaminant transport model are discussed in detail below. Guidance is
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IGround-ﬂ%Lgr Flow |

Water e or Confined Aquifer?

[ Porous Media or Fracture Flow? ]

[1, 2, or 3 Dimensional? |

[ Single Phase or Multi-Phase ]

Homogeneous or Heterogeneous?

Hydraulic Conductivity, Recharge, Porosity, Specific Storage

{ Single lLayer or Multi-Layer? |

[ Constant or Variable Thickness Layers? ]

[ Steady-State or Transient ]

Select the Appropriate Analytical or
Numerical Ground-Water Flow Code

or

Continue with the Decision Tree and Select a Combined
Ground-Water Flow and Contaminant Transport Model

Figure 5-1. Code selection decision tree.
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[ Contaminant Transport |

[ Point, Line, or Areal Source? |

[ Initial Value or Constant Source? |

[1, 2, or 3 Dimensional? ]

{ Dispersion?

Adsorption?

¢ Temporal Variability
o Spatial Variability

Degradation?

e 1st Order/2nd Order
e Radioactive Decay |

Density Effects?

o_Thermal and/or Concentration

Select the Appropriate Analytical or
Numerical Contaminant Transport Code

Figure 5-1. (continued)
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provided for making each decision and some discussion is provided regarding the
errors associated with making an incorrect choice (i.e., selecting a model thatv
"does not contain the desired feature); for example, the use of a porous media
mode! to simulate fracture flow.

In all cases, the impact of an incorrect decision or the use of an
incorrect feature of a model is difficult to quantify. For many cases, the
errors are difficult to quantify because they are site specific; they depend on
the actual site data. For example, the error associated with using a
homogeneous hydraulic conductivity distribution where a heterogeneous
distribution should have been used can only be quantified on a sfte-by-site
basis. In other cases, the errars are difficult to quantify even for a
site-Spechic application because the necessary parameters are unknown or cannot
be measured. An example where it is difficuit to quantify the associated error
would be using a model that uses a uniform value of recharge over a study area
versus one that uses a recharge distribution because recharge is difficult to
measure in the field.

Many of the decisions that need to be made when selecting an appropriate
model can be made on the basis of past experience. Although this document
provides insight regarding decisions based on experience, there is really only
one way to gain the knowledge that comes from experience and that is to get
involved in modeling studies and in the selection of the appropriate models for
those studies.

Several questions need to be answered when selecting an appropriate ground-
water flow medel. Such questions deal primarily with the flow media, but some
questions address such aspects as steady-state or transient flow and whether the

fluid is single or multi-phase. The following paragraphs list the questions
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needing to be answered when selecting an appropriate flow model with a brief

explanation of each.

1. Are you simulating a water table {i.e., unconfined) or a confined aquifer,

or a combination of both (i.e., conditions change spatially)?

The analyst needs to select a model which can simulate the type of aquifer

conditions which exist at the site, either water table, confined, or a
spatial combination of both. Most ground-water flow models simutate

confined aquifer conditions, whereas not all models can simulate water

table conditions or a combination of both. The reason for this is that the

solution for the water table case is more complicated and requires more

time to solve. As a result, it is not uncommon that a confined model will

be used to solve a problem with water table or mixed water table and

confined conditions.

The problem associated with using a confihed model for unconfined aquifer
conditions is that the aquifer thickness is not allowed to vary. As a
result, the transmissivity (defined as the aquifer thickness times the
hydraulic conductivity) remains constant when it should be adjusting with
the fluctuations in the water table. The error associated with using a
confined model for unconfined aquifer conditions is small as long as the

fluctuations in the water table are small compared to the total thickness

of the aquifer. Small fluctuations are usually defined as where the water

table elevation changes by less than 10X of the total aquifer thickness.

This criterion ts valid under most circumstances. Typically, the criterion
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is violated when there are large stresses on the system such as pumping or
recharge, or when the aquifer is very thin (in general, less than 25-ft

thick).

Is the ground-water flow through porous media, fractures, or a combination
of both?

The analyst needs to select a model which can simulate the types of media
which exist at the site, either porous media, fractured media, or a
combination of both. Most ground-water flow models simulate porous media.
Although few models are designed to simulate fracture flow, most numerical
models can handle soils with different porosity (i.e., dual porosity). As
a result, to date most fracture flow systems are approximated by porous
media models. The validity of this assumption is dependent on two factors:
1) how highly fractured are the media, and 2) what is the scale {size) of
the fracture system. In this approximation, it is generally assumed that a
highly fractured system can be thought of as a rock that is so highly
fractured that it resembles a continuum porous medium. A quantitative
definition of a highly fractured system does not exist. However, for this
approximation, highly fractured could possibly be considered as fractured
rock with an effective porosity resembling the effective porosity of a

porous media which is typically on the order of 10 to 25%.
The ability to simulate a fractured system with a porous media model is

also scale dependent. The larger the scale of a fractured system, the more

the flow pattern through fractures represents flow in porous media. As the
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scale gets smaller and smaller, it eventually gets down to simulating the
flow in a single fracture which cannot be simulated with a porous media

mode]l.

In some instances, a finite-element model can be used to simulate flow in
faults, where a fault is defined as a large fracture. The fault can have a
higher or lower permeability than the surrounding rock depending on the
nature of the rubble in the fault zone. In this case, the fault is
simulated as a series of long, narrow elements in the model and the
hydrologic properties (hydraulic conductivity, porosity, etc.) of those

elements are set accordingly.

Is it necessary to simulate three-dimensional flow or can the
dimensionality be reduced without losing a significant amount of accuracy?
The analyst needs to select a model which can simuiate the dimensionality
needed to properly represent the site, either one-, two-, or

three-dimensional.

In general, models should be selected in three dimensions unless it can be
shown that the degree of media homogeneity and spatial symmetry of the |
aquifer are such that they justify the selection of a lower dimensional
model. If, for example, the problem consists of a single aquifer with
uniform hydrautic properties and concentrations in the vertical (z)
dimension, then a two-dimensional x-y simulation is justified. If the

hydraulic properties and concentrations are also uniform in one of the two



horizontal dimensions (x or y in addition to z), then one is justified in

making a one-dimensicnal simulation.

Lower dimensional simulations are not always made because they are
Justified based on the homogeneity or spatial symmetry of the data. 1In
many instances, a lower dimensional simulation is made because the data are
not available to perform a three- or two-dimensional simulation, or even to
know if the higher dimensional simulation is required. The use of a
three-dimensional model without adequately detailed site characterization

data can easily lead to incorrect results.

Even though a lower dimensional simulation is performed where a higher
level model was warranted, the‘results can still be quite useful in
assessing a particular problem. The lower dimensicnal model can be used as
a screening-level model to make numerous, low-cost runs which, in many

cases, can provide valuable insight into a problem.

It is important to remember that performing a-complete three-dimensional
analysis does not eliminate uncertainty in the results. It is virtually
impossibie to completely characterize a ground-water flow/contaminant
transport system, and no matter how well the system is characterized, the
model, whether one-, two-, or three-dimensional, is always a simplified
répresentation of the real system. Three-dimensional model results, as
well as one- and two-dimensional model results, need to be analyzed very

carefully to determine if they make sense.
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The dimensions of the ground-water flow model can be dictated by the needs
of the contaminant transport model. For exampie, if the flow is occurring
in a single homogeneous agquifer of constant thickness, a two-dimensional
x-y model should be selected. However, if the contaminant plume is not
uniformly distributed over the thickness of the aquifer or if a remedial
action requires pumping from a screened interval less than the tot#1
~aquifer thickness, then a three-dimensional transport model is required.
If a three-dimensional transport model is required, then the flow should
be simulated in three dimensions. It is possible to simulate the ground-
water flow with a2 one-dimensional model and then simulate the contaminant
transport with a three-dimensional medel, but in this case the transport
simulation will not truly be a three-dimensional simulation since the flow

vector is in only one direction.

Are you simulating a single-phase (i.e., water) or a multi-phase (i.e.,
water and an insoluble contaminant) flow system?

The analyst needs to select a model which can simulate the type of flow
system which exists at the site, either single-phase or a multi-phase

system.

Very few mathematical models are available today which can be practically
applied to a muiti-phase ground-water flow problem. Much of the original
research in this area was performed in the petroleum industry for the
analysis of three-phase flow of oil, gas, and water. The petroleum

industry work has been adopted in the ground-water industry to study
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multi-phase flow between water and contaminants, but the ground-water

efforts are in the infant stages.

Most contaminant transport analyses assume the contaminant is soluble in
water. This single-phase approach is accurate enough for almost all
practical purposes. For the case where the contaminant is immiscible in
water, the single-phase approach does not apply. If a single-phase model
with proper boqndary conditions such as an area source of continuous
re]edse is applied to a multi-phase problem, it can provide some insight
"into the extent of plume migration for a relatively large source of the
jmmiscible contaminant phase which would float on the aquifer’s surface or
sink to the bottom of the aquifer. Significant inaccuracies are likely to

arise if the contaminant travels with ground water along the flow line.

Can the system be simulated with uniform (homogeneous) or spatially
variable (heterogeneous) values of hydraulic conductivity, porosity,
recharge, and/or specific storage?

Homogeneous in this sense refers to spatially uniform values in the x
direction or the x-y plane. Sbme mathematical models, particularly
analytical solutions or simple numerical codes, only simulate a single
value of a hydraulic property spatially. For example, the hydraulic
conductivity or recharge may have to be uniform over the entire model
region. In a heterogeneous model, on the other hand, many of the

" parameters (particularly the hydraulic conductivity and the recharge) can
be specified on a node-by-node (finite difference) or an element-by-element
(finite element) basis. Thus, it is possible to reprgsent a spatial

distribution of certain parameters over the study area.
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Quantifying the errors associated with using a single average value versus
using the actual distribution is difficuit and very site specific. In a
general sense, many of the criteria discussed above apply here. With
regard to hydraulic conductivity, if all the spatial values are within a
factor of 10, using a single average value is probably justified. If the
spatial values of recharge, porosity, and storage do not vary by more than
about 25%, using a single average value is probably justified. In mest-
modeling studies, the recharge, porosity, and storage are not well enough
known to define a spatial distribution. For site-specific, detailed
studies, if spatially-variable values are required but are not availabie,
additional data should be obtained. However, model results using
spatially-averaged values can still be valid and quite helpful for
comparing alternatives, for conducting screening-level studies, for
identifying data deficiencies, and/or for gaining some general insight into

the nature of a problem.

As stated above, the error associated with using an average\va]ue versus a
spatial distribution is very site specific. For example, the average
ground-water velocity over a model region could be the same if the region
is simulated with one average value of hydraulic conductivity or if a
spatial distribution is used with a range of high and low values. In
another similar case, the low values of hydraulic conductivity could be
distributed such that they control the flow, and the velocities for the two

cases could be very different.
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How many hydrogeologic layers are to be simulated?

The analyst needs to select a model which can simulate either single or
multiple hydrogeologic layers/aquifers depending on the conditions which

exist at the site.

Some mathematical models, particularly analytical solutions, can only
simulate a single aquifer. The single-aquifer approach is valid for cases
where the major portion of the ground-water flow and contaminant transport
occurs in a single layer of a multi-layered system, or where the hydraulic
properties of all the layers of a multi-layered system are very similar.
If the hydraulic properties of the various layers are significantly

~ different and contaminants are being transported in more than one layer,

then a multi-Tayered model should definitely be applied.

Significant differences between geologic layefs are difficult to define,
For hydraulic conductivities, a significant difference might be anything
greatér than a factor of 10. Hydraulic gradients and porosity should at a
minimum be within a factor of 25%, and flow directions should be
essentially the same (both horizontally and vertically). For contaminant
transport considerations, the layers should have similar compositions so

their sorption properties can accurately be simulated with one value.
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Do the hydrogeologic layers vary in thickness spatially?

The analyst needs to select a model which can simulate constant or variable
thickness hydrogeolegic layers depending on the conditions which exist at

the site.

Some mathematical models, particularly analytical solutions, can only
simulate constant or uniform thickness within a layer or layers. If the
thickness of a layer(s) does not change significantly spatially, the
uniform assumption is valid. If the thickness changes by more than about
10% of the average ihickness, a model should be used that can simulate

spatially-variable thickness.

The principle problem associated with nct simulating variable thickness is
that the transmissivity distribution in the model will be incorrect
(transmissivity = hydraulic conductivity x aquifer thickness). Using the
wrong transmissivity distribution could have a significant impact on the
model results depending on the specifics of the problem being simulated.
One of the few ways to determine the magnitude of the impact is to run a
sensitivity analysis with site-specific data. In general, changing
thicknesses are ana1ogou$ te changing diameters in pipe flow. Velocities
will increase or decrease accordingly, thus affecting travel-time

predictions.
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Is the hydrologic system in a steady-state condition or do water levels
fluctuate with time (transient condition)?

The analyst needs to select a model which can simulate the type of
hydrologic condition which exists at the site, either steady state or

transient.

Steady-state flow is defined as the conditicn when the magnitude and
direction of the flow velocity (as defined by the hydraulic conductivity
and hydraulic gradient) are constant with time at any point in the flow
field. Transient flow (unsteady flow) is when the magnitude or direction
of the flow veldcify changes Qith time at any point in a flow field {Freeze
and Cherry, 1979, p.49). The application of a steady-state model or
approach is technically valid only in the somewhat unrealistic case where
the water table maintains the same position for some extended period of
time (throughout the entire simulation period). In most actual cases,
variations in recharge and discharge introduce transient effects on the

- flow System. Therefore, technically speaking, a transient model or
approach should always be applied. However, when applying models, the
general rule that is followed is thét if the fluctuations in the water
table are small in comparison with the total vertical thickness of the
~aquifer {or hydrologic flow system), and if the relative configuration of
: the water table remains the same throughout the cycle of the fluctuations
(i.e., the high and Tow points remain highest and lowest, respectively),
then the transient system can be simulated as a steady-state system with

the water table fixed at its mean position. As was the case for confined
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versus unconfined flow, small fluctuations in the water table are generally
defined as less than about 10% of the total thickness of the aquifer (or

flow system).

Transient simulations require much more data and are more difficult to
implement than steady-state simulations., Typically, the additional data
(time series of water-level measurements, recharge, discharge, etc.) are
not available and one is forced to make a steady-state approximation. In
many instances the steady-state approach can yield valuable insight and
information provided that the assumptions used are conservative and that

the 1imitations of the approach are fully understood.

An approach that can be used to approximate a fully transient simulation
but that requires less data and is easier to implement is a series of
steady-state solutions. In this approach a new potential or head
distribution is solved for whenever a significant stress is imposed on the
system. A significant stress can be a pumping well(s) being turned on for
a pump-and-treat remedial action, or a cyclic recharge event where it is

known, for example, that the majority of the recharge occurs in the winter

months.

The errors associated with using a steady-state approximation of a
transient system are difficult to quantify because they depend on each
specific case. For example, if a water table exhibits very consistent and
small fluctuations over a yearly cycle due to a consistent pumping and

recharge pattern (i.e., pumping occurs between April and September for
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irrigation and natural recharge is large in the winter and small in the
summer), a steady- -ate approximation may be valid. If on the other hand,
the pumping schedule is sporadic and it significantly alters hydraulic
gradients and directions of flow, and the recharge is variable from season

to season and year to year, a transient simulation should be performed.

After these questions (criteria) have been addressed, in most cases the
analyst will find that there are several ground-water flow models which meet the
desired criteria. At this point the analyst can either select a ground-water
flow model and then continue the selection process to choose a compatible (but
separate) contaminant transport model, or the user can continue the process to
select a cdmbined flow and transport model. It is quite common to find a fairly
sophisticated flow model 1inked ﬁith a simpler trﬁnsport model since the
transport model parameters are generally less well known.

The decisions to be made when selecting a contaminant transport model are
discussed in more detail below. Some guidance is provided to help in making the
decision and some discussion is provided regarding the errors associated with
incorrectly using the model or feature(s) of the model.

The errors associated with incorrectly selecting a transport model or
feature of a model are difficult to quantify. Some guidance is given below, but
in many cases these errors are site specific and, therefore, cannot be
quantified in general terms. Following are the questions to be answered when

selecting a contaminant transport model.
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Does the contaminant enter the ground-water flow system at a point or is it
distributed along a 1ine or over an area or a volume?
The analyst needs to select a model which can simulate the type(s) of

source(s) that exists at the site, either point, line, or area source.

A point source is characterized by contaminants entering the ground water
at a single Tocation such as a pipe outflow or injection well. A line
source is chéracterized by contaminants entering the ground water along a
line as in the case of leachate emanating from the bottom of a trench. An
areal source or nonpoint source is characterized by contaminants entering
the ground water over an area as in the case of leachate emanating from a
waste lagoon or an agricultural field. A volume source releases

contaminants in a form of volume in ground water..

‘A point source can be simulated with eifher a one-, two-, or
three-dimensional mathematical modei whereas a line or areal source should
be simulated with a higher dimensional model. Most two- or
three-dimensional models can simulate point, line, and areal sources.
Three-dimensional models are appropriate for simulating a volume source.
A1l one-dimensional models, particularly analytical solutions, simulate
point sources. Line or area sources can be simulated with one-dimensional
models by assuming that the contaminant concentration is uniform except in
the dimension simulated. Because the analyst typically lacks the necessary
data to perform conceptually correct transport simulations, it is quite

common to use a one-dimensional transport model with averaged values of
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corcentration and velocity to simulate Tine or areal sources. This
approach is discussed in more detail below in the section on

dimensionality.

Typically, when using a one-dimensional transport model to represent a line
or areal source, the plume width i{s underestimated and its concentration is
overestimated. This effect diminishes as the contaminant migrates farther
and farther from the source. Also, typically when performing
one-dimensional transport simulations, the analyst uses the peak measured
concentration in the interest of being conservative. The analyst must keep
in mind these conservative aspects of the approach when analyzing the

resutts.

Does the source consist of an initial slug of contaminant or is it constant
over time?

The analyst needs to select a mode) which can simulate the type(s) of
source release that occurs at the site, either pulse, constant or a

combination of both.

Contaminants can enter the ground water either as an instantaneous pulse or
as a continuous release over time. A continuous release may be either
constant or variable. Variable releases may be due to source decay,
variable precipitation on the source, or intermittent source application
(e.g., dumping). Many of the simpler mathematical models can only simulate

slug or constant input releases. Some of the one-dimensional models and
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most of the higher dimensional models can simulate all the various means by

which contaminants can enter the ground water.

In many transport modeling studies, a one-dimensional model which cannot
properly represent the distribution of the source in time will be used at
the screening-level stage to make a conservative prediction of the
concentration. The errors associated with.simplifying the contaminant
input pulse are site specific and, therefore, difficult to quantify. In
general, use of a continuous input model will over-predict concentrations
if the peak value is set as the input. If an average value is set, the
model will under-predict discrete peaks. The effects of using an average

flux will diminish with distance from the source.

Is it necessary to simulate three-dimensional transport or can the
dimensionality be reduced without losing a significant amount of accuracy?
The analyst needs to select a model which can simulate the dimensionality
needed to properly represent the site, either one-, two-, or

three-dimensional.

A1l transport models should be selected in three dimensions unless it can
be shown that the contaminant migration or remediation scheme can be
accurately represented in a lower dimension. Cases where a contaminant
source is distributed both areally (x-y) and vertically (z) would, in most
instances, require a fully three-dimensional model. Similarly, remedial
action simulations employing pumping wells screened at specified depths

and/or cutoff walls not fully penetrating an aquifer would most likely
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require a three-dimensioha] model. Cases in which the aquifer is uniformly
contaminated in the vertical direction and where geclogic layering is not
important can be simulated in two dimensions, generally either in x-y or
x-2. Very simple cases consisting of a large pltane Source, a simple
contaminant distribution, and a uniform velocity distribution can be

simulated with a one-dimensional model.

Because the analyst typically lacks the necessary data to develop a two- or
three-dimensional transport model, it is quite common to simulate

transport in one dimension. Only in recent years have documented and
verified three-dimensional models become available,and responsible parties
have been willing to spend the time and money required to develop and run
site-specific models. The lack of necessary data is no excuse for running
a lower dimensional model if it is not suited for the specific application,
although this is the approach which apparently is often taken. A
one-dimensional model, however, can still provide valuable results for a
screening study where conservative predictions or alternatives are

compared.

The limitations of the one-dimensional approach are:

e it cannot simulate multiple sources;

) it can only simulate a large plane source or an average concentration

distribution over a large x-y, x-z, or y-z plane for an areal source;

and
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0 it cannot simulate transverse dispersion (perpendicular to the fiow

path}.

Although errors associated with these limitations are difficult to
quantify, their general effect is the prediction of very conservative
{higher)} concentrations. A conservative prediction can be useful for
screening studies, but often the results are so conservative that they have

little use.

The dimensionality of the transport model should be equal to or less than
the dimensionality of the ground-water fiow model. Although it is possible
to simulate the ground-water flow with a one-dimensional model and then
simulate contaminant transport with a three-dimensional model, the
transport simulation would not truly be a three-dimensional simulation

since the flow vector is in only one direction.

It is important to remember that performiﬁg a complete three-dimensional
analysis does not by any means eliminate uncertainty in the results. It is
virtually impossible to completely characterize a ground-water
flou/contaninant‘trénsport system, and no matter how well the system is
characterized, the model, whether one-, two-, or three-dimensional, is
always a'simpiified representation of the real system. Three-dimensional
model results, as well as one- and two-dimensional model results, need to

be analyzed very carefully to make sure they are reasonable.
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Does the model simulate dispersion?

Dispersion is the spreading of a solute in porous medium caused by
mechanical mixing of water through the media. Dispersionrcannot be
expressed in terms of the mean ground-water velocity alone. Local
variations in flow ﬁelocity direction and magnitude caused by the natura].
heterogeneity in media properties causes dispersion. fhe spreading process
is usually associafed with unknown and uncharacterized geologic variation
of hydréulic properties. The dominant property causing the spreading is

- usually the hydraulic conductivity variation in space(Simmons and Cole,

1985).

Most all contaminant transport models simulate some form of dispersion.
There is much concern, however, as to whether dispersion can be adequately
described in a model because it is related to spatial scale and variations
in hydraulic properties which are difficult to simulate in a model. There
seems to be a clear consensus among ground-water transport researchers that
the conventional convective-dispersive equation may be an inadequate and
inappropriate description of field-scale dispersion {Pickens and Grisak
1981a and 'b; Jury 1982; Smith and Schwértz 1980; Gelhar et al. 1979;
Matheron and DeMgrsi]y 1980; Dagan and Bresler 1979; Simmons 1982a and b).
‘Some récognized inadequacies of the conventional approach are prediction of
non-physical upstream migration, failure to predict increased dispersion
éaused by Targer scales of heterogéneity, inappropriate dependence on
diffusion-1ike boundary conditions, and incorrect representation of

non-Fickian, asymmetric solute distributions {Simmons and Cole, 1985). For

5-22



the purposes of this report, it will be assumed that the currently

available models are adequate.

It is difficult to quantify the errors associated with simulating
dispersion because they are site specific. Turning off dispersion in a
model only considers the movement of contaminants by the advection'process
and hence yields a "worst case" prediction of peak contaminant
concentration. However, this causes the leading edge of the plume to take
1ongef to arrive at a point downgradient. The larger the value of
dispersion, the greater the spread of the plume and the lower the peak
concentration. Since dispersion coefficients are very difficult to measure
in the field, the best way to choose a value is in the model calibration

process, often réquires a large amount of data for field calibration.

Does the model simulate adsorption (i.e., distribution or partitioning
coefficient) and, if so, does it simulate temporally and/or spatially
.variable adsorption? Temporally or spatially variable adsorption is
important when the soil conditions and/or concentrations change with time
and space.

There are a number of chemical and biological processes that affect the
rate and manner in which contaminants travel in the ground water
(adsorption, ion exchange, degradation,.biotransformation, etc.). Since
adsorption and degradation {decay) are the only processes that are
typically simulated in contaminant transport models, they are the only
processes discussed in this report. Adsorption is discussed in this

section and degradation in the next section.

5-23



Adsorption is usually represented by a distribution or paftitioning
coefficient which relates contaminant concentration in solution to
contaminant concentration associated with (adsorbed to) the soil.
Distribution coefficients are used in transport models to approximate
contaminant retardation in the subsurface. Contaminant retardation relates

ground-water velocity to contaminant velocity.

In screening studies, fransport models not simulating adsorption are often
used to make conservative estimates of contaminant concentrations. These
conservative estimates can be useful as long as the predicted
concentrations are not so high that they completely misrepresent the
problem. A general rule for detgrmining when to simulate adsorption might
be that if the contaminant is only mildly retarded, say less than a factor |
of 5 times slower than the ground uater, then the conservative approach of
not simulating adsorption may be informative in a screening effort. If the
contaminant has a retardation factor larger than 5, a model should

be selected that simulates retardation. In any detailed modeling study
adsorption should always be simulated for all retarded contaminants. The
partitioning coefficients for all contaminants are dependent on the
equilibrium solution concentration. However, in dilute solutions, the
partitioning coefficient 1s constant for all practical purposes (linear
1sotherm). Stated in a different way, a contaminant’s absorpfidn
properties remain the same at low concentrations {linear), whereas at
higher concentrations adsorption decreases as the contaminant concentration
in the ground water increases (nonlinear). This nonlinear property can

become very important when predicting the migration of the center of mass
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versus the leading édge of a contaminant piume, or when predicting required
pumping time for a pump-and-treat remedial action. At high concentrations,
the linear assumption will over-predict adsorption and travel times and
under-predict ground-water contaminant concentrations. For hydrophobic
contaminants, the threshold below which linearitj can be assumed is about
one half the solubility (Neely and Blau; 1985). For hydrophilic
substances, the threshold must be determined on a case-by-case basis

because of interactions between the water and the contaminant.

Very few currently available transport models can simulate the nonlinear
adsorption case, so adsorption is nearly always simulated as a linear
isotherm. For very low concentrations, this approximation can produce mass
balance errors which typically overestimate the contaminant mass in the
solution phase and underestimate the mass in the solid phase. Therefore,
the approximation with the linear isotherm is more conservative

(i.e., it ﬁnu]d predict a higher concentration at a monitoring well at an

earlier time than it should actually arrive).

Certainly, it would be more accurate to use a nonlinear isotherm model for
all cases in which it applies. The currently accepted practice in
transport modeling, however, is to lump all chemical and biological
processes into one term, the adsorption or retardation term, and simulate

it as a linear isotherm. Geochemical models are employing a more-

state-of-the-art approach with regard to simulating chemical and bio1ogici]

processes. Until the science is better understood, however, the accepted

practice will be to Tump them all into one term.
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Does the model simulétg first or second-order decay and/or radionuclide
decay?

Degradation or radionuclide decay are factors which can significantly
affect predicted concentrations.and total mass of contaminmants in a ground-
water system. As with adsorption, conservative estimates of concentrations
can be made by neglecting degradation in a screening level or "worst-case"
analysis. For a detailed analysis, however, a degradation model should be

used.

Most transport models simulate first-order decay. Only a few models can
simulate higher-order decay. No transport models are currently available
which can simulate the transformation of one chemical constituent into a
breakdown product and then simulate the transport of the transformed
constituent(s). One approach that can be used to simulate the transport of
a parent species and all its transformation products is to simulate the
transport of a barent as if there is no degradation and then

apportion the resulting concentration on the basis of an assumed
transformation efficiency (often 10%) and thé ratio of molecular weight.
This only works well if the adsorption coefficients are similar between the
parent and by-product contaminants. It also assumes that the by-product

| does not further transform.
Several transport models, both analytical and numerical, can simulate

radioactive decay. Many of the models can account for the generation and

transport of daughter products in both straight and branched decay chains.
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Does the model simulate density effects due to changes in temperature and
concentration? A truly coupled model is one in which the ground-water flow
is influenced by the density and viscosity of the water, which, in turn,
are influenced by the temperature of the water and the concentration of the
solute. In some cases (i.e., involving a large heat source or large
fluctuations in solute concentration) it may be important to consider
temperature and contaminant concentration effects on ground-water flow.
A basic assumption of most ground-water flow and contaminant transport
models is that gradients of fluid density, viscosity, temperature, and
concentration do not affect the velocity distribution. In most cases these
gradients are small and this is a safe assumption. In some cases, however,
these gradients can become large and can significantly affect flow
patterns. In these cases a coupled model solving for pressure,
temperature, and/or solute concentration as functions of fluid_density and

viscosity should be used.

An example of such a case is the effect of heat generated by the burial of
high-level radicactive waste on the ground-water flow in the vicinity of
the repository. The heat from the repository will have a buoyant effect on
the surrounding water causing it to rise. The extent of the rise and the

magnitude of the impact can be predicted with coupled models.

Under most naturally-occurring situations, the assumption that flow is not
affected by temperature, density, and concentration gradients is valid. In
cases where extremely deep systems are-being simulated, however, the
naturally-occurring geothermal gradients may influence ground-water flow

patterns and should therefore be simulated. The only other cases where one
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typically needs to be concerned with thermal flow patterns are
anthropogenic phenomenon such as geologic repositories or injection of

heated or cooled fluids.

Similarly, under most naturally occurring circumstances, density and
concentration gradients are small enough they can be neglected. The
classic example of a naturally-occurring density problem that should be
simulated with a coupled model is that of saltwater intrusion. Most
man-made contamination problems result in low enough ground-water
concentrations that they do not affect the ground-water flow. In a few
instances, concentfations become large enough that the density of the water
is affected and a coupled model is required for an accurate prediction of
the flow and transport. An important example is leachate from landfills.
Concentrated leachate plumes often move deep into the aquifer before they
migrate laterally. If the effect of concentration is neglected, the

analysis may under-predict concentration at deeply screened wells.

After'sequenéing through the decision tree, there will, in most cases, be
several models which meet the desired criteria. Since several models could meet
the desired criteria, it is difficult to list a single model as a standard
model, At this point the analyst can either select a transport model which is
compatible with the flow model selected above, or select a combined'ground-water
f]ow/contaminant transport model.

Regardless of the approach selected, whether separate or combined flow and
transport models, it is likely that there will be several models which meet the

technical criteria. The selection of the final model(s) should be based on the
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implementation criteria; i.e., the model meets the criteria that it haslbeen
through a rigorous quality assurance program so that it is thoroughly verified,
and the model is well documented with user’s manuals and test cases.

If several models pass the quality assurance and documentation criteria,
~ the final selection of a model should be based on familiarity with and
availability of the model, the modeling schedule, available budget, and staff
and equipment resources.
5.2. MODEL SELECTION FROM THE REVIEWERS POINT OF VIEW

The selection criteria are described primarily from the point of view of an
analyst performing an exposure assessment study. The basic process begins with
defining project objectives, assessing a physica] situation, énd then selecting
a model to represent the important processes re]evanf‘to the objectives and
physical conditions. Another use of the selection criteria is from the point of
view of a regulatory agency that is reviewing an exposure assessment study.
Under these circumstances the reviewer needs to evaluate the choice of the model
used in performing the study. The selection criteria must be fundamentally the
same for both applications, however, some differences exist in how the criteria
is used or evaluated. This section is included to describe those differences.
The proper selection of a model is one step in pefforming an exposure assessment
study. A1l models are sensitive to the choice of input parameters. The choice
of these parameters will be, in most cases, at least as important as the choice
of a particular model and must be considered in thé review process.

The first step for the person reviewing the exposure assessment study is tb
identify the characteristics and capabilities of the specific model. This

information can best be obtained from a model user’s manual.
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The single most important step in choosing a model is to define project
objectives. Similarly, the most important step for the reviewer is to have a
élear understanding of the study objectives. The objectives of the analysis
should clearly state whether it is performed as a generic analysis or if a more
detailed site-specific analysis with appropriate data for calibration and
validation is intended. In cases where the 6bjectives are not clearly defined, .
then the only option is to interpret how the results and conclusions of the
study are presented (e.g., associated uncertainty, potential impacts, and
importance of decisions based on the results). This is difficult and will
obviously be subjective in some cases. After this initial step, the rest of the
selection criteria are essentially the same for both the selection of a model
and review of a model selection by another person.

It is important that the reviewer examine the presentation of results and
conclusions to see that they are consistent with the study objectives, model
choice, and model application. Any decisions based on model results must
~ incorporate the uncertainty inherent in the predictions. For a generic
analysis, the level of uncertainty will be about an order of magnitude at best.
For more detailed analysis, the validation phase of a modeling study may provide
some guidance in defining the uncertainty associated with the model predictions.
5.3. MODEL SELECTION WORKSHEET

Section 5.1 discussed the technical criteria used to select a mathematical
mode]_for a specific application. This section provides a model selection
worksheet which facilitates the selection of an actual model or suite of models

based on the response to the technical criteria.

5-30



The model selection worksheets are shown in Tables 5-1, 5-2, and 5-3.
- Tables 5-1 and 5-2 are the analytical solutions worksheets and Table 5-3 is the
analytical and numerical model (cdded for the computer) worksheets,

Table 5-1 1lists a total of 63 analytical solutions by name and reference,
tells which calculator or personnel computer they have been programmed for (if
any), and lists any pertinent comments. The first seven solutions are for
ground-water mounding problems and the remainder are for contaminant transport

problems.

Table 5-2 lists the analytical solutions (by number) in the same order they

are listed in Table 5-1. The technical selection criteria {(listed across the

top) are in the same order as they aré discussed in Section 5.1 (Figure 5-1).
Table 5-3 presents a list of some of the currently available, docuhented,

mathematical models. The models are divided into seven categories:

1. Analytical flow models

2. Analytical transport models

3. Numerical flow models which can be applied to both saturated and
unsaturated systems

4. Numerical flow models which can only be applied to saturated systems

5. Numerical contaminant transport models which can be applied to both
saturated and unsaturated systems

6. Numerical contaminant transport models which can only be applied to
saturated systems

7. Numerical contaminant and transport models which couple the solutions for
pressure, temperature, and concentration (coupled models).

Within these major categories, the models are listed in alphabetical order. The

technical criteria or specifications for the models (1isted across the top) are
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TABLE 5-1.

ANALYTICAL SOLUTIONS, NAMES, AND REFERENCES
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») u“‘-,‘."n ofal ated Slug of 1% Mfin; Contasinent Concentratton
T) desction snd Dlspersion fram o Single Solers W01 Predicts Contaniaent Concentration
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™ RS A it Ctrnt Cmrist
ball ;:;:-"““" Horitontal Flow with & Siug Pradicts Contaminant Concentration
») 'cl:‘-fc’;ln:|;:ﬂmmm Flow vith 3 Predicts Contaminant Concentretion
3] Iwstanteneous Source, Infintre Aquifer Depth Pelnt Source Solutten
37} lestastaneous Saurce, Finite Aquifer Depth Peint Source Salution
M) Instamtanecus Seurce, Finite Aquifer Dapeh — Point Source Solutton
Awyrage Concantration
39} Comtimeows Source Release - Unstaady State Point Source Solution
40) Camtimwous Source Release -- Staagy Stete Point Source Selution
) mmm' :};:-h:g"l Line Source Selution
42) Lise Source Sefutien

Ingtaatiddews Norizenta! Relesse, Infinits
Seurce Loagth, L

Inftatte Aayiter
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TABLE 5-1. (continued)

Amalytical Selwtion Wamey . Conputer Type . Comments Betrrence

43)  Imtanteneous Horizonts) Aeleass, Finita tim Source Sotutien Wweng, 19046
Seurce Longeh, Finite Aquifer depth

) Isstantansous Morizontal Relssse, Finite Lima Seyres Solution faang, 1986
fauree h, Aguifer Depth-Avereped
Concantretion

) Comtinwous Horfzental Reledse, Fisits Source Line Saurce Sotution nmng, 1906
Loages, Infinita Aquifer Depth

M) Isstantanecus ¥Yertical Relaase, Infinits tine Seurce Salution tmsng, 1986
hgutfar Depth

A7) Castimuous Vertice) hluu‘ Am-l- Line Seurce Solution Hwang, 1986
Concertretion == Unitdy

M) Contimous Vertica) Iﬂun. Average LI Source Salution Weang, 1986
Comcantration - Stsady §

49)  Isstantanecus MortTontal Sowrce Arasl {Plame) Source Solution ang, 19866

¥0) Instantanecus Wertical Source Arma) {Plane) Saurce Solution Maung, 1906

$1) Cantinucuy Horizontsl Plane Source -- Areal (Plane} Saurce Sslution Mwang, 1985
msteagy State

$2) Camtinuous Herizontsl Plane Source —- Areal {(Mane} Source Sotutien Weang, 1986
Steady State )

§3) Comtimwous Vertical Plane Source -- hreal [Plane} Source S0lution Wwang, 1986
mgtaady Stats

#4) deetzontal Plane Source at 2 Constant Areat [Plane) Source Solution Wezng, 1985
Sesndary Concentration

56) Yertical Mam Source st & Constant Aresl [Plane) Source Solution Wwang, 1984
Seyndary Concentration -- Staady State ’

$6) Conatant Ralsise Rate Downserd Infinite Horizonta) Piame Source bsang, 1986

§7) Comstant Cancsntration Boundary Reservoir Infinite Vertical Plene Source iing, 1986

8) Velvm Source Wedng, 1985

$9) Constant Roundary Concentration in s Wang, 1986
Radtally-Flowing Auifer

40) tme-Dimnsions) Mass Transport 1M 360/91 ma:rmm and Flou Boundary Clanry and Ungs, 1978

tions
1) Two-Dwensionsl Mass Traniport 1 %0791 Strip Soundiry Condition H
Finite and In¥intte Midth

§2) TereeDimeniions) Mass Transport: Patch 1N 380/91 Two=Diginsione1 ¥ertics) Source M

Seires; Fintte Mmmrsions

631 Three-Dimensions) Mess Trensport: Blvariate  18M 360/91 . !
Gawssian Source . g

TIT W Gvat)adte from Jemes 5. Ulrick and Msactates, 2300 Lot Angeies Avenve, Sertedey, CA 94707,
(2) Progroms avatlable frem the Mattons] Senter for Ground Mater Aessarch, Ckiahoms State University, Stillwater, OX
(3] calewlstor/Cosputer Type: Osborne, Kaypro, Seperbrain, 1M, Kudio Shack PC-1 and PC-2, and Snarp PC 1250 and 1300 programs evadlabls.

141 Progras avitlable €rom the Toternitions) Ground batar Nodeling Centar, olcom B n .
tatlanapotis, IN 46208, L) comd Ressarch lastitute, Butler University, 4500 Sunset Avenue,

(5) Program svaftable frow Dr. sichas) L. Soormees of Wartyn tngintering, Inc., Medizon, ¥l.

{8) Calowlavor/Computer Type: Appla, Kaypro 11, ¥ictor, Wector, TRS-80, Sharp-PC1S00.

{7} Calewlator/Computer Type: Superdrain, Usborne, Sharp-PC1500.

18) Progrins availehle from Thomes A. Prickett ond Associates, inc., 8 Moatzlair Road, Urtans, L 61801.

(3) Ske MiTioALl Council of the Paper Industry for Ar and Streas Improvements, Iac., Technicel Bulletin No. 472, Octover, 1985.

# -~ Paint Source

L == Line Source

A —= Arsa) Seurce

== RadiaY Flow

R -~ g-Utmeasion

¥ =~ y-Diwension

T — T-Digeasion

Yol - Volume

él - Disparsien tn twe x Birection

=- Dlapersion ir the y Cirsction
== Digpersion in the 1 Direction
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ANALYTICAL SOLUTIONS WORKSHEET

TABLE 5-2.
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TABLE 5-2. (continued)

LEGEND

Dimension
X -~ X dimension
Y -~ Y dimension
Z -- Z dimension

pispersion
Dy -- Dispersion in x direction
Dy -- Dispersion in y direction
Dy -- Dispersion in z direction

R -- Radial Flow

Source Type

A -- Areal source

L -- Line source

P -- Point source
Vol -- Volume
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ANALYTICAL AND NUMERICAL MODELS WORKSHEET

TABLE 5-3.
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Mumerical Flow (Saturated/Unsaturated)
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identified in the same order as the technical selection criteria discussed in
Section 5.1 (Figure 5-1). The last column in the worksheet includes coﬁments
pertaining to the solution technique (analytical model, finite difference, or
finite element numerical model) and any ofher pertinent information. A summary
of each of the models 1isted in Table 5-3 is contained in Appendix A. More
detailed information, user’s manuals, and copies of many of these models can be
obtained from the International Ground Water Modeling Center (IGWMC) model data
base. IGWMC is located in Indianapolis, Indiana.

In many instances, selection of a model that has more capabilities than
necessary but with which the analyst is familiar may be more cost effective than
applying a Smal]er, unfamiliar model with minimum capabilities due to the
acquisition, testing, and learning process that would be required.

5.4, WASTE MANAGEMENT MODELS

A few models have been developed by/for the EPA and others which consist of
a methodology for tracing contaminant movement through the various environmental
media. For the purposes of this report, these models will be called waste
management models. Waste management models typically track the movement of
hazardous waste from the source (point of disposal) through one or more of the
three primary environmental pathways; air, surface water, and/or ground water.
Since this document is concerned with ground-water models, we will only discuss
those waste management models which simulate the ground-water pathway.

Waste management models typically consist of a number of submodels to
simulate tﬁe many components of transport from a contaminant source to the point
of exposure. These submodels usually consist of 1) source term generation,
which can include Teakage through a liner(s); 2) contaminant transport through

the unsaturated zone; 3) contaminant transport through the saturated zone; and
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4) uptake by humans at the point of exposure. When simulating contaminant
' transport, the submodel generally simulates phenomena such as dispersion,
degradation, and adsorption.

1t is not the objective of this document tc cover waste management models
tn any detai].r Rather, a few such models are described briefly to make the
reader aware of them. If a waste management model uses a ground-water transport
modei that was discussed earlier, this is brought to tﬁe attention of the

reader.

5.4.1. Risk Assessment Methodology for Regulatory Studge Disposal Through Land

Application _
ICF Technology, Inc., has recently developed a risk-based approach to

setting sludge criteria for land application disposal for the EPA. The
methodology can also be applied on a site-specific basis to evaluate permit
applications. ICF deve1oﬁed the modules addressing ground water, vapor, and
sufface runoff pathways. In each case, analytica]lmode1s were assembled to
track the movement of contaminants from source to site of exposure. Predicted
Tevels can be compared to health-based criteria, or health-based criteria can be
input to select limiting sludge contaminant concentration criteria. A series of
representative scenarios are being evaluated with the methodology to identify
criteria thresholds and areas where best management practices should be
prescribed.
5.4.2. Risk Assessment Methodology for Regulating Landfill Disposal of Sludge
ICF Téchnology, Inc., has been responﬁib]e for the development of the
risk-based methodology for EPA upon which sludge landfill disposal regulations
and criteria are being based. The methodology can be applied on a

national/regional level or on a site-specific basis. For the ground-water
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pathway, it predict§ leachate quantity and quality and subsequent impacts on
ground water by modeling contaminant movement through the unsaturated zone and
-in the aquifer. Degradation, adsorption, and geochemistry are all accounted
for. A simple vapor-release and atmospheric-dispersion approach is taken for
the vapor pathway. Runoff and particulate suspension are addressed through best
management practices.

The 1andfill disposal methodology uses the CHAIN model and the AT123D model
to simulate contaminant transport through the unsaturated and saturated zones,
respectively. Both of these models are discussed in the previous section and in
the appendix. |
5.4.3. RCRA Risk/Cost Policy Model (WET Mod

The RCRA risk/cost policy model establishes a system that allows users to
investigate how trade-offs of costs and risks can be made among wastes,
environments, and technd]ogies {W-E-Ts) in order to arrive at feasible
regulatory alternatives. The model was developed for EPA by ICF, Inc.

There are many components in the system. Eighty-three hazardous waste
streams are ranked on the basis of the inherent hazard of the constituents they
typically contain. The system assésses these waste streams in terms of the
likelihood and severity of human exposure to their hazardous constituents and
models their behavior in three media -- air, surface water, and ground water.
The system also incorporates the mechanisms by which the constituents are
affected by thelenvironment, such as hydrolysis, biodegradation, and adsorption.

A second integral part of the system is the definition of environments in
which the hazardous components are released. Thirteen environments including a
special category for deep ocean waters are defined on the basis of population,

density, hydrology, and hydrbgeo]ogy. The system adjusts the exposure scores of
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the waste streams’ hazardous constituents to account for their varying effects
“in the three media in each of the environments.

The third component of the sysfem consists of the technologies commonly
used to transport, treat, and dispose of the hazardous waste streams. This
includes 3 types of transportation, 21 treatment technologies, and 9 disposal
technologies. The system determines costs and release rates fof each of these
technologies based on the model’s existing data base. It also incorporates
estimates of capacities of the technologies, the amount of waste to be disposed
of, and the proximity of the wastes to the available hazardous waste management
facilities.

EPA’s purpose in developing the RCRA risk/cost policy model is to assist
policy makers in identifying cost-effective optiohs that minimize risks to
health and the environment. The framework of the system is intended as a
screen -- to identify situations that are of special concern because of the
risks they pose and to determine where additional controls may nof be warranted
in light of the high costs involved. The framework uses a data base that is too
imprecise and general to be the sole basis for requlations. The results of the
model will be used in more detailed regulatory impact analysis to determine
whether some type of regulatory action is warranted. |

Contaminant transport is not simulated in the WET model. Rather, a ground-
water exposure/risk score is tallied based on key flow and transport parameters
such as hydraulic conductivity, depth to ground water, adsofption, and
hydrolysis.

5.4.4. The Liner Location Risk and Cost Analysis Model
The Tiner location risk and cost analysis model, developed for EPA by ICF,

Inc., 1inks a risk and a cosf model. The risk model simulates the chronic risk
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to human health from land disposal facilities (landfills and surface

impoundments) with different design technology, location, and waste stream

ctombinations. It integrates a series of submodels and algorithms that trace
constituent releases from landfills and surface impoundments to their movement
through the air and ground, then to resulting human exposures, and finally to
the resultant human risk. To do so,‘model components predict:

° Releases to ground water and §gb§urfggg transport. A failure and release
submodel estimates facility failure and the quantity of leachate released;
an unsaturated zone algorithm calculates the time required for the leachate
to reach an underlying aquifer; and a saturated zone submodel calculates
the time and concentrations of constituents reaching a downgradient well,

) Releases to air and atmospheric transport. A volatilization algerithm

| calculates the quantity of constituents that volatilize over time; an
atmospheric transport algorithm calculates the concentrations of these
constituents at the exposure points.

] Human exposure. An exposure algor am calculates the exposure from
drinking water and from breathing constituents in air,

. Health risks. A hazard estimation submodel ca]kulates expected cancer and
noncancer risks from the exposures.

The model calculates risk over a 400-year time horizon. In doing so, it

embodies many assumptions: facilities operate for 20 years with a 30-year

post-closure period; contamination goes undetected and uncorrected; multiple
contaminants do not interact; and few constituents degrade over time, with
degradation beginning only after facility failure. The model also assumes that

aquifers are homogeneous and isotropic.
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The companion cost model estimates the costs of land disposal facilities
with differing technologies and sizes. The results of the risk model combined
with the cost data from the cost model provided EPA with the capability to
perform cost/risk and cost-effectiveness analysis.

The liner Tocation model uses the TRANS model (Random-Walk Particle
Transport Model} to model contaminant transport in the saturated zoﬁe. The
TRANS model is discussed in the previous section and in the appendix.

5.4.5. Landfill Ban Model

The 1andfill ban model is a quantitative modeling procedure used by EPA to
evaluate potential impacts on ground water and establish screening levels for
this medium. The ground-water screening procedure invelves a back calculation
from a point of potential exposure at a specified distance directly downgradient
from a point of release fram a land disposal unit using a fate and transport
model. The ground water back calculation procedure involves the application of
three model components: 1) the HELleude1 which addresses performance of
engineer controls; 2) the'fate and transport model (EPASMOD) which models the
behavior of constituents in the ground-water environment; and 3} the MINTEQ
model which models the behavior of metals in the ground-water environment.

The HELP model was developed by EPA specifically to facilitate estimation
of the amount of runoff, drainage, and leachate that may be expected to resuit
from a hazardous waste landfill. The model predicts the water balance by
performing a mass balance between flow into various components of a landfill and
water leaving these components. The model uses climatology, soil, and
design data to produce daily estimates of water movement across, into, through,

and out of landfills.
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The EPASMOD model predicts the fate and transport of constituents in the
ground water. [EPSMOD is a three-dimensional, steady-state, advective dispersive
model which utilizes analytical solution procedures to predict transport through
homogeneous and isotropic porous media. The model accounts for advection;
hydrodynamic dispersion in the longitudinal, lateral, and vertical dimensions;
absorption; and chemicalrdegradation.

Estimates of metal species distributions are determined using the
geochemical model MINTEQ. MINTEQ is an equilibrium model that uses the
equilibrium constant approach in solving the chemical equilibrium problem.

The contaminant transport model EPASMOD is not included in the appendix of
this rebort because it is still in the development stages and at this time is

not well documented.
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6. MODEL SELECTION EXAMPLE PROBLEMS

Two site-specific example problems are provided below to demonsirate the

procedure for selecting the appropriate mathematical model for a particular
application. The first example is an application where the objective is to

| perform a screening study, while the objective of the second example is to

perform a detailed study. The discussions of the example problems are presented

in the order that should be followed when conducting a ground-water flow and

contaminant transport modeling study, with model selection being one element of

the process.

6.1. SCREENING ANALYSIS EXAMPLE PROBLEM .

Over 300 landfills are licensed to operate within a particular state. The
state is interested in determining whether significant ground-water
contamination is occurring at the sites. As a first step, the state is
interested in using modeis to define the scope of the problem to determine if
detailed investigations of several of the sites are required. At this stage,
the state is not interested in detailed, site-specific assessments.

6.1.1, Objectives of the Study

The objectives of the study are to develop a genefic model of the ground-
water flow and contaminant transport system beneath a landfill and to perform a
sensitivity analysis to determine the likelihood that a significant
contamination problem might exist. The data used in the sensitivity analysis
are generic values representative of the actual landf11ls.‘ The sensitivity
analysis consists of several model simulations using both average and

conservative values for the model parameters.
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The study is primarily concerned with a contaminant transporf analysis of
five contaminants commenly found in landfij1 leachates. The contaminant data
have been cbtained from existing data for representative sites.

6.1.2. Conceptual Model of the Study Area

0f the 300 sites in the state, 30 are éhosen a§ a representative sample.
Tﬁe existing data for the 30 sites are used to develop a generic conceptual
model of a typical landfill site.

| For this example, we will aésume the conceptual model has been developed
and is very simple. It consi;ts of a contaminant source (either point, line, or
areal) at the water table beneath the landfill; a single layer, homogeneous,
porous-media aquifer; and a discharge location at a specifiea distance
downgradient} The source strengths, ground-water velocities (hydraulic
conductivity and gradient), distance to the discharge; and other pertinent model
inputs have been determined from the existing data for the initial simulation.

We will also assume the five contaminants of interest and their transport
properties have been-identified from the existing data. Dispersion, adsorption,
and degradation are important processes that need to be simulated in the
initial model run and adjusted in the sensitivity analysis.

6.1.3. Model Selection Process

Having developed the conceptual model, the analyst should now follow the
technical criteria to determine which model or suite of models will be
appropriate for this application. Because the objective of this study is to
perform a generic or screening analysis, a screening model should be selected.
Using a screening model allows for making several sensitivity runs relatively
quickly and at low cost. Typically, such a screening model is an analytical

solution, an analytical model, or a simple numerical model.
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For this study, there is no point in using a detailed model since the data
are not site-specific and the objective is not to predict site-specific exposure
levels but rather to compare cases in a sensitivity analysis.

Since the objective is to study the transport of 5 contaminants, a
contaminant transport model should be selected. The ground-water flow is not
simutated in the transport model, but rather it is specified by the available
data (in terms of ground-water velocity, or hydraulic conductivity and hydraulic
gradient which can be used to soive for velocity). Even though ground-water
flow is not simulated, the flow parameters can still be adjusted in the
sensitivity analysis.

The first part of the technical selection criteria (Figure 5-1) relates to
ground-water flow. Based on the conceptualization, the flow portion of the
transport model should have the capability to simulate the following conditions:
water table aquifer, porous media, steady state, single phase, ;ingle Tayer of
constant thickness, and homogeneous hydraulic properties. In a contaminant
transport model, all of these properties are usually represented as a uniform
velocity down a one-dimensional flow path.

The second part of the technical selection criteria relates to contaminant
transport. Based on the conceptualization, the trénsport model should have the
capability to simulate the foliowing conditions:. areal source {point or line
saurce would be sufficient), constant sourée ferm, dispersion, adsorption, and
degradation. The transpori can be simulated in either one, two, or three
dimensions. A one-dimensional simulation is most practical since the flow is

one-dimensional. However, a three-dimensional transport simulation could take
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full advantage of the contaminant concentration reduction resulting from
dispersion in three directions. Density effect§ are not important in this
application.

At this point, the analyst should go to the model selection worksheet and
select a transport model which has all the capab111tie§ discussed above. Some
logical choices of models are AT123D, CHAIN, or MMT. Most numerical models are
too sophisticated for this application. The final selection of a single model
should be based on the implementation criteria (code has been verified and
documented) and on the analyst’s familiarity with and access to the model.

6.2. DETAILED ANALYSIS EXAMPLE PROBLEM
6.2.1. Statement of Problem

Benzene‘was disposéd of in surface lagoons at an industrial site from 1960
to 1980. The disposal operation was shut down when benzene was found in
residential wells downgradient (south) of the site, A network of monitoring
wells sampled in 1985 show that the benzene had migrated up to a mile
downgradient, was found near the surface just south of the site, was found at

depth further south of the site, and concentrations ranged between 0 and 2,000
ppb. |
6.2.2. Objectives of the Study

The objectives of the study were to select a ground-water flow and
contaminant transport mode} of the site and use the model to:
1. determine the likelihood that the shallow and deep plumes are connected,
and if so, identify the reason(s) for the plume to migrate to a deeper

depth;
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2. predict the future extent of the plume and determine if the water supply

wells for a city south of the site will become contaminated; and
3. if benzene levels in the city wells could become too high, design a

pump-and-treat system to cleanup/contain the plume.
6.2.3. Conceptual Mode)l of the Study Area

The site is located in a narrow alluvial valley about 1 mile north of a
small town (Figure 6-1). The waste lagoons are situated just above the water
table of the regional alluvial aquifer. The aquifer consists of uniform sands
and gravels over its entire depth, and its saturated thickness ranges from 0 ft
along the edges at the bedrock outcrops to 100 ft in the center of the valley.
The bottom of the aquifer is defined by bedrock. South of the lagoons in the
area where the benzene plume apbears to migrate to a lower depth, a creek cuts
across the valley from east to west., Five pump tests over ;he study region
yielded values of hydraulic conductivity that ranged between 110 ft/day and 340
ft/day. Recharge in the area is estimated as 10 in./yr and is uniformly
distributed over the study area. Water levels in the valley fiuctuate very
little throughout the year. The only significant pumping in fhe area is tﬁe
pumping of the city wells. The creek is located in a low-permeability zone
wheré it cuts across the valley. A single pump test in the material yielded a
hydraulic conductivity of 25 ft/day and geologic logs show that the zone is
about 50-ft deep and 500-ft wide. The creek is not hydraulically connected to
fhe aquifer. |

The principal contaminant of concern is benzene. Monitoring data show the
plume has migrated about 1 mile south of the site, is shallow (between 0 and 30
ft below the water table) just south of the site and north of the creek, and is
deep (between 50 and 80 ft below the water table) south of the creek. The plume

6-5



Scale: 3 1/2 in. = 5,000 ft

Direction of
Ground-Water Flow

Bedrock
Dutcrop-_\\\\
Permeability

Bedrock
Qutcrop

Figure 6-1. HModel region for the assessment-level example problem.
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has a peak concentration of about 2,000 ppb just south of the lagoons and a peak
of about 100 ppb scuth of the creek. The width of the plume appears to be
between 1,000 and 1,500 ft. |

6.2.4. Model Selection Process

The model selection process first focuses on the cahabi]ities of the
ground-water flow model and then on the capabilities of the contaminant
transport model. In some instances it may be possible to simulate the flow with
one model and the transport with another. This is often done when using
analytical solutions or simple numerical models. In more complicated,
h1gher -dimensional problems, a single combined model is typically used.

When se1ect1ng a model based on the various criteria, the analyst can
always step up to the next level but should never step back. For example, if a
problem only requires a model that can simulate a single layer, the analyst can
always use a model that is capable of simulating multiple layers and only
simulate one.

The conceptualization of this example problem indicates that a water tabie
model should be used. However, the water table only experiences minor
fluctuations so a confined model could be used. Also, because the water table
remains fairly constant, a steady-state model would be acceptable.

The flow is single phase (since benzene is soluble in water) through a
porous medium. The flow occurs within a single aquifer with varying thickness.
Based on the above, a porous media model that has the capability to simulate
single phase flow and a single aquifer with variable thickness should be chosen.

For this problem, a three-dimensional flow model is required as a result of
the partially-penetrating, low-permeability zone in the vicinity df the creek.

Since the aquifer appears to be fairly homogeneous, it can be simulated with a
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single value of hydraulic conductivity and porosity. However, since the low
permeability zone exists along the creek, a model that allows for an areal
distribution of hydraulic conductivities should be selected. Also, the model
needs to allow for a vertical variation in hydraulic conductivity since the low
permeability zone is only partially penetrating.

At this point the analyst can either choose a three-dimensional ground-
water flow model that satisfies all the requirements (or exceeds the
requirements) and select a separate transport model later, or he/she can
continue with the decision process to select a coupled ground-water flow and
contaminant‘transport model. Probably the best approach is to determine the
transport model requirements before selecting any models.

Benzene entered the ground water over a period of 20 yrs {1960-1980) by
leaching through the bottom of surface lagoons as it was being disposed of.
Although disposal stopped in 1980, residual 1eve]s of benzene in the soils
beneath theAlagoons continued to leach intd the ground water at reduced rates.
The length of time required to leach all the benzene from the soil was estimated
based on residual levels, solubility, and recharge rate. A complete sample of
all monitoring wells was completed in 1985 to provide data with which to
calibrate the model.

In order to calibrate the model, the analyst would simulate 20 yrs of
leaching at full strength followed by 5 yrs of leaching at a reduced rate and
compare the 1985 model-predicted benzene concentrations to the observed values.
In order to properly simulate the release of benzene over the ca]ibration
period, the analyst needs to select a model that can simulate variable leaching

rates.
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" To predict future concentrations, the analyst can either run the calibrated
model into the future or he can run an initial value problem where the measured
concentration distribution is input to the model in 1985 and the model is run
into the future. For this type of a simulation, the analyst needs to select a
model that can simulate an initial value problem.

The conceptual model indicates that the plume appears to migrate to a lower
depth in the vicinity of the creek. In order to simulate this migration, the
contaminant transport would need to be simulated in either two dimensions in the
x-z plane or in three dimensions. A two-dimensional x-z mode1-may be capable of
assessing whether the plumes are connected and predicting the future extent of
the piume. However, it would not be capable of aiding in the design of a
pump-and-treat remedial action. A fully three-dimensional model would be
required to determine well placement in the x-y plane, number of wells to pump,
pumping rates, and well penetration depths.

Since benzene in this situation does not significantly degrade, a model
that simulates degradation is not required.

Since there are no significant thermal or concentration gradients in the
study area, density effects can be neglected. Therefore, a fully-coupied model
would not be required.

At this point the analyst is ready to select a flow-and-transport model.
Since the problem is fairly complex, requiring three dimensions for both flow
and transport, a single combined flow-and-transport model would be the logical
choice. The analyst would go to the model selection worksheet and select a flow
and transport model which has all the capabilities discussed above. Some
logical choices of models would be SEGOL, TRUST, GROVE/GALERKIN, PINDER, CFEST,

or SWIP2. The final selection of a single model would be based on the
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implementation criteria (has the model been verified and documented?) and on the

analyst’s familiarity with and access tp the model.
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CODE NAME: PATHS

PHYSICAL PROCESSES: Analytical flow solution with pathline and travel time
post processors,

DIMENSIONALITY: Two-dimensional.
SOLUTION TECHNIQUE: Analytic.

DESCRIPTION: PATHS provides an approximate contaminant transport evaluation

by a direct solution of the pathline equations. The steady cases are evaluated
by holding the uniform gradient, the head in the pond, and the well strengths
constant. Under such steady-state conditions, only one set of flow paths,
advancing fronts, and travel times must be calculated. In the transient cases,
each new set of fluid particies leaving the pond or wells encounters changing
velocity effects. Therefore, a range of typical departure times is selected and
the flow paths, front configurations, and travel times are calculated
successively for each selected set of fluid particles leaving the contaminant
source. The approximate equilibrium coefficient approach is used to give the
ion exchange delay effects for a single constituent. There are, however, no
dispersion effects considered in the preliminary model. The model can consider
as many as 35 wells at optional locations. Wells are represented asnumerically
solved by the code to give the paths of the fluid particles and their advance
with time toward the outflow boundary.

The LOCQUAR component completes the unit outflow rates (i.e., the water outfiow
volume per unit time per unit distance, along the outflow boundary). The unit

outflow rate is a function of location as well as time.

The main assumptions of the code are:

. two-dimensional (horizontal plane) infinite aquifer of constant thickness;
. confined flow;

. homogeneous, isotropic material with constant properties;

] uniform flow direction may include transient gradient (flow)} strength;

° round, fully penetrating wells and caverns:

. dissipation of the well and cavern heads occurs over a specified radial
distance;

(] diffusion and dispersion processes are neglected; and

[ contaminant adsorption is based on linear equilibrium isotherms.

CODE INPUT: An interactive computer program actually coaches the user
through preparation of the input file for PATHS. A worksheet is given as
Table I in Nelson and Schur and its use is recommended because it will help

ensure the use of consistent units. The interactive program can also be
followed without the aid of a worksheet.
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In genera] the PATHS code requireé the following data:
) stratum thickness;

. physical properties of wells incliuding location, radius, and flow rate;
. radial distance to remote boundary;

& x-coordinate termination of path lines;

) source radius;

) steady-state or dynamic head at source;

) hydraulic conductivity;

] effective porosity;

) uniform gradient;

) starting times and Tocations of pathlines; -

. instructions for plots to be generaied; and

] linear distribution coefficient.

CODE OUTPUT: A variety of outputs are generated by the three components of
the code. There are: :

1)  PATHS -- Input data file for GROUND.
2) GROUND -- Hard copy lists and plots of
[ the fluid or contaminant flow paths;

. the rate of advance and shape of the contaminant fronts moving
through the system; and

e the Tocation and time of contaminant arrival at the outflow boundary.

3) LOCQUAR -- The water outflow volume per unit time along the outflow
boundary.

COMPILATION REQUIREMENTS: The code is written entirely in FORTRAN-77.
Current versions, originally developed on a Univac 1100/44 system, have been
converted to a Digital Equipment Corporation VAX 11/780 systems. Some minor
changes were made because the two systems differ in their file operations.

The code can capture information on 55 time planes for up to 50 pathlines and
35 wells. The wells are at arbitrary locations and are represented as
completely penetrating, vertical line sources with steady or time-dependent
flow rates.

PATHS is constructed in a modular fashion and appear to be easily modified.
Versions exist on two hardware configurations. The software allows someone
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with Timited computer background to run the code. The interrogative building
- of the input data file coupled with the batch processing of the solution is a
user-friendly and computationally efficient method.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months. |

CODE VERIFICATION: As an an?’ - -cal solution, the validation is simply
required to test for errors .. formulation of the solution or in the computer
coding. The results of PATHS have been compared to the resuits from both VIT
and FE3DGW. .

The PATHS model was designed to provide a balance between the refinement of the
model and the limited data usually :sailable for initial evaluation of
subsurface contamination problems. :t allows the user to make "first cut”
evaluations inexpensively and quickly. Specific applications include:

] Initial model for movement from deep underground caverns for the Advanced

Technology Development Section, Research and Engineering Department,
Atlantic Richfield Hanford Company.

] Initial model of accidental release from a fuels reprocessing facility in
- South Carolina.

® Initial evaluation of accidental failure of earthen sewage holding ponds,
Kennewick, Washington.

s Initial evaluation of seepage from a copper tailings reservoir,

] Model used in "Groundwater Engineering Short Course," sponsored by
Agricultural Research Service, Chickasha, Oklahoma.

. Example evaluation for State of Idaho Department of War - Administration.

] Evaluation of a numerical generation scheme for pathlines for Atlantic
Richfield Hanford Company in cooperation with the Pacific Northwest
Laboratory for the U.S. Energy Research and Development Administration.

] Evaluation of potential hazard from subsurface reactor accidental releases
for Sandia National Laboratories, Albuquerque, New Mexico.

DOCUMENTATION/REFERENCES :

Nelson, R.W.; Schur, J.S. (1980) PATHS -- groundwater hydraulic assessment
of effectiveness of geologic isolation systems. PNL-3162, Pacific
Northwest Laboratory, Richland, WA.

SOURCE: PATHS was written by R. W. Nelson and J. A. Schur and was a direct

result of research conducted by Pacific Northwest Laboratory. The research was
supported by the Waste Isolation Safety Assessment Program (WISAP).
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CODE NAME: AT123D (Analytical Transient 1-, 2-, or 3-Dimensional)

PHYSICAL PROCESSES: Provides analytic or Green’s Function solutions to the
solute transport equation in 1, 2, or 3 dimensions with a constant uniform
water velocity.

DIMENSIONALITY: One-, two-, or three-dimensional.

SOLUTION TECHNIQUE: Analytic.

DESCRIPTION: The code is limited to a single component, cdnstant, untform
parallel velocity field, rectangularly shaped sources and regions of interest,
with releases at a constant rate. The source may be a point, line segment,
rectangle, or rectangular prism. The release may be instantaneous, continue
for a finite time period (band release), or be a step function. Equilibrium
adsorption and radioactive decay are included; but decay chains are not
treated. Aquifers may have finite or infinite depth and width. The program
output is the radionuclide concentration in the groundwater. AT123D requires
that the water flow be known and be approximated by a uniform parallel flow.
The principal simplifying assumptions are as follows:

(] validity of the solute transport equation;

] all boundaries are of the no-flow type;

. a constant, uniform parallel flow velocity;

) the source is a rectangular prism, and the rate and duration of release
are the same everywhere within the source; :

. infinite solubility; and

] release of contaminant at a constant r;te over some duration.
CODE INPUT:. The principal inputs are as fo]]ows:-

(] location and dimensions of the source;

) aquifer dimensions;

. porosity;

] hydrau]ic conductivity;

] hydréu]ic gradient;

] dispersivity;

] distribution coefficient; and

. duration of release.
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CODE OUTPUT: The output of the code is a series of tables showing
concentration at selected points and selected times.

COMPILATION REQUIREMENTS: AT123D is written in FORTRAN IV, and should be
adaptable to most computers. Current problem limits are as follows:

] 15 x-locations for output;

) 10 y-locations for output;

. 10 z-locations for output;

] 1,200 time steps; and

) 1,000 eigenvalues for series evaluation.
EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code- has been checked against hand calculations and
laboratory experiments. The code is in the public domain.

DOCUMENTATION/REFERENCES:

Yeh, G.T. (1981) AT123D: analytical transient one-, two-, and three-
dimensional simulation of waste transport in the aquifer system.
ORNL-5602, Oak Ridge National Laboratory, Oak Ridge, TN.

SOURCE; AT123D was written by G. T. Yeh at Oak Ridge National Laboratory.
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CODE NAME: CHAIN

PHYSICAL PROCESSES: Convective-dispersive sotute transport, saturated or
unsaturated steady flow, sequential first order radicactive decay, linear
sarption.

DIMENSIONALITY: One dimensional.

SOLUTION TECHNIQUE: Analytical based upon LaPlace transforms.
DESCRIPTION: CHAIN presents analytical solutions to solute transport
involving sequential first-order decay in saturated or unsaturated soil
systems. Solutions of the simultaneous movement of up to four member chains
are provided for the one-dimensional convective-dispersion

equation. A degrading source term may be modeled by invoking the solution to
the Bateman equations. The main assumptions of the code are:

] steady groundwater flow;

) constant pore velocity and dispersivity over path length;

) linear geochemical sorption model;

® linear decay with up to four members;

® initial value or flux source condition; and

] degrading source term.

CODE INPUT:

o path lengths;

® pore velocity;

) water content;

® dispersivity{

® decay constants;

] retardation coefficients; and

e time for which solute concentration are calculated.

CODE OUTPUT: Solute concentrations at various times and positions along path
for up to four members of chain.

COMPILATION REQUIREMENTS: CHAIN is written in FORTRAN and may be easily
installed on essentially all computer systems.

EXPERIENCE REQUIREMENTS: Moderate.
TIME REQUIREMENTS: Days.
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CODE VERIFICATION: Numerous numerical verification problems are provided in
the user’s manual which has been published in the open literature. Field

" validation has been performed for the convective-dispersion equation in
numerous tracer experiments in the saturated and unsaturated zones.

DOCUMENTATION/REFERENCES: A full) user’s manual and documentation may be
found in '

VanGenuchten, M.Th. (1985) Convective-dispersive transport of solutes
involved in sequential first-order decay reactions. Con. of Geosciences
2:129-147.

SOURCE: M. Th. VanGenuchten
U.S. Salinity Laboratory
4500 Glenwood Drive
Riverside, CA 92501
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CODE NAME: GETOUT

. PHYSICAL PROCESSES: Predicts the transport of radionuclide chains 'along a
one-dimensional path.

DIMENSIONALITY: One dimensional.
SOLUTION TECHNIQUE: Analytical.

DESCRIPTION: The model interfaces difect]y with the water-dose models, ARRG
and FOOD, and together they are used to predict the dose consequences to people
from radionuclide releases.

The model analyzes the transport of radionuclides by flowing groundwater
following a leach incident at an underground nuclear waste disposal site. This
model assumes that at some arbitrary time after the waste is deposited, the
contents of the site are dissolved at & specific constant rate by groundwater.
The groundwater flows at constant velocity through a homogeneous
one-dimensional column of the geologic medium and discharges

to a surface water body. The dissolved radionuclides are assumed to be in
sorption equilibrium at all points in the geologic medium. Radioactive decay
{including chain decay of the actinides) is modeled both at the disposal site
and during migration through the geologic medium. Trace concentrations of the
dissolved nuclides are assumed and, as a result, the adsorption equilibrium
constants are independent of concentrations. A constant axial dispersion
coefficient is also assumed. This model is applicable to particulate and
fractured media, provided the necessary input data are obtained properly and it
can be applied to heterogeneous media if a weighted averaging techn1que is
properly applied to the relevant input parameters.

- CODE INPUT: Inputs for GETOUT include:

° time leaching beings;

) duration of leéching;

) path Tength;

) pore velocity of water; and

) dispersion coefficient.

CODE OUTPUT: The output of the code is the rate of discharge of each
nuclide. Digital and graphic output is printed and results are written to a
file that can be read by the biosphere code FOOD. Peak discharge rates are
reported for key nuclides.

COMPILATION REQUIREMENTS: GETOUT is written in FORTRAN IV and implemented on
a UNIVAC-1100/44 EXEC-8 system. It has been converted to CDC equipment.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.
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CODE VERIFICATION: Verification work by E. L. J. Rosinger at Whiteshell
(ref. 4) uncovered problems in early unpublished versions of the code and
confirmed the accuracy of the published version by comparison with analytic
solutions. The code is in the public domain.

DOCUMENTATION/REFERENCES:

DeMier, W.V.; Cloninger, M.0.; Burkholder, H.C.; Liddell, P.J. (1979)
GETOUT -- a computer program for predicting radionuclide decay chain
transport through geologic media. PNL-2970, Pacific Northwest
Laboratories.

Burkholder, H.C.; Cloninger, M.0.; Baker, D.A.; Jansen, G. (1976) Incentives
for partitioning high-level waste. Nuclear Technology 31:150, also as
BNWL-1927, Pacific Northwest Laboratories Report BNWL-1927.

Lester, D.H.; Jansen, G.; Burkholder, H.C. (1975) Migration of radionuclide
chains through an adsorbing medium. AIChE Symposium Series 152,
Adsorption and Ion Exchange 71.

Burkholder, H.C.; Rosinger, E.L.J. (1880} Nuclear Technology 49.

Elert, M.; Grundfelt, B.; Stenquist, C. KBS Teknisk Rapport 79-18.

SOURCE: GETOUT was originally written by D. H. Lester, H. C. Burkholder, and
M. 0. Cloninger at Pacific Northwest Laboratory. The current FORTRAN 1V

version was developed by H. C. Burkholder, M. 0. Cloninger, W. V. DeMier, and
P. J. Liddell.



CODE NAME: GWMTM1 and GWMTMZ (Groundwater Mass Transport Model ] Dimensional
and 2 Dimensional)

PHYSICAL PROCESSES: Determines contaminant concentrations in the vicinity of
a decaying source under steady-state flow conditions.-

DIMENSIONALITY: One or two dimensional depending upon code used.
SOLUTION TECHNIQUE: Analytical.

DESCRIPTION: The codes are deterministic, one- or two-dimensional analytical
solutions of the transient convective-dispersive mass transport equation
modified for first-order decay, with an exponentially decaying, Gaussian
boundary condition. The one-dimensional model is designed to solve for
vertical infiltration of wastewater through saturated or unsaturated soil media
under constant vertical seepage velocity. Presumably it could be used to model
one-dimensional horizontal transport also under steady-state flow conditions.
The two-dimensional code is designed for estimating the two-dimensional (area)l
or vertical cross section) concentration pattern downgradient from sanitary
landfills, wastewater lagoons, or other groundwater pollution sources.

CODE INPUT: GWMTM1: Dispersion coefficient, kinetic decay constant,
constant seepage velocity, and surface constant (if surface concentration is
not constant), user specified space, and time positions.

GWMTM2: Fewer than ten cards for parametric information plus space and time
positions for desired concentration calculations.

CODE OUTPUT: Concentrations are printed at user-specified locations in space
and time. -

COMPILATION REQUIREMENYS: The model is written in standard FORTRAN IV and

has been run on an $/360/91; it should run on any standard digital computer.
The program requires a region size of approximately 100K on the S/360/91. One
can learn to run the model in Tess than a half hour and only four FORTRAN
statements need to be punched (space and time positions are specified as data
cards). Setup time is insignificant and FORTRAN programming knowledge is
unnecessary. It has also been run on minicomputers using less than 100K of
core.

EXPERIENCE REQUIREMENTS: Minimal.
TIME REQUIREMENTS: Days.

CODE VERIFICATION: The two-dimensional version has been "used to check the
numerical accuracy of several solution schemes of two-dimensional, numerical
models of groundwater quality. It has been distributed widely through short
courses dealing with groundwater pollution and has been used principally to
simulate leachate plumes from landfills and check the accuracy of
two-dimensional, numerical models."



DOCUMENTATION/REFERENCES :
Professor Robert W. Cleary
P. 0. Box 2010
Princeton, NJ 08540

Cleary, R.W. (1877) Final 208 report to the Naussau-Suffolk Regional Planning
Board, Hauppauge, New York.

" SOURCE: Bob Cleary, Princeton, NJ.



CODE NAME: NUTRAN

PHYSICAL PROCESSES: NUTRAN calculates the consequences (in terms of releases
of radicactivity or doses to humans) of groundwater releases of radioactivity .
from a repository. NUTRAN evaluates the combined effect of systems of natural
and engineered barriers; some barrijers are modeled in detail and others are
simply characterized by a number summarizing their performance (e.g., for a
canister, lifetime).

DIMENSIONALITY: ‘One, two, or three dimensional.

SOLUTION TECHNIQUE: Analytical.

DESCRIPTION: The principal phenomena treated by NUTRAN are:

] the resaturation of the repository cavity with water;

. leaching of the waste matrix;

. dissolution of the radioactive elements in the waste;

® diffusion through clay cylinders around waste canisters;

(] transpoft of waste by groundwater through the repository, surrounding
strata, and adjacent aquifers (calculated using a network of
one-dimensional flow paths, with a two-dimensional method used for
aquifers containing wells);

] withdrawal of contaminated groundwater through wells;

) transport of waste in surface waters and associated ecosystems; and

° human exposure and dose mechanisms.

NUTRAN performs most of the functions involved in analyzing Tong-term effects

of a waste repository. NUTRAN contains only an extremely simple model for

groundwater flow. In many cases the results of a flow code such as VTT must be
used to prepare the inputs to NUTRAN. Among these cases are those in which
two- or three-dimensional effects are important or thermal convection or 1arge
density gradients are present.

The code is based on representing the flow field as a network of

one-dimensional path segments. Arbitrary numbers and configurations of path

segments can be accommodated. Simple models of several of the engineered
barriers in the repository and waste package are also included.

The principal assumptions of the code are:

(] the one-dimensional sojute transport equation is valid within each path
segment;

] sorption may be represented as equilibrium adsorption;
) once a canister has any holes in it, it disappears entirely as a barrier

to waste dissolution;
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. when a clay buffer cylinder is present, wastes diffuse through it in
approximately a steady state; and

. water in waste storage rooms is well mixed.

CODE INPUT: NUTRAN permits the user to divide nuclides into classes with
identical sorption behavior. It also permits "states" with different water
fTow to occur over time. The principal inputs to WASTE are as follows:

] retardation factor of each class of nuclides in each leg in each state;
[ cross-sectional area of each leg in each state;

» Tongitudinal dispersivity of each leg;

] hydraulic conductivity of each leg in each state;

] heads at leg junctions in each state;

s length of each Teg;

’ effective porosity of each leg in each state;

. repository dimensions and backfill characteristics;

] age of wastes at repository bommissioning;

. canister lTifetime;

L rates or times of transitions among states;

e solubilities of any nuclides (optional);

) locations and pumping rates of wells; and

. transverse dispersivity of aquifer from which wells draw.

The inputs to PLOT, other than disk files written by ORIGEN, BIODOSE, and
WASTE, usually consist only of control variables.

CODE OUTPUT: The primary output of NUTRAN is the rate at which radioactivity
is released or the dose to individuals or populations. Both totals due to all
nuclides and the contributions of any number of individual nuclides selected by
the user are available. Doses or release rates are given as functions of time
with peak values identified; release rates and population doses may also be
integrated over all time. Both digital and graphic output may be obtained.

A variety of intermediate quantities used in the calculations may also be
output.

COMPILATION REQUIREMENYS: The code is written in PL/I and has been run on a
number of IBM machines. The user must supply IMSL (International Mathematical
Statistical Language) routines and, if graphical output is desired, the DISSPLA
plotting package is used. The test cases in the User’s Guide require 2 to 3
minutes CPU time on an IBM 370/3031. BIODOSE requires one megabyte of core;
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WASTE and PLOT require 512 K. A small amount of disk storage is required for
communication among the programs.

TASC has not released the program to the public.
EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: NUTRAN has been compared to GETCUT and BIOPATH for a
one-dimensional problem (ref. 1), and to a number of analytic solutions.

DOCUMENTATION/REFERENCES :

Ross, B.; Koplik, C.M.; Giuffre, M.S.; Hodgin, S.P. (1981) A computer model
of long-term hazards from waste repositories. Radioactive Waste
Management 1:325-338.

Ross, B., KopTik, C.M.;.Giuffre, M.S.; Hodgin, S.P.; Duffy, J.J. (1979)
NUTRAN: a computer model of long-term hazards from waste repositories.
The Analytic Science Corporation Report UCRL-15150.

Ross, B.; Koplik, C.M. (1979) A new numerical method for solving t-= solute
transport equation. Water Resour. Res. 15:949-55,

Giuffre, M.S.; Ross, B. (1979) The effect of retardation factors on
radionuclide migration. In G. J. McCarthy, ed., Scientific Basis for
Nuclear Waste Management 1:439-442, Plenum, NY, and Longon.

Ross, B ; Koplik, C.M. {1978) A statistical approach to modeling transport of
pollutants in ground water. Mathematical Geology 10:657-672.

Berman, L.E.; Ensminger, D.A.; Giuffre, M.S.; Koplik, C.M.; Oston, S.G.;
Poltak, G.D.; Ross, B.I. (1978) Analysis of some nuclear waste
management options. The Analytic Sciences Corporation Report UCRL-13%17.

Ross, B.; Koplik, C.M.; Giuffre, M.S.; Hodgin, S.P.; Duffy, J.J.; Nalbandian,
J.Y. (1980) User’s guide to NUTRAN: a computer analysis system for
tong-term repasitory safety. Atomic Energy of Canada, Ltd., Technical
Report AECL-TR-121.

SOURCE: The code was developed by B. Ross, C. M. Koplik, M. S. Giuffre, J.
J. Duffy, S. P. Hodgin, and others at the Ana]yti; Sciences Corporation,
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CODE NAME: NWFT/DVM (Network Flow and Transport/ Distributed Velocity
Method)

PHYSICAL PROCESSES: Predicts fluid flow and transport of radionuclide
chains. The rate at which nuclides enter groundwater can be limited by both
leach rates and equilibrium solubility. Water velocities can reflect density
forces caused by nonuniformities in salt concentrations.

DIMENSIONALITY: One dimensional.

SOLUTION TECHNIQUE: Numerical convolution of analytical solution for a
discretized flow network; utilizes the “"distributed velocity method."

DESCRIPTION: NWFT/DVM uses a network of one-dimensional flow paths. A
steady-state water velocity is calculated in each path, with pressures and
brine densities considered. Radionuclides enter groundwater at a rate
determined by the combined effects of kinetic leaching and equilibrium
solubility. Transport of radionuclides can be handled by either an analytic
solution {similar to GETOUT and NUTRAN) within each path segment (or "leg") or
by the Distributed Velocity Method (DVM} which is unique to this code.
Daughter nuclides whose velocity differs from their parents’ must be treated by
DVM.

NWFT/DVM is a far-field code. It is designed to analyze repositories in well
stratified sedimentary rocks. NWFT/DVM is finite-difference or finite-element
code. .

The principal assumptions of the code are:

® fluid flow proceeds only along a specified network of 15 path segments;

] Darcy’s Law is valid;

) the one-dimensional solute transport equation is valid within each path
segment;

. thermal convection can be neglected;

] all water flowing through the repository contacts the waste;

(] brine concentration and pressures do not change over time; and
) sorption can be represented as equilibrium adsorption.

CODE INPUT: Inputs for NWFT/DVM include:

. conductivity in each ]eg;

] cross-sectiona] area of each leg;

] elevation of each node;

. porosity of each leg;

. rock density in each leg (optional);7
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] brine concentration in each leg;

] mass of each nuclide;

(] half life of each nuclide;

] initial inventory of each nuclide;

. distribution coefficient of each nuclide in each leg;

® leach time;

e  dispersion constant (same value everywhere);

. So]ubility of each nuclide;

. time leaching beginnings; and

) cutoff time.

CODE OUTPUT: The principal output is the discharge rate of each nuclide in

Ci/day as a function of time. The total integrated discharge and the peak

discharge rate are also given. A variety of intermediate quantities can be

output as well. ‘ .

COMPILATION REQUIREMENTS: The code is written in FORTRAN. The code uses one

IMSL (International Mathematical Statistical Library) routine to solve a system

of Tinear equations. This routine or a substitute must be supplied by the

user, _

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Results from NWFT/DVM have been compared with results of

GETOUT for a range of one-path-segment problems. Also, it has been compared to

SWIFT for a problem with a six-member decay chain. The code is in the public

domain. )

DOCUMENTATION/REFERENCES:

Campbell, J.E.; Longsine, D.E.; Cranwell, R.M. (1981) Risk methodology for
geologic disposal of radioactive waste: the NWFT/DVM computer code user’s
manual. Sandia National Laboratories Report NUREG/CR-2081.

NWFT/DVM lecture notes. Draft, Sandia National Laboratories.

Campbell, J.t.; Longsine, D.E.; Reeves, M. (to be published) The distributed
velocity method of solving the convective-dispersion equation.

SOURCE: The NWFT/DVM model was developed at Sandia National Laboratories.

The original NWFT model was developed at Sandia and INTERA Environmental
Consultants by Campbell, Kaestner, Langkopf, and Canty. NWFT/DVM incorporates
the DVM, developed by Campbell and Longsine of Sandia and Reeves of INTERA.
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CODE NAME: FEMWATER]

PHYSICAL PROCESSES: Predicts groundwater flow through saturated or
unsaturated porous mediaf

DIMENSIONALITY: Two dimensional (x-y, x-z cartesian).

SOLUTION TECHNIQUE: Numerical, finite element, quadrilateral element.
DESCRiPTIDN: FEMWATER] is a revision of the Yeh and Ward subsurface flow
model. It is a flow-only code that creates a data file specifically for the
operation of the FEMWASTE] pollutant transport model. FEMWATER] applies to
flow in porous media which is:

) transient or steady state;

. two dimensional (horizontal or vertical cross section); and

] saturated-unsaturated.

The model is based on the conservation of mass and momentum and includes soil
and water compressibility effects. Water is exchanged between the surface and
subsurface media by:

] seepage or ponding;

] infiltrating runoff from rainfall;

. artificial recharge and withdrawal; énd

[ ponds, lakes, and streams.

FEMWATER] uses quadrilateral bilinear and triangular finite elements to
represent the two-dimensional porous media domain. The Galerkin method of
weighted residuals is used to solve the continuity equation and Richards’
equation. finite difference discretization of the time derivatives can be
specified in one of three ways:

1)  backward difference;

2) central difference; or

3) mid-difference.

The mid-difference time stepping scheme was added to the previously available
options of central and backward differencing schemes. The method of
mid-differencing assumes linear variation of the unknown variable over the time
interval such that the computer matrices are evaluated at the midpoint of the
time interval.

With the three time stepping and two mass lumping options, six numerical
solution procedures are available in FEMWATER]. Other than the general
recommendations above, no discussion of the stability or accuracy
characteristics of the various solutions is presented.
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Soil properties and hydraulic conductivities in FEMWATER] are functions of
pressure head alone. Because pressure head is the dependént variable, the
equation set to be solved is nonlinear, requiring iterative solution
techniques. The Newton-Raphson -iteration with the option of over- and
under-relaxation is used. For large problems, a line successive
over-relaxation technique is available.

Unlike most flow models that calculate the velocity field by taking derivatives
of the solved pressure field, FEMWATER] formulates Darcy’s Law with the finite
element solution method. This approach has the advantage of continuous
velocity distributions at the model boundaries.

Mass balance computations are built into FEMWATER] to monitor numerical error
generation.

The main assumptions of the code are:

® Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanisms for fluid fiow; and

] the nonlinear soil properties and the hydraulic conductivity are fdnctions
of the pressure head only.

CODE INPUT: Inputs to FEMWATER] include:

° grid geometry;

0 initial heads;

(] prescribed head and flux boundary conditions;
] hydraulic-conductivity tensor;

] modified storage coefficient; and

] material nonlinearities.

CODE OUTPUT: The output from FEMWATER] consists of the pressure distribution
and velocity field at each time step.

COMPILATION REQUIREMENTS: FEMWATERI is writfen in FORTRAN and was originally
installed on an IBM 360 machine. The code is generally compatible with most
all mainframe or virtual memory machines.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: Two sample problems to which solutions had previously

been obtained by other validated numerical models, namely 1) the seepage pond
problem and 2) the Freeze transient problem, were solved. In addition, results
by all six alternative numerical schemes discussed below in the section on
numerical approximations were compared in both examples. No field validation
has been performed.
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DOCUMENTATION/REFERENCES :

Yeh, G.T.; Ward, D.S. (1979) FEMWATER: a finite-element model of water flow
' through saturated-unsaturated porous media. Oak Ridge National Laboratory
Report ORNL-5567.

Reeves, M.; Duguid, J. 0. (1976) Water movement through saturated-
unsaturated porous media: a finite-element Galerkin model. 0Qak Ridge
National Laboratory Report ORNL-4927.

SOURCE: FEMWATER] was developed at Oak Ridge National Laboratory by G. 7.
Yeh and D. S, Ward., It is an extension of work done by Reeves and Duguid. The
code is in the public domain.
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CODE NAME: FREEZE

PHYSICAL PROCESSES: Predicts water flow in a groundwater basin under
transient saturated-unsaturated conditions. v

DIMENSIONALITY: Three dimensional.
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: A three-dimensional finite-difference model has been developed
for saturated-unsaturated transient flow in small, nonhomogeneous, amrisotropic
geologic basins. The uniqueness of the model lies in its inclusion of the
unsaturated zone in a basin-wide model that can also handle both confined and
unconfined saturated aquifers under both natural and developed conditions. The
integrated equation of flow is solved by the line successive overrelaxation
technique. The model allows any generalized region shape and any configuration
of time-variant boundary conditions. When applied to natural flow systems, the
model provides quantitative hydrographs of surface infiltration, groundwater
recharge, water table depth, and stream base flow.

Results of simuiations for hypothetical basins provide insight into the
mechanisms involved in the development of perched water tables. The
unsaturated basin response is identified as the controlling factor in
determining the nature of the base flow hydrograph. Application of the model
to developed basins allows one to simulate not only the manner in which
groundwater withdrawals are transmitted through the aquifer, but also the
changes in the rates of groundwater recharge and discharge induced by the
withdrawals. For any proposed pumping pattern, it is possible to predict the
maximum basin yield that can be sustained by a flow system in equilibrium with
the recharge-discharge characteristics of the basin.

CODE INPUT: Inputs consist of standard unsaturated or saturated zone
hydrologic parameters.

CODE OUTPUT: Output consists of a pressure or head distribution.

COMPILATION REQUIREMENTS: FREEZE is written in FORTRAN and is operational on
an IBM system.

'EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.
DOCUMENTATION/REFERENCES:

Freeze, R.A. (1971) Three-dimensional transient saturated-unsaturated flow in
a ground water basin. Water Resour. Res. 7(2):347-366.

SOURCE: This code was developed by R. A. Freeze of the University of British
Columbia. The code is in the public domain.
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CODE NAME: UNSATI

PHYSICAL PROCESSES: Provides a simulation capability for flow in a
one-dimensional unsaturated or saturated soil column.

DIﬁENSIONALITY: One dimensional.

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The UNSATI model provides numerical solutions to the
one-dimensional flow problem of an unsaturated-saturatad medium. It employs a
Galerkin finite-element analysis of this one-dimensional physical domain. The
hermite cubic polynomial is used as the basis for the finite-element
approximation to the continuum.

CODE INPUT: Inputs consist of standard unsaturated or saturated zone
hydrologic parameters..

CODE OUTPUT: OQutput consists of a pressure or head distribution.

COMPILATION REQUIREMENTS: UNSAT] is written in FORTRAN IV.

EXPERIENCE REQUIREMENTS: Extensive,

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

van Genuchten, M.Th.  Numerical solutions of the one-dimensional
saturated-unsaturated flow equation. 78-WR-09, Princeton University,

Princeton, NJ.

SOURCE: This code was written by M. Th. van Genuchten of the U.S. Salinity
Laboratory. The code is in the public domain.
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CODE NAME: UNSAT2

PHYSICAL PROCESSES: Simulates nonsteady seepage in saturated or unsaturated
porous media.

DIMENSIONALITY: Two dimensional (x-y or x-z cartesian). Axisymmetric (r-z
cylindrical).

SOLUTION TECHNIQUE: Numerical, finite element, triangular elements.

DESCRIPTION: The program can be used to investigate problems involving two.

- spatial dimensions in the horizontal or vertical plane. Three-dimensional
problems can be handled provided that the flow pattern retains an axial
symmetry about the vertical coordinate. The flow region may have any complex
shape and it may consist of different soil materials arranged in arbitrary
patterns. Each soil material may exhibit an arbitrary degree of local
anisotropy with the principal hydraulic .conductivities oriented at any desired
angle with respect to the coordinates.

A wide range of time-dependent boundary conditions can be treated: prescribed
pressure head; prescribed flux normal to the boundary; seepage faces and
evaporation and infiltration boundaries where the maximum rate of flux is
prescribed by atmospheric or other external conditions while the actual rate is
initially unknown. In addition, the program can handle water uptake by plants
assuming that the maximum rate of transpiration is determined by atmospheric
conditions while the actual rate of uptake depends on atmospheric as well as
soil and plant conditions. Internal volumetric sinks or sources of prescribed
strength can be included in the flow system at any stage of the computation. A
special provision has been made for the analysis of axisymmetric flow to a well
of finite radius partially penetrating an unconfined aquifer system and
discharging at a prescribed time-dependent rate. The well may be partially
cased and its capacity for storing water is taken into account. Several layers
can be tapped by the well at the same time. .

The domain simulated by UNSATZ is discretized using three-noded triangular
elements. The time domain is discretized by finite-difference techniques.

The main assumptions of the code are:

. Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow;

] the rate of uptake by roots is proportional to the pressure head gradient
across the soil-root interface;

] there is no hysteresis in the water retention or relative permeability
curves; and

] the relative permeability and capillary pressures are functions of
moisture content,

CODE INPUT: Inputs to UNSATZ include:
) grid geometry;
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) initial heads (total head or pressure head);

e boundary conditions;

] rates of infiltration, evaporation, and transpiration;
. root effectiveness function;

0 hydraulic conductivify tensor;

® relative permeability function;

. capillary pressure function; and

) storage coefficient.

CODE OUTPUT: The printed output of the program consists of a listing of all
input information, a complete description of the finite-element network, the
boundary codes of all nodes, and the properties of each material. During each
time step the program prints a listing of total head values, pressure head
values, moisture content values, and discharge into or out of the system (not
flow through the system) at all nodes. The rate of convergence of the
iterative procedure is printed during each time step together with additional
information pertaining to the particular problem at hand.

COMPILATION REQUIREMENTS: UNSATZ is written in FORTRAN IV and was originally
installed on an IBM 370/165 machine. The code is generally compatible with
most all mainframe or virtual memory machines.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: Due to the lack of analytic solutions to problems of flow
in the unsaturated zone at the time UNSAT2 was developed, verification could
only be performed by comparing the results to results obtained from other,
previously validated, numerical models. The effect of vertical flow in the
presence of evapotranspiration was simulated using both a finite-difference
code and the finite-element code, UNSAT2. The results were compared.

Two field problems were simulated by UNSAT2 as reported in Ref. 1. These are:
1) a field experiment performed by Feddes (ref. 2) at the groundwater level
experimental field Geestmerambacht in the Netherlands, and 2) a field
experiment taken from the subirrigation experimental field "De Groeve" in the
Netherlands (ref. 3).

DOCUMENTATION/REFERENCES:

Neuman, S.P.; Feddes, R.A.; Bresler, E. (1974) Finité element simulation of
flow in saturated-unsaturated soils considering water uptake by plants.
Technion, Hydrodynamics, and Hydraulic Eng. Laboratqry Report, July.

Feddes, R.A. (1971) Water, heat, and crop growth. Thesis Comm. Agric. Univ.
Wageningen 71-12, pp. 184.
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Feddes, R.A.; van Steenbergen, M.G. (1973) Sub-irrigation field ’De
Groeve’."™ Mpta 735, Inst. for Land and Water Management Res., Wageningen,
pp. 184,

Feddes, R.A.; Bresler, £.; Neuman, S.P. (1974) Field test of an improved
numerical model for water uptake by root systems. Unpublished manuscript.

Hanks, R.J.; Klute, A.; Bresler, £. (1969) A numeric method for estimating
infiltration, redistribution, drainage, and evaporation of water from
s0il. Water Resour. Res. 5(5):1064-1068.

Neuman, S.P. (1972b) Finite element computer programs for flow in
saturated-unsaturated porous media. Second Annual Report, Project No.
Al10-SWC-77, Hydraulic Engineering Laboratory, Technion, Haifa, Israel,
pp. 87.

Neuman, S.P. (1973) Saturated seepage by finite elements. Proc. ASCE, J.
Hydraul. Division, 99(HY12):2233-22590.

SOURCE: UNSAT2 was developed at Technion, Israel Institute of Technology, by
S. P. Neuman, R. A. Feddes, and E. Bresier. The code is in the public domain.
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CODE NAME: BEWTA

PHYSICAL PROCESSES: Predicts the Boussinseq equation for a two-dimensional
water table aquifer.

DIMENSIONALITY: Two dimensional.
SOLUTION TECHNIQUE: Numerical, finite-difference.

DESCRIPTION: The aguifer is given by a two-dimensional discrete ,
representation in the horizontal plane. Its boundary is irregular and mixed,
and it is superimposed by a meandering stream., Aquifer parameters are assigned
to each nodal point and an be slightly anisotropic and nonhomogeneous.
Transient groundwater flow through a water table aquifer is described by the
Boussinesq equation, which assumes that the Dupuit-Forchheimer assumptions are
valid. The principal conductivity components are colinear with the coordinate
system X and Y. The water is released from storage mainly by gravity drainage
with an instantaneous decline in head. The stream bed is semi-confined, and
the leakage obeys Darcy’s Law. The flow from the unsaturated zone and the
change in fluid density over time are negligible. Replenishment of the aquifer
system occurs through gravity drainage and stream bed Teakage.

The model simulates transient groundwater flow through a two-dimensional water
table aquifer using the alternative direction implicit method. The Boussinesq
equation is approximated by a two-dimensional finite-difference equation of
linearized form, employing the noniterative alternating direction implicit
method. The equation is written for two half-time steps, and is done for each
node along either a row or a column. The resulting simultaneous equations are
solved by the Thomas algorithm. The calculations are carried on successionally
row by row for the first half-time step and column by column for the second
half-time step (where results are approximations to the transient solution of
the problem under discussion).

CODE INPUT: Standard saturated zone hydrologic parameters.

CODE OUTPUT: Head distribution at each time step.

COMPILATION REQUIREMENTS: BEWTA is written in FORTRAN.

EXPERIENCE REQUIREMENTS: Extensive. '

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown. ,

DOCUMENTATION/REFERENCES: Not available.

SOURCE: BEWTA was developed by Chang L. Lin of the Nova Scotia Department of
the Environment. :
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CODE NAME: COOLEY

PHYSICAL PROCESSES: Predicts the transient or steady-state hydraulic head
distribution and velocity flow field in a confined, semiconfined, or unconfined
aquifer.

DIMENSIONALITY: Two-dimensional {(x-y or x-z cartesian, r-z radial).
.SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The code is applicable to confined, semiconfined, or unconfined
flow problems which obey the generalized Boussinesq equation. Flow may be
steady or nonsteady. The aquifer may be given an areal (plan view) or radial
description or .may be cross sectional. Aquifer parameters may be distributed
or zoned and the system may be anisotropic with the principal components
aligned with the global coordinate axes.: In the

areal description, if used, leakage from confining beds (or river bottoms,
etc.) is vertical and storage in the confining beds is neglected. The
Dupuit-Forchheimer assumptions and delayed {or no delayed)} yield constant are
used for the water table case in plan view, The basic discretization method is
the subdomain finite-element method with the time discretized by a weighted
average technique.

COOLEY is best suited for a single layer aquifer system. A layered aquifer
system, however, may be analyzed within using the radial coordinate system.

The code represents a two-dimensional area, whether areal, plane cross
sectional, or axisymmetric cross sectional, as a series of zones. The zone
shapes may be triangular or quadrilateral and of nearly any convex shape except
that the boundaries must pass through, and not between, all nodes.

There are three basic versions of the program, the differences among them being
the methods used to solve the matrix equation. The choice depends on the site.

COOLEY is most applicable to porous media. Fractured media can also be modeled

if the fractures are sufficiently numerous that they can be approximated by a
porous medium.

The principal numerical approximations in COOLEY are the following:

) Discretization of space by the finite-element method of using the
“subdomain collocation" version of the weighted residual method (ref. 3,
p.40).

* Discretization of time by the explicit Euler forward difference, the
semi-implicit Crank-Nicholson central difference, or the fully implicit
backward difference scheme.

The main assumptions of the code are:

[ Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanisms for fluid flow.

) The porosity and hydraulic conductivity of the aquifer are constant with
time.
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] Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

. Assumptions analogous to the Dupuit-Forchheimer assumptions are used for
unconfined aquifers.

) The transmissivity tensor has principal axes parallel to the coordinate
axes.

CODE INPUT: Inputs to COOLEY include:

] grid geometry;

° prescribed ﬁead and flux boundary conditions;

. transmissivity in both x and y {or r and z) directions;

] storage coefficient or specific yield for areal problems and specific
storage for cross-sectional or radial-flow probiems;

] hydraulic conductance for an adjacent aquitard for areal flow problems;
] known recharge or discharge rates; and
. initial hydraulic-head distribution.

CODE OUTPUY: The output from COOLEY consists of the pressure d1str1but1on
and velocity field at each time step.

COMPILATION REQUIREMENTS: The basic programs are dimensioned such that the
maximum mesh size is 50 by 50 (2500) nodes, and the maximum number of time
steps is 100. In addition, the maximum number of iterations for program LSOR
is 100. With these dimensions, LSOR and ADIPIT occupy about 25,000 words and
SIP occupies about 32,500 words of core on a CDC 6400 computer. However, the
dimensions can easily be modified to accommodate other problem sizes and
smaller or larger computers. No special Tibrary functions or subroutines are
used, and the only peripheral equipment needed is a card reader. The final
versions of the program were tested on a CDC 64000 computer COOLEY is
programmed in FORTRAN IV.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code was verified for four probiems to which
analytical solutions were available.

Field validation runs simulated the influence of seasonal pumping of irrigation
wells on groundwater levels in Ash Meadows, California, and Nevada.

DOCUMENTATION/REFERENCES:

Cooley, R.L. (1974) Finite element solutions for the equations of groundwater
flow. Nevada University.
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Bear, J. (1972) Dynamics of fluids in porous media. New York, NY: American
Elsevier.

Zienkiewicz, 0.C. (1971) The finite element method of engineering science.
- London: McGraw-Hill. :

SOURCE: COOLEY was developed at the Center for Water Resources Research,

Desert Research Institute, University of Nevada, by R. L. Cooley. The code is
in the public domain.
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CODE NAME: FE3DGW

PHYSICAL PROCESSES: Saturated groundwater flow in a homogeneous or ‘
heterogeneous geological system The code provides water flow paths and travel
times.

DIMENSIONALITY: Three-dimensional, radial flow {r-z).
SOLUTION TECHNIQUE: Numerical, finite element quadrilateral elements.

DESCRIPTION: FE3DGW is a set of codes designed to be executed in uncoupled
stages. This allows the user to verify the accuracy of the input data before a
full simulation is made, while storing information on disk for access by the
main program. A plotting package is included in the data preprocessing stage .
to display node and element locations and vertical logs of the hydrogeologic
strata. Contour plots of potential surfaces and strata interfaces are produced
in three-dimensional projections to help identify obvious errors. Once the
mode] parameters have been stored successfully on disk, they need not be
processed again uniess the prob]em configuration is changed This is because
boundary conditions are entered in a separate stage of the data storage
process.

The equation set is linear with spatially varying conductivities. Convergence
will be perfect if the integration of the element volumes is exact. A Gaussian
quadrature scheme using two, three, or five integration points is used for the
numerical integration. A necessary conditidon for convergence is that the basis
functions used in the Galerkin technique must be defined such that constant
values of any of the first derivatives are available throughout the element
when suitable nodal values of potential are assigned. Backward differencing of
the time derivatives is used with the initial time step, and central
differencing is used subsequently.

The semiconfining layers, which are represented by the finite elements, are
simultaneously solved for changes in pressure by a fully three-dimensional
treatment of the nodal equations. EQSOLV is the matrix inversion algorithm
used in FE3DGW to solve the large, sparse, nonbanded system of equations. In
this algorithm, row pivoting is about the minimum nonzero element; whereas, the
pivot column is about the largest absolute element in the pivot row.

The main assumptions of the code are:

. Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.

e The porosity and hydraulic conductivity are constant with time.

° Gradients of fluid dens1ty, viscosity, and temperature do not affect the
velocity distribution.

. The storage term is a function of the compressibility of the fluid and
porous medium only.

) The medium is fully saturated.
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(] Hydraulic conductivity principal axes are aligned parallel to the
coordinate axes.

CODE INPUT: Input requirements include specification of geologic
stratigraphy, liquid and media properties, positioning and rates of manmade
aquifer stresses, boundary conditions at the areal extent of the aquifer, and
ini%ia] conditions for dynamic simulations. Specifically, these requirements
include:

(] Geologic stratigraphy
- Number of distinct geologic layers
- Total aquifer thickness
- Elevation of geologic media interfaces
- X,y coordinates of elevation data

) Liquid properties
- Viscosity
- Density
- Temperature profile

0 Media properties
- Intrinsic permeability or hydraulic conductivity
- Porosity
- Storativity

. Manmade stresses
- X,y coordinates of wells
- Screened elevation
- Rate of withdrawal or injection

] Boundary conditions

- Water levels of hydrologically significant water bodies {e.g.,
streams, lakes, oceans)

- Nodal fluxes due to pumping

- Vertical infiltration

- Lateral recharge defined by data or modeling conducted on a larger
scale

- Lateral no-flow boundaries defined by groundwater divides or
impermeable media

° Initial conditions for dynamic simulations

- Water table elevations in unconfined zones

- Spatial distribution of pressure in confined zones.
Two- and three-dimensional plotting routines are included in the FE3DGW
technology for the purpose of visualizing any obvious errors in the input
data. Inconsistency in the entered data is also monitored by built-in
consistency checks and diagnostics.
CODE OUTPUT: Results are in the form of:
. Flow field;
] Flow paths; and
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. Travel times.

Various levels of ou;put detail are available:

’ Geometric description;

) Number of nodes;

] Types of nodes;

. Dimensions;

. Surface node coordinates;

. Input data echo; and

) Output of all nodes and elements at selected time levels.

Written output can be directed to the line printer or disk. Plotted output is
in the form of contour maps, grid displays, and three-dimensional,
dependent-variable surfaces. :
COMPILATION REQUIREMENTS: FE3DGW is written in FORTRAN IV and is currently
being run on a VAX 11/780. The code is generally compatible with most all
mainframe or virtual memory machines.

Current program limits are:

] 768 surface nodes;

[} 2560 system nodes;

] 20 layers per well 1o§;

° 99 materials;

. 768 potential boundary conditions;

. 128 stream nodes;

0 20 nonzero element nodes;

) 2048 unknown nodes;

) 128 nonzero element bandwidth;

L 768 surface elementS;

] 2000 system elements; and

] 70 time steps

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.
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CODE VERIFICATION: Verification analysis of the three-dimensional model was
accomplished using two-dimensional or quasi-three-dimensional analytical
solutions. These include radial confined and leaky aquifer solutions given by
Theis (ref. 2) and Hantush (ref. 4), respectively, and also the two-dimensional
analytic solution PATHS (ref. §).

FE3DGW has been applied extensively to the groundwater system beneath Long
Island, New York (ref. 6). The Long Island groundwater basin is one of the
most intensively monitored systems in the U.S.

The model has also been applied to the groundwater system at Sutter Basin,
California, where it has been inferred {ref. 7) that fresh water which is
recharging at Sutter Buttes rises through the Sutter Basin fault, creating a
salt-water mound.

The model has been used on several other occasions to better understand the
groundwater flow portion of a contaminant transport application (ref. 8, 9, and
10).

DOCUMENTATION/REFERENCES :

Gupta, S.K.; Cole, C.R.; Bond, F.W. (1979) Finite element three dimensional
ground "water (FEBDGH) flow mode] formulation, program listings and user’s
manual. Pacific Northwest Laboratory Report PNL-2939.

Theis, C.V. (1935) The relation between the lowering of the piezometric
surface and the rate and duration of discharge of a well using groundwater
storage. Trans. Amer. Geophys. Union 2:519-524.

Jacob, C.E. (1950) 1In: Rouse, H., ed. Engineering Hydraulics.
New York, NY: John Wiley and Sons, pp. 321-386.

Hantush, M.S. (1960) Modification of theory of leaky aquifers. J. Geaphys.
Res. 65:3713-3725.

Nelson, R.W.; Schur, J.A. (1980) PATHS groundwater hydrogeological model.
Pacific Northwest Laboratory Report PNL-3162.

Gupta, $.K.; Pinder, G.F. -(1978) Three-dimensional finite element model for
muitilayered ground-water reservoir of Long-Island, New York. Department
of Civil Engineering, Princeton University, Princeton, NJ.

Gupta, S.K.; Tanji, K.K. (1976) A three-dimensional Galerkin finite element
so]utmon of flow through multiaquifers in Sutter Basin, California. Water
Resour. Res. 12(2):155-162.

Bond, F.W.; Eddy, C.M. (1985) Remedial action modeling assessment, Western
Processing Site, Kent, Washington. Prepared for the U.S. Environmental
Protection Agency, Region X, Seattle, WA.

Schalla, R.:; McKown, G.L.; Meuser, J.M.; Parkhurst, R.G.; Smith, C.M.; Bond,
F.W.; Engllsh c.J. (1984) Source 1dent1f1cat1on contaminant transport
simulation and remedial action analysis, Anniston Army Depot, Anniston,
Alabama. Prepared for Commander, Anniston Army Depot, Anniston, AL.
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Cole, C.R.; Bond, F.W.; Brown, S.M.; Dawson, G.W. (1983) Demonstration/
application of groundwater modeling technology for evaluation of remedial
action alternatives. Prepared for the U.S. Environmental Protection
Agency, Municipal Environmental Research Laboratory, Cincinnati, OH.

SOURCE: FE3DGW was written by S. K. Gupta, C. R. Cole, and F. W. Bond as a
result of research conducted by Pacific Northwest Laboratory and supported by
the Waste Isolation Safety Assessment Program (WISAP). FE3DGW is a derivative
of DAVIS/FE which was also written by S. K. Gupta.
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CODE NAME: FLUMP
PHYSICAL PROCESSES: Predicts two-dimensional groundwater flow.
DIMENSIONALITY: Two dimensional.

SOLUTION TECHNIQUE: Numerical, finite element, and a mixed explicit-implicit
point iterative solution.

DESCRIPTION: The FLUMP model evolved from the TRUST model, although it has
been modified considerably by S. P. Neuman. It is considerably easier to use
on groundwater flow problems than is TRUST, although it is restricted to
two-dimensional flow in either vertical or horizontal

planes. FLUMP uses a finite-element numerical scheme which has been shown to
represent only a small change from the original approach used in TRUST.

CODE INPUT: Standard saturated zone hydfo1ogic parameters.
CODE OUTPUT: Head distribution at each time step.

COMPILATION REQUIREMENTS: FLUMP is written in FORTRAN and is operational on
a CDC system.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CObE VERIFICATION: Unknown.
DOCUMENTATION/REFERENCES:

Fogg, G.E.; Simpson, £.S.; Neuman, S.P. (1979) Aquifer modeling by numerical
methods applied to an Arizona groundwater basin. PB 298962, National
Technical Information Service, Springfield, VA, 140 pp.

Narasimhan. T.N.; Neuman, S.P.; Edwards, A.L. (1977) Mixed explicit-implicit
iteratijve finite element scheme for diffusion-type problems. 2. Solution
strategy and examples. Int. J. Numer. Methods Eng. II1:235-244, -

Neuman, S.P.; Narasimhan, T.N. (1977) Mixed explicit-impiicit iterative
finite element scheme for diffusion-type problems. 1. Theory. Int. J.
Numer. Methods Eng. 11:309-323.

Neuman, S.P.; Narasimhan, T.N.; Witherspoon, P.A. (1977) Application of mixed
explicit finite element method to nonlinear diffusion type problems. In:
Pinder, G.F.; Gray, W.E., eds. Proceedings of the First International
Conference on Finite Elements in Water Resources, Princeton, NJ, Pentech,
pp. 1.153-1.185.

' SOURCE: This code was developed by S. P. Neuman of the University of
Arizona, Department of Hydrology. The code is in the public domain.
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CODE NAME: FRESURF 1 & 2

PHYSICAL PROCESSES: Predicts two-dimensional and axisymmetric flow.
DIMENSIONALITY: Two dimensional and axisymmetric.

SOLUTION TECHNIQUE: Finite element.

DESCRIPTION: In this two-dimensional model, the specifics of the

free-surface boundary as described by Neuman are incorporated into the
finite-element solution scheme used, The free boundary is handled by the
finite-element network, expanding or contracting to accommodate the movement of
the free surface with time. The total derivative or the potential, with
respect to time, is combined with specific free-boundary conditions that are
substituted into the generalized variational principle for the saturated flow
problem to give the expression for the free surface. This expression is a set
of nonlinear ordinary differential equations. A Crank-Nicholson time-centered
scheme is used to solve the nonsteady flow with the free surface. The regular
finite-element approach, based on the variational principle, provides the
potential distribution below the free surface.

The above features for handling the free surface and potential distribution are
used in the model to sclve both two-dimensional and axisymmetric flow

problems. The program also solves for the seepage face, if one occurs, through
a two-step iterative procedure. It would appear that considerable additional
development would be required to extend the procedure to a three-dimensional
situation. Since it is two dimensional, the predictions are restricted to only
vertical sections when the free-surface feature is used.

CODE INPUT: Standard saturated zone hydrologic parameters.

CODE OUTPUT: Head distribution at each time step.

COMPILATION REQUIREMENTS: FRESURF 1 and 2 are written in FORTRAN and
operational on a CDC system. :

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

Neuman, S.P.; Witherspoon, P.A. (1971) Analysis of nonsteady flow with a free
surface using the finite element method. Water Resources Research,

7(3):611-623.

SOURCE: FRESURF 1 and 2 were written by S. P. Neuman of the University of
Arizona, Department of Hydrology. The code.is in the public domain.
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CODE NAME: TERZAGI

PHYSICAL PROCESSES: TERZAGI solves for three-dimensional fluid flow with
one-dimensional consolidation in saturated systems.

DIMENSIONALITY: Three dimensional.
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: This model numerically simulates the movement of water in
saturated deformable porous media. The theoretical model considers a general
three-dimensional field of flow in conjunction with a one-dimensional vertical
deformation field. The governing partial differential equation expresses the
conservation of fluid mass in an elemental volume that has a constant volume of
solids. The numerica) solution is based on the integrated finite difference
method (IFDM), which is very convenient for handling muiti-dimensional
heterogeneous systems composed of isotropic materials.

The present Computer program i1$ based on modifications of earlier versions of
TRUST and TRUMP.

CODE INPUT: Standard saturated zone hydrologic parameter plus consolidation
parameters. '

CODE QUTPUT: Head distribution, consolidation information.

COMPILATION REQUIREMENTS: TERZAGI was written in FORTRAN IV and implemented
on a CDC system.

EXPERTENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

Narasimhan, T.N.; Witherspoon, P.A. (1976) An integrated finite difference
method for analyzing fluid flow in porous media. Water Resources Research

12{1).

SOURCE: The code was developed by T. N. Narasimhan of the University of
California. This code is in the public domain,
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CODE NAME: USGS2D

PHYSICAL PROCESSES: Saturated groundwater flow in a confined, unconfined, or
combined confined and unconfined aquifer.

DIMENSIONALITY: Two dimensional (x-y or x-z cartesian).

SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: USGS2D is a finite-difference saturated flow code. It is
restricted to two-dimensional (areal) flow, but has many options. USGS2D
provides the user with a variety of options for 1) groundwater flow conditions;
2) source terms; 3) numerical solution techniques; and 4) input-output. The
options for groundwater flow conditions include:

) confined conditions;

] unconfined conditions; and

. combined confined and unconfined conditions.

Variations of source terms include:

) transient leakage from confining beds;

. steady leakage from confining beds;

] recharge;

° pumping wells; and

[ evapotranspiration.

The program is fairly general. The flow field is represented as a
two-dimensional grid. The size of the grid blocks is variable to allow the
desired level of spatial detail. Variable time steps are also allowed,.

The major variable is hydraulic head, although drawdowns may be computed from
the initial head condition.

The model was designed primarily for areal simulations but can be used for some
cross-sectional problems. Generally this is done using the artesian option.
An example of a cross-sectional simulation is provided in the documentation.

A minor problem is that the code is programmed such that two extra columns and
two extra rows are required to border the gridded area. This results in some
additional work when preparing input data. It is also difficult to convert the
code to run on non-IBM machines.

USGS2D is designed for most types of geological media where two-dimensional
flow in a porous medium can be assumed. The main assumptions of the code are:

) Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.
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. Vertically averaged properties may be used.

. Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

] Transmissivity principal components are aligned along cecordinate axes.
) Linear evapotranspiration.

(] Maximum evapotranspiration rate may not vary_spatial1y.

) The porosity and hydraulic conductivity are constant with time.

CODE INPUT: 'USGS2D may read single or multiple data sets. The contents of a
data set are described in Table A-].

CODE OUTPUT: USGS2D prints the following: 1) all input; 2) time-step
information; 3) mass-balance "information; 4) matrix-iteration information; and
5) computed hydraulic head or drawdown.

COMPILATION REQUIREMENTS: USGS2D was programmed in FORTRAN IV for use on an
18M machine. It has been successfully adapted for use on CDC and UNIVAC
machines as well. Model results can be presented on the line printer (rows
should be numbered in the short dimension) and pen plotters with a program that
utilizes the graphical display software available from the U.S. Geological
Survey Computer Center Division. In addition, included in the model are
opgioas for reading input data from a disk and writing intermediate results on
a disk.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: USGS2D has been compared to analytical solutions
including those for leaky aquifers. It has also been used to simulate several
hypothetical problems where detailed mass balance calculations were made.

This code has been the work horse of the U.S. Geological Survey for more than
ten years. It has been applied to numerous sites throughout North America.
Most of these applications have dealt with water supply problems associated
with relatively shallow aquifers. Some of the field problems include the
Washington, D.C., area (ref. 3), west-central M1nnesota (ref. 4), and Nova
Scotia (ref. 5).

DOCUMENTATION/REFERENCES:

Documentation (refs. 1 and 2) for USGS2D is available in two government
publications.

Trescott, P.C.; Pinder, G.F.; Larson, S.P. (1976) Finite-difference model for
aqu1fer simulation in two d1mens1ons with results of numerical
experiments. U.S. Geological Survey, Techniques of Water-Resources
Investigations, Book 7, Chapter CIl.
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Larson, S.P. (1979) Direct solution for the two-dimensional ground-water flow
model. U.S. Geological Survey, Open-File Report 78-202.

Papadopulos, S.S.; Bennett, R.R.; Mack, F.K.; Trescott, P.C. (1984) Water
from the coastal plain aquifers in the Washington, D.C., metropolitan
area. U.S. Geological Survey Circular 697.

Larson, S.P.; McBride, M.S5.; Wolf, R.J. (1975) Digital models of a glacial
outwash aquifer in the Pearl-Sallie Lakes Area. U.S. Geological Survey
Water-Resources Investigations 40-75.

Pinder, G.F.; Bredehoeft, J.D. (1968) Application of the digital computer for
aquifer evaluation. Water Resour. Res. 4:(5):1069-1093.

SOURCE: USGS2D was developed at the U.S. Geological Survey and is described
in Techniques of Water-Resources Investigations, Book 7, Chapter Cl, by P. C.
Trescott, G. F. Pinder, and S. P. Larson. The code is in the public domain.
In addition, the USGS offers some support for certain users and applications.
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CODE NAME: USGS3D -- Modular

PHYSICAL PROCESSES: Predicts groundwater flow in confined/unconfined
aquifers.

DIMENSIONALITY: Three-dimensional.
SOLUTION TECHNIQUE: Numerical, finite-difference.

DESCRIPTION: Groundwater flow within the aquifer is simulated using a
block-centered finite-difference approach. Layers can be simulated as
confined, unconfined, or a combination of confined and unconfined. Flow from
external stresses, such as flow to wells, areal recharge, evapotranspiration,
flow to drains, and flow through riverbeds, can also be simulated. The
finite-difference equations can be solved using either the Strongly Implicit
Procedure or Slice-Successive Overrelaxation.

The modular structure consists of a main program and a series of highly

independent subroutines called "modules.” The modules are grouped into

"packages," each package addresses a specific feature of the hydrologic system.

CODE INPUT: Standard saturated zone hydrologic parameters.

CODE OUTPUT: Head distribution at each time step.

COMPILATION REQUIREMENTS: The program is written in FORTRAN 66 and will run

without modification on most computers which have a FORTRAN '66 compiler. It

will also run, without modification, with most extended FORTRAN *77 compilers

and with minor modifications on standard FORTRAN *77 compilers.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

McDonald, M.G.; Harbaugh, A.W. (1984) A modular three-dimensional
finite-difference groundwater flow model. U.S. Geological Survey
Open-File Report 83-875.

SOURCE: The code was written by Michael McDonald and Arlen Harbaugh of the
U.S. Geological Survey. This code is in the public domain.
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CODE NAME: USGS3D -- Trescott

'PHYSICAL PROCESSES: Fully three-dimensional or quasi-three-dimensional
saturated groundwater flow in confined, unconfined, or combined confined and
unconfined aquifers.

DIMENSIONALITY: Fully three-dimensional, quasi-three-dimensional.
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: USGS3D simulates three-dimensional flow in a porous medium

which may be heterogeneous and anisotropic and have irregular boundaries. The
uppermost hydrologic unit may have a free surface. The stresses considered are
wells and recharge from precipitation.

One or more layers of nodes can be used to simulate each hydrogeologic unit.

It it is reasonable to assume that storage is negligible in a confining bed and
that horizontal components of flow can be neglected, the effects of vertical
leakage through a confining bed can be incorporated into the vertical component
of the anisotropic hydraulic conductivity of adjacent aquifers.

A major advantage of this code is that it can be used in a fully
three-dimensional mode or it can be reduced to a guasi-three-dimensional model
in terms of the equations being solved and computer memory requirements. This
is accomplished by using a sequence of two-dimensional (areal) groundwater flow
models to represent aquifers. These models are coupled by terms representing
flow through intervening confining beds to form a quasi-three-dimensional
model. This latter model converges to a solution much faster than the fully
three-dimensional model because all equations are solved simultaneously. It
should be noted, however, that the leakage in this quasi-three-dimensional
model is steady, that is, it ignores storage. For long-term simulations which
approach steady state, this type of leakage is adequate.

The flow field can be represented as a three-dimensional grid or a sequence of
two-dimensional grids. The program is fairly general in that the size of the
grid blocks is variable to allow the desired level of spatial detail. Variable
time steps are also allowed.

The major variable is hydraulic head, although drawdowns may be computed from
the initial head condition. The main assumptions of the code are:

] Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.

) The porosity and hydraulic conductivity are constant with time.

) Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

] Hydraulic conductivity principal components are aligned with Cartesian
coordinate system.

. Steady leakage from confining beds can be incorporated into anisotropic
hydraulic conductivity of adjacent aquifers.
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CODE INPUT: The data required to run USGS3D includes finite-difference data,
such as spacing and physical data. The physical data includes:

. initial heads;

. boundary conditions;

] storage coefficient distribution;
® transmissivity distribution; and
° recharge rate.

If the upper unit is unconfined, then hydraulic conductivity and the elevation
of the bottom of the water table layer is read in place of transmissivity.

CODE QUTPUT: USGS3D prints the following: 1) all input; 2) time-step
information; 3) mass-balance information; 4) matrix-iteration information; and
5) computed hydraulic head or drawdown.

COMPILATION REQUIREMENTS: USGS3D was programmed in FORTRAN IV for use on an
IBM machine, using some machine-dependent features. '

Rows should be numbered in the short dimension for plotting maps on the line
printer or for plotting data with an X-Y drum plotter. The care requirements
and computation time are proportional to the number of nodes representing the
porous medium.

To reduce the number of cards that must be read with each run, the program
includes options to place the arrays on disk and, on subsequent runs, read the
data from disk rather than from cards.

The documented program was designed to take advantage of certain features of an
IBM machine. Because of this, there are difficulties in converting the code to
a non-IBM machine.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code has been applied to several field problems and
code results have been compared with analytical solutions. USGS3D does have a
detailed mass balance to ensure that the solution has converged.

This code has been applied to several field problems, inciuding flow problems
associated with mining, hazardous waste, and radioactive waste (Columbia
Plateau). As an example of a field application of this code to a mining
problem, see ref. 3.

DOCUMENTATION/REFERENCES :

Trescott, P.C. (1975) Documentation of finite-difference model for simulation
of three-dimensional ground-water flow. U.S. Geological Survey Open-File
Report 75-438.
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Trescott, P.C.; Larson, S.P. (1976) Documentation of finite-difference model
for simulation of three-dimensional ground-water flow. U.S. Geological
Survey Open-File Report 76-591, supplement to Open-File Report 75-438.

Weeks, J.B.; Leavesley, G.H.; Wleder, F.A.; Saulneir, G.J., Jr. (1984)
Simulated effects of oil-shale development on the hydrology of Piceance
Basin, Colorado. U.S. Geological Survey Professional Paper 908.

SOURCE: USGS3D was developed at the U.S. Geological Survey and is described

in a series of reports by P. C. Trescott and S. P. Larson. The code is in the
public domain. In addition, the USGS offers some support for certain users and
applications. :
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CODE NAME: VTT

PHYSICAL PROCESSES: Predicts the transient or steady-state hydraulic head
distribution and provides water flow paths and travel times.

DIMENSIONALITY: Two dimensional (x-y cartésian).
SOLUTION TECHNIQUE: MNumerical, finite difference.

DESCRIPTION: The model is capable of calculating water flow in a

multilayered aquifer system. The system may be confined, unconfined, or
semiconfined. The main simplifying assumption transforms a three-dimensional
system to a layered two-dimensional system with interaquifer transfer via a
potential-driven leakage term. The mathematical model which utilizes this set
of simplifying assumptions is the multi-aquifer formulation of the Boussinesq
equations. VTT uses a horizontal, two-dimensional, finite-difference approach
for saturated flow in each aquifer. The code may analyze flow in such a system
for a variety of initial and boundary conditions for steady or non-steady flow.

The velocity field in the porous medium is part of the output of VIT. The
analysis of the flow field is the first stage in predicting the transport of
contaminants in a porous medium. The output of the flow field could
ggaaggggntly be used to develop inputs for such transport codes as MMT or

For numerical formulations, a horizontal x-y coordinate grid system is adopted
with uniform nodal spacing. Standard finite-difference approximations and a
fully implicit representation of the time derivative are used.

When considering confined flow, the compressibility effects of the fluid and
matrix are incorporated, but they are neglected when considering unconfined
flow. This assumption is quite valid as long as the specific yield is not of
the same magnitude as the specific storage.

The main assumptions of the code are:

(] Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.

) The porosity and hydraulic conductivity are constant with time.

] Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

¢  Hydraulic conductivity and effective porosity can be represented by the
vertically averaged values and are isotropic throughout the region but may
be inhomogeneous.

. The free-surface slope and the aguifer bottom slope are both siight {<50).

. Vertical velocities are small and can be neglected.

o  Flow in the capillary finge is neglected.

° Seepage surfaces cannot be handled and are neglected.
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CODE INPUT: Inputs to VTIT include:
] total stress or recharge at each node;
] aquifer top elevation;
) aquifer bottom elevation;
° initial aquifer potential;
) aquifer storage coefficient;
] interaquifer transfer (leakage) coefficient; and
] aquifer hydraulic conductivity {(or transmissivity) at each node.
CODE OUTPUT: The output for VIT is the new spatial variation of potential
throughout the aquifers. From this potential distribution in conjunction with
other input data, the following information can be calculated:
(] groundwater velocities;
] groundwater flow paths;
. travel times; and
) new recharge/discharge relationships along streams and rivers.
Types of model output that can be produced include:
e  Contour maps of:
- equal potential
- equal drawdown
- equal transmissivity
) Three-dimensional projection plots of:
- potential
- drawdown

- transmissivity

° Cross-sectional plots showing aquifer top, aquifer bottom, and aquifer
potential. -

] Flow path plots with associated listings of travel times.

o  Numerical Tistings of the input data or calculated potentials.

° Difference maps showing the node-by-node predictions of potential changes.
COMPILATION REQUIREMENTS: VTT is written in FORTRAN IV-PLUS. The code can

be run on & PDP 11/70 or VAX machines. The code was converted to a CDC machine
by Intera, Inc.

EXPERIENCE REQUIREMENTS: Extensive.
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TIME REQUIREMENTS: Months.

CODE VERIFICATION: VTT has been compared with solutions from a more general
three-dimensional model, FE3DGW, and a model which uses an analytical solution,
PATHS.

DOCUMENTATION/REFERENCES :

Reisenauer, A.E. (1979) Variable thickness tr;nsient groundwater flow model
(VTT), formulation, user’s manual and program listings. Pacific Northwest
Laboratory Report PNL-3160-1, PNL-3160-2, and PNL-3160-3. ‘

Gupta, S.K.; Cole, C.R.; Bond, F.W. (1979) Finite element three dimensional
groundwater (FE3DGW)} flow model, formulation, program listings and user’s
manual. Pacific Northwest Laboratory Report PNL-2939.

Kellogy, 0.C. (1954) Foundations of potential theory. Dover, NY,

SOURCE: VTT was developed at Battelle, Pacific Northﬁest Laboratory. The

work was supported by the Department of Energy. The code is in the public
domain. ‘
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CODE NAME: V3

PHYSICAL PROCESSES: Predicts groundwater flow in heterogeneous anisotropic
aquifers under a variety of flow conditions.

DIMENSIONALITY: Two-dimensional (x-y cartesian).
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: This series of computer programs simulates one- or
two-dimensional nonsteady-state flow problems in heterogeneous anisotropic
aquifers under water table, nonleaky, and leaky artesian conditions.
Multiple-aquifer probiems with leakage between aquifers can also be treated.
These programs cover time-varying pumpage from wells, natural or artificial
recharge rates, the relationships of water exchange between surface waters and
the groundwater reservoir, the process of groundwater evapotranspiration, the
mechanism of possible conversion of storage coefficients from artesian to water
table conditions, and the multiple-aquifer problem.

The program is fairly general. One- or two-dimensional grids, or sequences of
two-dimensional grids, may be used. The size of the grid blocks are variable
to allow the desired level of spatial detail. Variable time steps are also
allowed. The code considers several different flow conditions such as
hydraulic conductivity, storage properties, leakage properties, and recharge
properties.

V3 is programmed in modular fashion that allows relatively convenient
modification. In general, the modules contain logical work tasks. The
modules, however, are not contained in subroutines; everything is contained in
the main program.

. The main assumptions of the code are:

] Darcy’s Law is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.

’ The porosity and hydraulic conductivity are constant with time.

. Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

. Vertically averaged properties can be used.

(] Transmissivity principal components are aligned with cartesian coordinate
system.

] Leakage is steady state.

] Linear evapotranspiration.

CODE INPUT: Inbut for the basic aquifer simulation program includes:
() parameter and default value cards; |

° array data;
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* transmissivity;

'o storage coefficient;

. initial hydraulic heads; and

] pumpages.

With modifications to the program, additional data are read as follows:

Option Additional Data

Variable Pumping Rates Time and pumping rate of each period

Leaky Artesian Conditions Vertical hydraulic conductivity and thickness of
confining bed; head difference across confining bed

Induced Infiltration Same as leaky artesian conditions plus areas of the
stream bed

Evapotranspiration Land surface elevation; elevations of the water
table below which ET ceases; maximum ET rate

Storage Coefficient Elevation of aquifer top; water table storage

Conversion coefficient

Water Table Conditions Water table storage coefficient; elevation of

aquifer bottom

CODE OUTPUT: The primary outputs of V3 are hydraulic head or drawdowns.
There are options for displaying these in a readable. fashion, such as
time-water Tevel graphs. '

COMPILATION REQUIREMENTS: The computer programs were written in FORTRAN 1V

for use on an IBM 360 system model 75 with a G-level compiler. However, the
programs will operate, with modifications, on other computers. Also, these
‘cgmputer programs are written so that they will operate with any consistent set
of units.

EXPERIENCE REQUIREMENTS: Extensive,

TIME REQUIREMENTS: Months.

CODE VERIFICATION: V3 is one of the most widely used groundwater flow

codes. It has been compared to several analytical solutions, including those
by Theis, Hantush, and Jacob.

DOCUMENTATION/REFERENCES:

Prickett, T.A.; Lonnquist, C.G. (1971) Selected Digital Computer Techniques

for groundwater resource evaluation. Il1linois State Water Survey,
Bulletin 55.
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McDonald, M.G.; Fleck, W.B. (1978) Model analysis of the impact on
groundwater conditions of the Muskegon County waste-water disposal system,
Michigan. U.S. Geological Survey Open-File Report 78-99.

SOURCE: V3 was developed at I1linois State Water Survey. The code is in the
public domain.
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NUMERICAL SOLUTE TRANSPORT
(SATURATED/UNSATURATED)
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CODE NAME: FEMWASTEl (Finite-Element Model of Waste Transport)

PHYSICAL PROCESSES: Predicts waste transport through saturated-unsaturated
porous media under dynamic groundwater conditions.

DIMENSIONALITY: Two-dimensional (x-y, x-z cartesian).
SOLUTION TECHNIQUE: Numerical, finite-element.

DESCRIPTION: FEMWASTEI is an upgraded version of the FEMWASTE code develaped
by Yeh and Ward for subsurface transport. It is a transport-only code that
requires fully specified hydrodynamics as part of the input data set.
FEMWATERI, a flow model using an identical numerical representation of the
'prob]emEdomain, creates a geometric and hydrodynamic data file expressly for
FEMWASTEL. '

FEMWASTE] is capable of transient, two-dimensional simulations of pollutant
-transport in saturated and unsaturated porous media. The model includes the
following transport processes:

] advection;

] hydrodynamic diSpersion;

) sorption; |

. first-order decay; and;

(] source/sink.

FEMWASTE] uses quadrilateral bilinear elements for spatial discrefization of
the porous media. Solution is by the finite element weighted residual method.
Two finite element weighting techniques are available: Galerkin and upwind.
The option of "lumping” the finite element mass matrix into a type of finite
difference unit mass matrix by scaling is also available. In some situations
the Tumping technique has been more accurate. Included in the FEMWASTEL
formulation is the option of three time-stepping techniques:

1} central difference;

2) backward difference; and

3) mid-difference.

Regard]ess'of the technique selected, Gaussian elimination is used to invert
the resulting matrices.

With the options of weighting, lumping, and time stepping, 12 different
computational approaches are possible with FEMWASTEL.

FEMWASTE] is designed to be apptied uncoupled from the flow field

calculations. This design implicitly assumes that transport processes do not
affect the fluid transport. The model is applied to a single chemical species
without considering the effects of other chemicals that may be present in the

A-56



porous media. The only irreversible reaction in FEMWASTE] is in the
first-order decay process where degradation is assumed to be directly
proportional to the total poliutant concentration (including dissolved and
adsorbed phases). FEMWASTE] does not explicitly account for biological uptake
or other degradation mechanisms, although these effects can be included
approximately by adjusting the decay constant. Transformation and loss
mechanisms can be represented by the source/sink term local to each element.
Chemical sorption is assumed to be a reversible fast-exchange reaction that
attains local equilibrium within a single time interval according to a linear
isotherm. The distribution coefficient, Kd, is moisture independent in
FEMWASTEl. This assumption restricts the model application to cases where all
s0il grains are effective in the adsorption process. The calculated
retardation factor, however, is an inversely dependent function of the moisture
content. -

CODE INPUT: FEMWASTE] requires standard material and‘aquifer properties:
® adsorption distribution coefficient;

] bulk density;

. longitudinal dispersivity;

. transverse dispersivity;

. decay constant;

[ porosity; and

. modified coefficient of compressibility.

Aquifer characteristics can be entered on a regional basis or can be specific
to a given element.

Three types of boundary conditions are possible with FEMWASTEL:

1) Dirichlet, specifications of time-varying concentrations at a particular
element;

2) Neuman, specification of time-varying waste fluxes at a particular
element; and

3) Cauchy, waste-flux boundary conditions that are specific to inflow
boundaries.

Initial conditions are concentrations of pollutant in the porous media.

An error checker is present in FEMWASTE] to ensure that the input data are
correct. When errors are detected, execution is stopped.

CODE OUTPUT: Output from FEMWASTE] consist$ of formatted line-printer

listings of concentrations at specified locations and times. An auxiliary
storage device file is created for post processing on local hardware.
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COMPILATION REQUIREMENTS: FEMWASTE] is written in FORTRAN. Current limits
on the program are:

(] 595 nodes;

(] 528 elements;

) 500 time steps;

e 29 water boundary conditions;

0 199 boundary elements;

. 200 boundary nodes;

. 99 rainfall seepage element sides; and

[ 100 rainfall seepage element sides.

FEMWASTE]1 is designed to be applied in a batch mode. The model is constructed
in a modular fashion with one main program and 15 subroutines. Efficient
storage of the banded matrix arrays are used in FEMWASTEl. Annotation of the
source listing is good with short descriptions and identified computations.
Conversion to the VAX 11/780 is straightforward.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS Months.

CODE VERIFICATION: A sample probiem of transport from a seepage pond

reported by Duguid and Reeves was used to compare the simulation by the
original computer codes with that by the new waste-transport code coupled with
the revised water-flow code. The code is in the public domain.

DOCUMENTATION/REFERENCES :

Bear, J. (1972) Dynamics of fluids in porous media. New York, NY: American
Elsevier. :

Duguid, J.0.; Reeves, M. (1976) Material transport in porous media: a finite
element Galerkin model. ORNL-4928, Oak Ridge National Laboratory, Oak
Ridge, TN,

Reeves, M.; Duguid, J.0. (1975) Water movement through saturated- unsaturated
porous media: a finite-element Galerkin model. ORNL-4927, Oak Ridge
National Laboratory, Oak Ridge, TN.

Yeh, G.T. {(1982) Training course no. 2: the implementation of FEMWASTE ‘
(ORNL-5601) computer program. ORNL/TM-8328, NUREG/CR-2706, U.S. Nuclear .
Regulatory Commission, Washington, DC.

Yeh, G.T.; Ward, D.S. (1981)' FEMWASTE: a finite-element model of waste
transport through saturated-unsaturated porous media. ORNL-5601, Oak
Ridge, National Laboratory, Oak Ridge, TN.
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Yeh, G.T.; Ward, D.S. (1980) FEMWATER: a finite-element model of water flow '
through saturated-unsaturated porous media. ORNL-5567, Oak Ridge National
Laboratory, Oak Ridge, TN.

SOURCE: FEMWASTE was developed at Oak Ridge National Laboratory and is

described in Report No. ORNL-5601 by G. T. Yeh and D. S. Ward. It is an
extension of work done by Duguid and Reeves.
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CODE NAME: PERCOL

PHYSICAL PROCESSES: Predicts the movement of a solute through a soil column.
DIMENSIONALITY: Unknown.

SOLUTION TECHNIQUE: Numerical, Newton-Raphson method.

DESCRIPTION: PERCOL has been developed to simulate the movement of
radionuctides through porous media as a function of measurable chemical
parameters of the media. System parameters include soil type, radionuctide
type, waste composition, flow rate, column length, and soil saturation.

CODE INPUT: Standard transport parameters.

CODE QUTPUT: Predictions of concentrations.

COMPILATION REQUIREMENTS: PERCOL is written in FORTRAN and implemented on an
IBM 360 machine.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS Months.

CODE VERIFICATION: Laboratory column studies have been conducted to verify
the model.

DOCUMENTATION/REFERENCES:

Owen, P.T. An inventory of environmental impact models relating to energy
technologies. ORNL/EIS-147, Oak Ridge National Laboratory, Qak Ridge, TN.

Routson, R.C.; Serne, R.J. (1972) One-dimensional model of the movement of
tracer radioactive solute through soil columns: the PERCOL model.
BNWL-1718, Batte]]e, Pacific Ncrthwest Laboratories, Richland, WA.

SOURCE: PERCOL was written by R. C. Routson of Argonne National Laboratory
and R. J. Serne of Battelle, Pacific Northwest Laboratories. The code is in the
public domain. :
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CODE NAME: SATURN

PHYSICAL PROCESSES: Predicts saturated-unsaturated fiow and radioactive
radionuclide transport.

DIMENSIONALITY: Two dimensional.
SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: SATURN is a two-dimensional finite-element model developed to
simulate fluid flow and solute transport processes in variably saturated porous
media. The model solves the flow and transport eguations separately. _
Transport mechanisms considered include advection, hydrodynamic dispersion,
adsorption, and first-order decay.

The flow equation is discretized using the Galerkin finite-element method.
Nonlinearity is treated using either Picard or Newton-Raphson iterations. The
transport equation is discretized using an upstream-weighted finite-element
method designed to alleviate the problem of numerical oscillations. Simple
rectangular and triangular elements are used. The combination of such elements
enables flow regions of complex geometry to be modeled accurately. A highly
efficient "influence coefficient” technique is used to generate element
matrices. This technique avoids numerical integration and leads to a reduction
in CPU time required for element matrix generation. For rectangular elements,
the saving of CPU time

) prescribed values of nodal fluid flux;

. tongitudinal dispersivity;

[ transverse dispersivity;

] molecular diffusion coefficients;

° decay coefficient;

® retardation coefficient;

. initial inventory of solute;

) leach duration;

. prescribed vaiues of concentration; and

] prescribed values of solute flux.

CODE OUTPUT: The primary line printer output from the fiow model of SATURN
includes nodal values (at various time levels) of pressure head and element
centroidal values of Darcy velocity components and saturation at various time
Jevels. SATURN allows the user to select the fluid mass balance calculation
option. This budget contains information about the net flow rate of fluid due
to boundary fluxes, sources, and sinks; the rate of fluid accumulation in the
entire flow domain; the mass balance error; and the cumu1at1ve fluid storage up

to the current time.
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The primary line printer output of the transport model of SATURN includes nodal
values (at various time levels) of solute concentration. SATURN aiso allows
the user to select the solute mass balance calculation option. If the solute
mass balance budget is activated, information about the total dispersive and
advective fluxes; the net rate of material accumulation taking into account
storage, adsorption, and decay; the mass balance error; the cumulative mass of
solute still remaining in the porous medium at the current time; and the
cumulative mass decay up to the current time value will be printed at the end
of each time step.

COMPILATION REQUIREMENTS: SATURN is written in FORTRAN with versions
existing on the following computer systems:

] PRIME;

. DEC VAX 11/780; and

0 CDC 7600.

The code is written in double precision (eight-byte decimal words). The code
treats the transport processes as an uncoupled phenomenon from the flow
processes; thus, two successive applications of SATURN are necessary to
simulate flow and transport.

Current problem limits:

) 500 nodal points;

. 450 elements;

) 20 materials;

L 99 Dirichlet boundary conditions;

] 99 flux boundary conditions;

] 40 semi-bandwidth for global matrix;

] 10 time-dependent Dirichlet boundary nodes;

] 10 time-dependent flux boundary nodes;

) 20 entry pairs‘for relative permeability versus saturation; and

. 20 entry pairs for pressure head versus saturation.

Due to the manner in which these limits are prescribed in the code, changes in
dimension can require the modification of common blocks, in almost every
subroutine.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS Months.
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CODE VERIFICATION: The code has been verified against several test problems
and against UNSATZ. :

DOCUMENTATION/REFERENCES:

Huyakorn, P.S.; Thomas, S.D.; Mercer, J.W.; Lester, B.H. (1983) SATURN: a
finite element model for simulating saturated-unsaturated flow and

radioactive radionuclide transport. Prepared by Geotrans for the Electric
Power Research Institute, Palo Alto, CA.

SOURCE: SATURN is a proprietary code. it was developed by P. S. Huyakorn,
S. D. Thomas, J. W. Mercer, and B. H. Lester, all of Geotrans, Incorporated.
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CODE NAME: SEGOL

" PHYSICAL PROCESSES: Predicts contaminant transport and flow for combined
saturated and partially-saturated fiow systems.

DIMENSIONALITY: Three dimensional,
SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The transport equations are solved using a Galerkin
finite-element approach. The model solves for three-dimensional combined
partially-saturated and saturated flow. Since solution for both saturated and
partially-saturated flow is possible, the free surface is very nicely handled.
At the same time, a more realistic representation of flow from ponds or lakes
is provided by the model, rather than requiring the assumptions involved when
only saturated models are used. The SEGOL model uses finite elements for the
numerical reduction with isoparametric elements. It is an operational model
and has been tested, but has not yet been extensively used with field
problems. A severe test case indicated that a spatial discretization of a few
centimeters may be necessary for some problems.

CODE INPUT: Standard transport parameters.

CODE OUTPUT: Predictions of head and concentration.

COHPILATION REQUIREMENTS: SEGOL is written in FORTRAN.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS Months.

CODE VERIFICATION: SEGOL has been verified by comparison to field data.

DOCUMENTATION/REFERENCES:

Segol, G.A. (1976) Three-dimensional Galerkin finite element model for the
analysis of contaminant transport in variably saturated porous

media -- user’s guide. Department of Earth Sciences, University of
Waterloo, Waterloo, Ontario, Canada, June.

Segol, G.A. (1977) A three-dimensional Galerkin-finite element model for the
analysis of contaminant transport in saturated-unsaturated porous media.
In: Gray, W.G.; Pinder, G.F., eds., Finite elements in water resources,
(Proceedings of the First International Conference, July, 1976).

SOURCE: SEGOL was developed by G. A. Segol of Bechtel Corporation. The code
is in the public domain.
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CODE NAME: SUMATRA-I

PHYSICAL PROCESSES: Predicts the Simultaneous flow of water and solutes
transport in a vertical soil profile under transient saturated-unsaturated
conditions. '

DIMENSIONALITY: One dimensional.
SOLUTION TECHNIQUE: MNumerical, finite element.

DESCRIPTION: SUMATRA-I1 is based on a Hermitian (cubic) finite-element
solution of the governing transport equations. The model includes such
processes as linear equilibrium adsorption and zero- and first-order decay.

Flow in the saturated-unsaturated medium is posed and solved with a pressure
head dependent variable The convection dispersion equation is amended to
include retardation by adsorption and decay mechanisms. These continuum models
. are driven by complete physical properties and boundary condition information
including: transient data for soil surface boundary conditions, hydraulic
functions relating moisture content and hydraulic conductivity, and physical or
chemical parameters (e.g., density, dispersivity, adsorption, and decay
parameters).

CODE INPUT: Standard groundwater flow and contaminant transport parameters.
CODE OUTPUT: Predictions of head and concentration.
COMPILATION REQUIREMENTS: Predictions of head and concentration.

EXPERIENCE REQUIREMENTS: SUMATRA-I is written in FORTRAN IV. It consists of
the main program and nine subprograms.

TIME REQUIREMENTS Extensive.

CODE VERIFICATION: Months.

DOCUMENTATION/REFERENCES:

van Genuchten, M.Th, (1978a) Mass transport in saturated-unsaturated media:

one-dimensional solutions. Research Report 78-WR-11, Water Resources
Program, Department of Civil Engineering, Princeton University, Princeton,

van Genuchten, M.Th. (1978b) Numerical solutions of the one-dimensional
saturated-unsaturated flow equation. Research Report 78-WR-9, Water
Resources Program, Department of Civil Engineering, Princeton University,
Princeton, NJ.

SOURCE: SUMATRA-I was written by van Genuchten of the U.S. Salinity
Laboratory. The code is in the public domain.
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CODE NAME: SUTRA (Saturated-Unsaturated Transport)

PHYSICAL PROCESSES: Predicts fluid movement and the transport of either
energy or dissolved substances in a subsurface environment.

DIMENSIONALITY: Two dimensional.

SOLUTION TECHNIQUE: Numerical, finite-element, and integrated
finite-element. : .

DESCRIPTION: SUTRA flow simulation may be employed for areal and
cross-sectional modeling of saturated groundwater flow systems, and for
cross-sectional modeling of unsaturated zone flow. Solute transport simulation
using SUTRA maybe employed to model natural or man-induced chemical species
transport including processes of solute sorption, production, and decay, and
may be applied to analyze groundwater contaminant transport problems and
aquifer restoration designs. In addition, solute transport simulation with
SUTRA may be used for modeling of variable density leachate movement and for
cross-sectional modeting of salt-water intrusion in aquifers at near-well or
regional scales, with either dispersed or relatively sharp transition zones
between fresh water and salt water. SUTRA energy transport simulation may be
employed to model thermal regimes in aquifers, subsurface heat conduction,
aquifer thermal energy storage systems, geothermal reservoirs, thermal
pollution of aquifers, and natural hydrogeological convection systems.

Mesh construction is quite flexible for arbitrary geometries employing
quadrilateral finite elements in Cartesian or radial-cylindrical coordinate
systems. The mesh may be coarsened employing "pinch nodes" in areas where
transport is unimportant. Permeabilities may be anisotropic and may vary both
in direction and magnitude throughout the system as may most other aquifer and
fluid properties. Boundary conditicns, sources, and sinks may be
time-dependent. A number of input data checks are made in order to verify the
input data set. An -option is available for storing the intermediate results
and restarting simulation at the intermediate time. An option to plot results
produces output which may be contoured directly on the printer paper. Options
are also available to print fluid velocities in the system and to make temporal
observations at points in the system.

CODE INPUT: Standard groundwater flow and contaminant transport parameters.
CODE OUTPUT: SUTRA provides, as the primary calculated result, fluid
pressures and either solute concentrations or temperatures, as they vary with
time, everywhere in the simulated subsurface system.

COMPILATION REQUIREMENTS: SUTRA was written in FORTRAN 77.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS Months.

CODE VERIFICATION: Unknown.
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DOCUMENTATION/REFERENCES:

Voss, C.I. A finite-element simulation model for saturated-unsaturated,
fluid-density-dependent groundwater flow with energy transport or

chemically-reactive single species solute transport. USGS Water Resources
Investigations Report 84-4369.

SOURCE: The code was developed by C. I. Voss of the USGS Water Resources
Department. The code is in the public domain.
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CODE NAME: TRANUSAT

PHYSICAL PROCESSES: Predicts the transient migration of water and
contamination in unsaturated and saturated geologic media.

DIMENSIONALITY: One and two dimensional.

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The fundamental equations solved are the pressure head
formulation of unsaturated water flow, Darcy’s equation, and contaminant mass
conservation. The principal assumptions are as follows:

) fluid flow is described by Darcy’s equation;

) functional relationships exist for pressure head versus moisture content
and hydraulic conductivity versus moisture content;

. solute transport may include advection, dispersion, diffusion, adsorption,
and first-order reactions; and :

. system properties may vary spatially.
CODE INPUT: Standard groundwater flow and contaminant transport parameters.
CODE OUTPUT: Predictions of head and concentration.

COMPILATION REQUIREMENTS: This one- and two-dimensional cartesian model
includes the following boundary conditions:

] specified pressure head;

0 specified fluid flux;

) specified concentration;

. zero concentration gradient;

) cauchy boundary conditioh; and

. boundary conditions may vary temporally.
EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS Months,

CODE VERIFICATION: Unknown.
DOCUMENTATION/REFERENCES:

Pickens, J.F.; Gillham, R.W.; Cameron, D.R. (1979) Finite-element analysis of

the transport of water and solutes in tile-drained so1]s Journal of
Hydrology 40:243-264.
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Pickens, J.F.; Gittham, R.W. (1980) Finite element analysis of solute
transport under hysteretic unsaturated flow conditions." Water Resour.
Res. 16(6):1071-1078.

SOURCE: TRANUSAT is a Geologic Tésting Consultants, Ltd., proprietary code
developed at GTC.
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CODE NAME: TRUST

- PHYSICAL PROCESSES: Predicts transient fluid movement in a
multi-dimensional, partially saturated or saturated, deformable porous media.

DIMENSIONALITY: Multi-dimensional.
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: TRUST is based on a volumetric expression of the continuity
equation applied to a flow region of finite volume. The method of integral
finite differences is used to represent the problem. Essentially, the model
domain is a conglomeration of arbitrarily shaped volumes linked by connectors
representing the porous media between volume nodal points. Changes in pressure
at each node are computed for each time step by a finite-difference algorithm
that uses both explicit (point-by-point) and implicit (simultaneous) solution
schemes, Darcy velocities are calculated through finite-difference gradients
of computed pressure heads.

It features the processes of:

(] pore desaturation;

. hysteresfs in permeability and saturation behavior;
. fluid compressibility; and

) one-dimensional (vertical) deformation of the soil skeleton due to water
withdrawal.

The discretization of the continuity equation features a variable weighting
scheme that allows the solution to range between central and backward
differencing. The weighting factor is computed by TRUST at every time step
based on the rate of pressure change. Slowly changing phenomena are weighted
toward central differencing while rapid changes are weighted toward backward
differencing. Regardless of the weighting scheme, the discretized equation
contains both explicit and implicit parts. The explicit portion of the
equation is used to solve for the pressure change over the entire domain. At
locations where the explicit stability constraint for time step size is
violated, the implicit part of the equation is applied and added to the
existing explicit solution. Thus, the final matrix of equation coefficients
created by the mixed explicit-implicit algorithm can be partitioned into those
submatrices that reguire simultaneous solution.

The volumetric equation of mass conservation balances external fluxes and
internal fluid generation with changes in mass storage. Nonlinearity in the
formulation arises in the pressure-dependent permeability and fluid density in
the external flux calculation, and pressure-dependent processes of fluid
compressibility. Nonlinearity also arises from soil skeleton deformation and
pore desaturation in the mass storage calculation. TRUST circumvents an
jterative solution by using a point-slope prediction of pressure at the new
time level to calculate the dependent parameters. Pressure is then solved with
the nonlinear equation set.
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TRUST uses an iterative overrelaxation matrix solver to compute the pressure
changes at the new time level. For smaller matrices, iterative solvers are
more efficient than direct solution techniques. However, convergence in highly
nonlinear problems can be poor.

Selecting an appropriate time step is crucial to the success of the
guasi-linearization approximation used in TRUST. For this reason, time step
size is computed internally, based on the following criteria:

] the maximum pressure change is maintained at an average of a specified
value;

¢  time- and pressure-dependent functions are not allowed to change more than
an average of 1%; and

] convergence of the matrix solution must be satisfied in under 80
iterations. .

Results of time steps that exceed any of these limits are discarded and the
time step is halved.

Mass balance error in TRUST is monitored for each node and for the entire
system being modeled. Model errors are discussed in the following categories:

. inaccurate specifications or interpolation;

. time truncation;

. pressure truncation;

) convergence; and

] machine roundoff.

Assumptions and simplifications for TRUST are:

. parameters can be functions of time, space, or pressure;

] hysteresis is modeled approximately by the use of scanning curves;

. fluid density, volume, void ratio, and saturation are functions of
pressure only;

. flow region deforms with time;

] deformation of the media structure is one dimensional according to
Terzaghi’s theory of consolidation;

¢ for shallow reservoirs, deformation is expressed at the ground surface as
subsidence; ‘

. deep reservoirs with overburden are not resolved accurately by the
consolidation computation;

] 501l structure has a constant volume of incompressible solids;
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] during the time interval, the elevation of the matrix is unchanged;
. time effects of consolidation are ignored; o

. media properties are isotropic; and

] the model is best suited to soils of moderate to high saturation,

CODE INPUT: System properties required by TRUST are standard soil data
usually included in a field sampling program:

] initial drying or wetting state;

® elevation to land surface from zero datum;

. average specific gravity of flow region material;

(] fracture length or characteristic length;

(] flow rate from well per unit aquifer thickness;

] permeability, analytical, or tabulated function of pressure;

(] specific storage, analytical, or tabulated function of pressure;
(] saturation, tabulation function of pressure; |

. reference void ratio;

] reference effective stress;

] void ratio as a function of effective stress;

[} deformability of matrix;

[ swelling index;

(] compfession index; and

® slope of the void rat1§ versus log perméabi]ity relationship.
Ftuid properties required by TRUST can be found in handbooks:

* viscosity;

) compressibility coefficient;

) density at atmospheric pressure; and

] gravitational constant.

Initial concentrations for TRUST are spatially distributed pressure heads and
fluid generation rates. An application of the steady-state option of the model

will generate a physically meaningful initial condition. Boundary conditions
fall into three categories:
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' 1}  flux;
2) pressure head; and
3) flux or pressure head, when controlling conditions are unknown.

These boundary conditions can be constant, time-dependent, or sinusoidal. Flux
boundary conditions occur at nodes with very small fluid mass capacity where a
fixed or variable fluid generation rate is specified. These "artificial" nodes
are then connected to the actual surface nodes of the problem. For fluid flux
from the problem domain, external connectors with constant or tabulated
functions of pressure or time are used to transfer fluid. Seepage faces are
possible in TRUST with the assumptions of atmospheric pressure and one-way
efflux.

The time-dependent boundary conditions can be input on a regional basis and can
be incremented by a constant change. Regional input of parameter data is also
available. Changes in the problem geometry ¢an be done by using the
model-scale factor to regionally reduce or measure the length scales of the
original probiem.

During execution, TRUST performs a check of the input data for consistency.
Upon detection of an error, diagnostic statements are printed, which enable the
user to trace and correct the mistake. The user’s manual presents guidelines
for %he input of data tablies and possible actions to correct inaccurate
results, \

CODE OUTPUT: TRUST has the following output results:

. input data echo

] input error summary

° results of the first, second, and last time steps are always printed

[ system results

net fiuid flow into system
average pressure change
average fluid flow rates
fluid mass capacity
moisture content

fluid generation rate
fluid generation amount

] ] [ 2 | (] )

] Tevels of output to select from
- fluid pressure
- elevation
- pressure change during time step
- estimated time derivatives of pressure
- fluid generation
- total fluid content
- change in fluid content
- net fluid transported into node by internal and external
information
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) boundary information
- pressure
- net fluid flow into system from boundary node
- average fluid flow rate
- flow into node
- flow rate across connection

‘. nodal
- type
- volume
- density
- fluid capacity
- permeability
- conductance from node, N
- time constant
- void ratio
- saturation
- preconsolidation stress

) connection
- area
- overall conductance
- net fluid flow
- average rate of fluid F1ow
- flow into node
- flow rate across a connection
- fluid transfer coefficient (for external connection)

[ diagnostics
- flags node changing to a special node
- nonconvergence
- repeat of a time step due to criteria violation
The user has control over the‘frequency and level of detail for the output.

COMPILATION REQUIREMENTS: TRUST is written in FORTRAN with versions existing
on the following computer systems:

® UNIVAC

e CDC 6400/6000/7000

) DEC VAX 11/780.

Single- and double-precision versions exist on the VAX. The double-precision
version has an accuracy of eight byte words, which is standard on the UNIVAC
and CDC machines. In addition, the VAX versions return run-time information to
the terminal from which they are run.

Current problem limits are:

. 10 materials;

(] 1 fluid property;
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] 300 nodes;

. 600 interﬁa] connections;

. 20 external connections;

] 20 boundary nodes;

. 100 fluid generation tab]es;‘

. 300 initial conditioﬁs; and

. 100 table lengths. |
EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS Months.

CODE VERIFICATION: TRUST has been verified against analytical solutions of
flow problems, in particular:

. Theis solution for radial flow to a well; and

() Carslaw and Jaeger solution for a continuous point source in an isotropic
three-dimensional medium.

Validation of the consolidation mechanism of the code has been performed in the
following problem areas:

. saturated flow;

¢ - unsaturated flow;

[ saturated-unsaturated flow; and

® Yiquefaction.

Most of the validation tests are based on results observed with laboratory

models, and encompass one-, two-, and three-dimensional problems on both

rectangular and radial coordinate systems.

DOCUMENTATION/REFERENCES:

McKeon, T.J.; Tyler, S.¥W.; Mayer, D.W.; Reisenauer, A.E. (1983) ' TRUST-II
utility package: partially saturated soil characterization, grid
generation, and advective transport analysis. NUREG/CR-3443, U.S. Nuclear
Regulatory Commission, Washington, DC.

Narasimhan, T.N. (1975) A unified numerical model for saturated- unsaturated
groundwater flow. LBL-8862, Lawrence Berkeley Laboratory, Berkeley, CA.

Narasimhan. T.N.; Witherspoon, P.A. (1977) Numerical model for
saturated-unsaturated fiow in deformable porous media, 1. theory." Water
Resour. Res. 13(3):657-664. ' '
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Narasimhan, T.N.; Witherspoon, P.A.; Edwards, A.L. (1978) Numerical model for
' saturated-unsaturated flow in deformable porous media, 2. The algorithm.
Water Resour. Res. 14(2):255-261.

Narasimhan, T.N.; Witherspoon, P.A. (1978) Numerical model for saturated-
unsaturated flow in deformable porous media, 3. Applications. Water
Resour. Res. 14(6):1017-1034.

- Reisenauer, A.E.; Key, K.T.; Narasimhan, T.N.; Nelson, R.W. (1982) TRUST: a
computer program for variably saturated flow in multidimensional
deformable media. PNL-3975, Pacific Northwest Laboratory, Richland, WA.

SCURCE: TRUST was developed by T. N..Narasimhan at the Lawrence Berkeley
Laboratory. The code is in the public domain.
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NUMERICAL SOLUTE TRANSPORT (SATURATED)
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CODE NAME: CHAINT

PHYSICAL PROCESSES: Simulates the transport of radionuclides in a fractured
porous medium.

DIMENSIONALITY: Two dimensional (x,y caftesian).

SOLUTION TECHNIQUE: Numerical, finite element.

‘DESCRIPTION: The CHAINT model simulates multicomponent nuclide transport in

a fractured-porous medium. The processes modeled include advection,
dispersion/diffusion, sorption, chain decay coupling, and mass release. The
computational method is based on a finite-element solution of the system of
equations. Continuum portions of the medium are modeled as a single porosity
system using two-dimensional isoparametric elements. Discrete fractures are
modeled using isoparametric line elements embedded along the sides of the
two-dimensional elements. Principal input to the code is the groundwater flow
calculation obtained with the MAGNUMZD code (or a comparable nonisothermal flow
model}).

The principal assumptions of the code are:

[ The diffusive flux Jri is assumed to be Fickian.

. Radionuclide transport occurs only in the fractures.

) Sorption may be represented by equilibrium adsorption.

In addition, the assumptions incorporated in MAGNUM2D must also be incorporated
in CHAINT, these being:

] The fractured-porous medium is nondeformable.
. The fluid is slightly compressible.
. Flow is-1aminar (Darcian).

] Macroscale (REV) hydraulic gradients are 1ndependent of fracture
- orientation or geometry.

] The fluid system is single phase.

) The medium is fully saturated.

) Moisture is stored in both primary and secondary pores.

. Flow in fractures is governed by a nonisothermal version of Darcy’s Law.

] Flow between primary and secondary pores depends on the d1fference between
primary and secondary heads.

() Heat flux is governed by the convection-diffusion equation.
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-v Conservation of mass applies separately in the primary and secondary
storage systems, but conservation of energy applies in the system as a
whole. :

CODE INPUT: As previously mentioned, principal input to the code is the

groundwater flow calculation obtained with the MAGNUM2D code (or a comparable

nonisothermal flow model}. Other necessary inputs include:

(] mesh geometry;

. half lives of the radionuclide contaminants;

(] retardation factor of each contaminant;

') velocity field;

) mass dispersion tensor;

. nuclide splitting;

e decay constants;

(] secondary porosity;

. mass source term;

° fluid density;

‘9 initial .parent concentrations; and

) initial daughter product concentrations

CODE OUTPUT: Output for CHAINT consists of the concentration of each
radionuclide in the fractures at each time step.

COMPILATION REQUIREMENTS: Unknown.
EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code CHAINT was tested against an analytical solution
based on the uranium decay series. The code is in the public domain.

DOCUMENTATION/REFERENCES :

King, I.P.; McLaughlin, D.B.; Norton, W.R.; Baca, R.G.; Arnett, R.C. (1981}
Parametric and sensitivity analysis of waste isolation in a basalt
medium. Rockwell Hanford Operations Report RHO-BWI-C-94.

Baca, R.G.; Arnett, R.C.; King, I.P. {1981) Numerical modeling of flow and

transport in a fractured-porous rock system. Rockwell Hanford Operations
Report RHO-BWI-SA-113.
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Neretnieks, I. (1980) Diffusion in the rock matkix: an important factor of
radionuclide retardation? J. Geophys. Res. 84(B8):4379-4397.

SOURCE: CHAINT was developed by Resource Management Associates, Lafayette,
California, for Rockwell Hanford Operations.
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CODE NAME: DUGUID-REEVES

PHYSICAL PROCESSES: Predicts contaminant transport for use on the flow model
results produced by the REEVES-DUGUID flow model.

DIMENSIONALITY: Two dimensional.
SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The model considers advection, dispersion, and exchange of one
chemical constituent which may involve radioactive decay under partially
saturated flow conditions. The single chemical component exchange reaction is
handled through an equilibrium exchange coefficient modified by the moisture
content when partially-saturated conditions exist. The spatial integration is
accomplished through the Galerkin finite-element approach using linear basis
functions. The time integration uses a modified Crank-Nicholson
finite-difference form.

A special, rather standard numbering scheme for element nodes is used to reduce
the matrix bandwidth that must be stored and operated upon for solution.
Special treatment of various boundary condition is also used to maintain the
desired matrix form. The actual solution is standard Gaussian elimination by
decomposition into the product of upper and lower triangular matrices. The
Jower triangular matrix is used to modify the right-hand side for
back-substitution into the upper triangular matrix to obtain the solution.

CODE INPUT: Input for DUGUID-REEVES is the saturated/unsaturated flow model
results from REEVES-DUGUID.

CODE OUTPUT: Predicts contaminant concentrations.

COMPILATION REQUIREMENTS: DUGUID-REEVES is written in FORTRAN and is
operational on IBM systems. :

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCESE

Duguid, J.0.; Reeves, M. (1976) Material transport through porous media: a
finite element Galerkin model. ORNL-4928, Oak Ridge National Laboratory,
Oak Ridge, TN, March.

Reeves, M.; Duguid, J.0. (1975) Water movement through saturated-unsaturated
porous media: a finite-element Galerkin model. ORNL-4827, Oak Ridge
National Laboratory, Oak Ridge, TN.

SOURCE: The code was developed by J. 0. Duguid of Battelle Memorial

Institute and M. Reeves of Dak Ridge National Laboratory. The code is in the
public domain.
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CODE NAME: GROVE/GALERKIN

PHYSICAL PROCESSES: This model employs Galerkin finite-element methods to
solve mass transport equations. The model successfully simulates solute
transport for an unreactive conservative solute chloride, a solute with a
first-order irreversible rate reaction, radioactive decay, and a solute with
equilibrium controlled ion exchange.

DIMENSIONALITY: Three dimensional.
SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The partial differential equation that describes the transport
and reaction of chemical solutes in porous media was solved using the Galerkin
finite-element technique. These finite elements were superimposed over finite
difference cells used to solve the flow equation. Both convective and flow due
to hydraulic dispersion were considered. Linear and Hermite cubic
approximations {(basis functions) provided satisfactory results; however, the
linear functions were found to be computationally more efficient for
two-dimensional problems. Successive overrelaxation (SOR) and iteration
techniques using Tchebyschef polynominals were used to solve the space matrices
generated using the linear and Hermite cubic functions, respectively.
Comparisons of the finite-element methods to the finite-difference models and
to analytical results indicate that a high degree of accuracy may be obtained
using the method outlined The technique was applied to a fie1g problem
involving an aquifer contaminated with chloride, tritium, and Osr.

CODE INPUT: Unknown.
CODE QUTPUT: Unknown.

COMPILATION REQUIREMENTS: GROVE/GALERKIN is written in FORTRAN and is
operational on an IBM 360 system.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown. .

DOCUMENTATION/REFERENCES:

Grove, D.B. The use of Galerkin finite-element methods to solve mass-transport
equations. Water Resources Investigation 77-49, U.S. Geological Survey,

Water Resources Division, Denver, CO.

SOURCE: This code is written by D. B. Grove of the U.S. Geological Survey,
Water Resources Division. The code is in the public domain.
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CODE NAME: 1SOQUAD, ISOQUAD2

PHYSICAL PROCESSES: Prédicts contaminant transport.

DIMENSIONALITY: Two dimensional.

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: This model uses a Galerkin approximation with various basis
functions, with a finite-element integration scheme to solve the conservative
transport equation. The time integration is performed through a backward
difference time scheme.

CODE INPUT: Unknown.

CODE OUTPUT: Unknown.

COMPILATION REQUIREMENTS: 1ISOQUAD and ISOQUADZ2 are written in FORTRAN and
implemented on an IBM 360/91 machine.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

Pinder, G.F. (1973) A Galerkin-finite-element simulation of groundwater
contamination of Long Island, New York. Water Resour. Res.

9(6):1657-1669. '

SOURCE: The codes were written by George Pinder of Princeton University and
Emil Frind of the University of Waterlon. The code is in the publi; domain.
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CODE NAME: KONBRED, USGS2D-MOC

PHYSICAL PROCESSES: KONBRED simulates groundwater flow and solute transport
in one or two dimensions. Radioactive decay is not included in the program as
originally published. A modified version has been prépared which incorporates
decay of single species but omits formation of radioactive daughter products.

DIMENSIONALITY: One or two dimensional.

SOLUTION TECHNIQUE: Groundwater flow -- numerica] finite difference.
Transport -- random walk.

DESCRIPTION: KONBRED solves the groundwater flow equation by a
finite-difference method. It then computes solute transport in the calculated
flow field by the method of characteristics. Both steady-state and transient
flows can be calculated, and the aquifer may be heterogeneous and anisotropic.
Forces resulting from differences in temperature or concentrations of dissolved
solids are not considered.

Advective transport is computed by tracking particles, and a finite-difference
method is used after each step to treat dispersion, fluid sources and sinks,
and velocity divergence. The code can accommodate injection and withdrawal
wells, diffuse leakage, and a variety of boundary and initial conditions. The
modified version includes radioactive decay (but not formation of radioactive
daughters) and equilibrium sorption. The code represents a two-dimensional
area as a rectangular network of equally-spaced nodes. As presently written,
there can be no more than 20 rows and 20 columns of nodes. The principle
assumptions of the code include:

. Darcy’s lLaw is valid and hydraulic-head gradients are the only significant
driving mechanism for fluid flow.

] The porosity and hydraulic conductivity of the aquifer are constant with
time, and porosity is uniform in space.

) Gradients of fluid density, viscosity, and temperature do not affect the
velocity distribution.

) The two-dimensional solute transport equation is valid.
] Sorption may be represented as equilibrium adsorption.
) Vertical variations in head and concentration are negligible.

) The aqu1fer is homogeneous and isotropic with respect to the coeff1c1ents
of longitudinal and transverse dispersivity.

CODE INPUT: The principal inputs to the original versions afe as follows:
) transmissivity tensor;

() aquifer thickness at each node;

] diffuse recharge and discharge at each node;
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] initial head at each node;

. initial solute concentration at each node;
s  storage coefficient;

o. location of no-flow boundaries;

) effective porosity;

) | longitudinal dispersivity;

) lateral dispersivity;

° locations of wells;

° pumping rate of each well;

) solute concentrations at each injection well; and
e pumping period.

The revised version requires additional inputs describing sorption and
radioactive decay.

CODE OUTPUT: The principal output are the heads and concentrations. These
can be printed out eithe~ after each time step at up to 5 "observation wells”
or at all nodes after each 50 time steps.

COMPILATION REQUIREMENTS: The original program is written in FORTRAN IV and

is compatible with many computers. It has been run successfully on Honeywell,
IBM, DEC, Univac, and CDC computers. The revised program is written in FORTRAN
77 and, apparently, has run on IBM and CDC computers.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: KONBRED has been tested by comparison with several
analytical solutions. Results from these comparisons are included in the
documentation (ref. 1) and include both one-dimensional steady-state flow and
plane radial steady-state flow. '

This code (or earlier versions of it) has been applied to a wide variety of
field problems. These include 1) chloride movement at the Rocky Mountain
Arsenal (ref. 2); 2) chloride buildup in a stream-aquifer system (ref. 3); and
3) radionuclide transport at INEL {(ref. 4).

DOCUMENTATION/REFERENCES:

Konikow, L.F.; Bredehoeft, J.D. (1978) Computer model of two-dimensional
solute transport and dispersion in groundwater. Techniques of
Water-Resources Investigations of the United States Geological Survey,
Book 7, Chapter C2.
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Konikow, L.F. (1977} Modeling chloride movement in the alluvial aquifer at
the Rocky Mountain Arsenal, Colorado. U.S. Geological Survey Water-Supply
Paper 2044,

Konikow, L.F.; Bredehoeft, J.D. (1974) Modeling flow and chemical quality
changes in an irrigated stream-aquifer system. Water Resour. Res.
10(3):546-562.

Robertson, J.B. (1974) Digital modeling of radioactive and chemical waste
transport in the Snake River plain aquifer at the National Reactor Testing
Station, Idaho. U.S. Geological Survey Open-File Report ID0-22054.

Tracy, J.V. (1982) User’s guide and documentation for adsorption and decay
modifications to the U.S5.G.S. solute transport model. U.S. Nuclear
Regulatory Commission Report NUREG/CR-2502.

SOURCE: The model was developed by L. F. Konikow and J. D. Bredehoeft of the
U.S. Geological Survey. The modifications were made by J. V. Tracy of ERTEC.
The code is in the public domain.
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CODE NAME: DPCT (Deterministic-Probabilistic Contaminant Transport)
PHYSICAL PROCESSES: Predicts groundwater flow and contaminant transport
accounting for advection, dispersion, rad1oact1ve decay, and equilibrium
sorption for a single contam1nant

DIMENSIONALITY: Two dimensional,

SOLUTION TECHNIQUE: Flow distribution -- numerical, finite element. Solute
transport -- particle-tracking method.

DESCRIPTION: The code treats a two-dimensional vertical cross-section.

Almost any water table and geologic configuration is permissible, and there are
a variety of allowable boundary conditions. #ater flow is steady state. '
The cross section is divided into a rectangular array of cells. The head
distribution is found by the finite-element method. Solute transport is then
treated by tracking the motion of individual particles.

DPCT will calculate the long-term effects of a repository for specified
scenarios, if used in conjunction with a biosphere transport code (e.g.,
PABLM). The code solves an inherently deterministic problem -- solute
transport with known velocity and dispersion -- in a probab111st1c manner. It
does not treat any probabilistic problems.

The principal assumptions of the code are:

® A treatment in a two-dimensional cross section is acceptable.

» The solute transport equation is valid.

) Sorption may be represented as equilibrium adsorption with the
- distribution coefficient given by Equation 8.25.

0 Principal axes of the transmissivity tensor are parallel to coordinate
axes everywhere.

] Groundwater flows are steady state.

CODE INPUT: 1Inputs for DPCT include:

) hydraulic conductivity (horizontal and vertical) at each node;
. porosity at each node;

° longitudinal dispersivity at each node;

8 ion exchange capacity at each node;

(] location of water table;

] boundary conditions; and

] contaminant input rates and locations.
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CODE OUTPUT: The principal outputs are maps of velocity or head and of
contaminant concentration at any times selected by the user, A wide variety of
other optional outputs are available.

COMPILATION REQUIREMENTS: The program is written in FORTRAN IV and has been
run on an Amdahl 470V/7 computer. The code is in the public domain.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: -
DOCUMENTATION/REFERENCES:

Schwartz, F.W.; Crowe, A. {1980) A deterministic-probabilistic model for
contaminant transport. U.S. Nuclear Regulatory Commission Report
* NUREG/CR-1609, August.

CGS, Inc. (1980) Scenario development and evaluation related to the risk
assessment of high level radioactive waste repositories. U.S. Nuclear
Regulatory Commission Report NUREG/CR-1608, August.

Schwartz, F.W. (1978) Application of probabilistic-deterministic modeling to
problems of mass transport in groundwater system. Third International
Hydrology Symposium, Ft. Collins, pp. 281-296.

Detailed derivations are given in:

Ahlstrom, S.W.; Foote, H.P.; Arnett, R.C.; Cole, C.R.; Serne, R.J. (1977)
Multicomponent mass transport model: theory and numerical implementation
(discrete-parcel-random walk version). Battelle, Pacific Northwest
Laboratory Report PNL-2127.

SOURCE: DPCT was developed by Franklin Schwartz and A. Crowe of CGS, Inc.
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CODE NAME: MMT (Multicomponent Mass Transport)

PHYSICAL PROCESSES: Predicts the transport profile of dissolved contaminants
in groundwater. ‘ _

DIMENSIONALITY: One dimensional.
SOLUTION TECHNIQUE: Discrete-parcel random-walk method.

DESCRIPTION: In the formulation of a mathematical model for simulating
transport processes in the environment, the system of interest can be viewed as
a continuum of matter and energy or as a large set of small discrete parcels of
mass and energy. The latter approach is used to formulate the discrete-parcel
random-walk transport model. Each parcel has associated with it a set of -
spatial coord1nates, as well as a set of discrete quantities of mass and
energy. A parcel’s movement is assumed to be independent of any other parcel
in the system. A Lagrangian scheme is used to compute the parcel advection,
and a Markov random-walk concept is used to simulate the parcel diffusion and
dispersion. The random-walk technique is not subject to numerical dispersion,
and it can be applied to three-dimensional cases with only a linear increase in
computation time. A wide variety of complex source-sink terms can be included
in the model with relative ease. Examples of the model’s application include
the areas of o0il spill drift forecasting, coastal power plant effluent
analysis, and solute transport in groundwater systems.

The principal assumptions of the code are:
) The effect of changing atmospheric pressure is negligible

. Flow patterns are independent of the chem1ca1 composition or temperature
of the groundwater solution.

. Hydrodynamic dispersion processes can be included with molecular
diffusion.

® Relative mass flux can be adequately described by Fick’s First Law.
) Darcy’s Law holds for description of saturated groundwater flow.
0 Total mass density of the mixture is constant.

) The number or type of particles does not significantly alter the flow
properties of the host medium.

. The one-dimensional solute transport equation is valid.
) Sorption may be represented by equilibrium adsorption.
CODE INPUT: Inputs for MMT include:

] retardation coefficfent;‘

. dispersion;
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. half lives for all nuclides;
] path length;

. groundwater velocity;

) flow tube size;

] jnitial inventory;

(] time after repository closure when the breach occurs;

(] leach information to control entry of waste into groundwater system; and
(] a mappind illustrating the parent-daughter relationships.

CODE OUTPUT: The principal outputs of MMT are the release rates of the
contaminants. Both printed and graphic output are available and the output can
be communicated to codes which calculate doses to humans.

COMPILATION REQUIREMENTS: MMT is written in FLECS, a higher-order language
which compiles into FOCRTRAN, and is operational on a VAX machine. The code is
in the public domain. :
EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: MMT was compared to anatytic results from GETOUT for a
variety of problems.

DOCUMENTATION/REFERENCES:

Ahlstrom, S.W.; Foote, H.P.; Arnett, R.C.; Cole, C.R.; Serne, R.J. (1977)
Multicomponent mass transport model: ‘theory and numerical implementation
{discrete-parcel-random-walk version). Pacific Northwest Laboratory
Report BNWL-2127, May.

Washburn, J.F.; Kaszeta, F.E.; Simmons, C.S.; Cole, C.R. (1980)
" Multicomponent mass transport model: a model for simulating migration of
radionuclides in groundwater, Pacific Northwest Laboratory Report
PNL-3179, July.

'SOURCE: MMT was developed at Battelle, Pacific Northwest Laboratories.

A-30



CODE NAME: PINDER '

PHYSICAL PROCESSES: Predicts the movement of groundwater contaminants.
DIMENSIONALITY: Three dimensional.

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The Galerkin method of approximation in conjunction with the
finite-element method of analysis is used to simulate the movement of
groundwater contaminants. In solving groundwater flow and mass transport
equations, this approach allows a functional representation of the dispersion
tensor, transmissivity tensor, and fluid velocity, as well as an accurate
representation of boundaries of irregular geometry.

CODE INPUT: Unknown.

CODE OUTPUT: Unknown.

COMPILATION REQUIREMENTS: PINDER is written in FORTRAN and implemented on an
IBM 360 or 390 machine. :

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.
CODE VERIFICATION: A field appiication of the method to chromium

- contamination on Long Island, New York, shows that ‘accurate simulations can be

obtained.
DOCUMENTATION/REFERENCES:

- Pinder, G.F. (1973) A Galerkin-finite element simulation of groundwater

contamination on Long Island, New York. Water Resour. Res.
9(6):1657-1669. '

SOURCE: PINDER was developed by G. F. Pinder at Princeton University. The
code is in the public domain.
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CODE NAME: ROBERTSONI

PHYSICAL PROCESSES: Predicts the movement of radionuclides by groundwater
and soil transport.

" DIMENSIONALITY: Two dimensional.
SOLUTION TECHNIQUE: Analytical and numerical, finite difference.

DESCRIPTION: Agqueous chemical and low-level radioactive effluents have been
disposed to seepage ponds since 1952 at the Idaho National Engineering
Laboratory. The solutions percolate toward the Snake River Plain aquifer
(9,135 m below) through interlayered basalts and unconsolidated sediments and
an extensive zone of groundwater perched on a sedimentary layer about 40 m
beneath the ponds. A three-segment numerical model was developed to simulate
the system, including effects of convectional hydrodynamic dispersion,
radioactive decay, and adsorption. The first segment uses an analytical
solutien te simulate transport from the ponds to the 25-m thick perched water
lens, assuming steady vertical flow through a 15-m long saturated homogeneous
column, The second segment simulates two-dimensional horizontal transport in
the perched water body using finite-difference methods, assuming complete
vertical mixing with vertical leakage from the bottom. The third segment
simulates simulates vertical solute transport from the perched water body
toward the aquifer by assuming unsaturated, but steady water flow in a series
of contiguous, nonhomogeneous independent vertical columns. The transport
equation is solved by a "hop-scotch" finite-difference scheme for each column.
Simulated hydraulics and solute migration patterns for all segments agree
adequately with the available field data. The model can be used to project
subsurface distributions of waste solutes under a variety of assumed conditions
for the future.

CODE INPUT: Standard hydrologic and transport parameters.
CODE OUTPUT: Predicts head and concentration.

- COMPILATION REQUIREMENTS: ROBERTSON1 is written in FORTRAN and implemented
on a CDC machine.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code has been verified by the Idaho site application.

DOCUMENTATION/REFERENCES:

Robertson, J.B. {1974) Digital modeling of radiocactive and chemical waste '
transport in the Snake River plain aquifer at tke National Reactor Testing
Station, Idaho. U.S. Geological Survey Open-Filpe Report, AEC No.
1D0-22054, 41 pp. '

-
SOURCE: ROBERTSONI was developed by J. B. Roberign of the vt 3. Geological
Survey, National Center. The code is in the publ - domain.

N
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CODE NAME: ROBERTSONZ
PHYSICAL PROCESSES: Predicts groundwater transport of radioisotopes.
DIMENSIONALITY: Two dimensional.

SOLUTION TECHNIQUE: MNumerical, finite-difference, and
method-of-characteristics solution technique.

DESCRIPTION: ROBERTSON2 was developed to predict radioisotope migration at
the National Reactor Testing Station. The influences on migration include
space and time variations in groundwater flow, hydraulic dispersion,
radioactive decay, ion exchange, and other chemical reactions, These processes
are included in problems of movement of radioactive wastes in groundwater;
design and analysis of tracer tests in groundwater systems; and analysis of
natural isotope distributions in groundwater. The model is composed of two
coupled phases: the first simulates the hydraulics, and the second simulates
solute transport. The hydraulic phase solves the transient, two-dimensional,
partial-differential equation of groundwater fiow for & bounded,
two-dimensional, one-layer aquifer, using finite-difference techniques
(iterative, alternating direction, implicit scheme). This method is described
by Bredehoeft and Pinder. Groundwater velocity vectors are computed by this
equation, for every grid point at any finite time step. The velocities are
transferred to the solute transport phase of the model that solves the
transient particle differential equation of the transport, using the method of
characteristics. The method characterizes the dissolved nuclides by
characteristic imaginary particle. Considered terms of the solute transport
phase are: hydraulic dispersion, convective transport, aquifer compression
factors, sources and sinks, radioactive decay, and sorption.

CODE INPUT: Input for the model includes transmissivity, storage

coefficient, boundaries, hydraulic dispersion coefficients (transverse and
longitudinal), initial concentration distributions, ion exchange, distribution
coefficient, radioactive decay constant, and source-sink inputs.

CODE QUTPUT: Predicts head and concentration.

COMPILATION REQUIREMENTS: ROBERTSON2 is written in FORTRAN and implemented
on a CDC machine.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.
DOCUMENTATION/REFERENCES :

Bredehoeft, J.D.; Pinder, G.F. (1973) Mass transport in flowing
groundwater. Water Resour. Res. 9(1):194-210.

SOURCE: ROBERTSONZ was deVeloped by J. B. Robertson of the U.S. Geological
Survey, National Center. The code is in the public domain.
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CODE NAME: SWENT

'PHYSICAL PROCESSES: Predicts fluid, energy, and solute radionuclide
transport.

DIMENSIONALITY: One dimensional, two dimensional, axisymmetric (r-z}, and
three dimensional.

SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: SWENT is based on the coupled, transport sclution of the fluid,
energy, and solute transport equations. Fluid density and viscosity in this
code are treated as functions of pressure, temperature, -1d solute
concentration; thus, the transport equation set being solved is nonlinear.
SWENT can be applied in one-dimensional, two-dimensional {x-y, x-z),
axisymmetric (r-z), and three-dimensional (x-y-z) hetero¢oneous geologic
systems. The code also features a comprehensive radionuclide transport model
that includes a radionuclide data base and the ability to account for the
generation and transport of daughter products in straight or branched decay
chains. The user has the option to solve for any or all of the dependent
variables. Basic processes addressed by SWENT include:

) confined flow of a two-component, single-phase fluid;

] pressure-dependent aquifer porosity;

¥ vertical recharge;

° detailed well-bore modeling based on well characteristics;

. convective and conductive heat transport;

] solute advection;

(] hydrodynamic dispersion;

° first-order decay reactions;

) equilibrium isothermal sorption; and

) salt dissolution.

SWENT has an aquifer reservoir model that is coupled to & well-bore model. The
well-bore model offers a more detailed account of the well-bore physics than is
possible with the finite difference mesh of the general problem. Results from
the modeling of the well are then applied as boundary conditions to the aquifer
reservoir, The radionuclide modeling is not coupled to the flow, energy, and
solute computations; consequently, this part of the simulation is performed
independently after the pressure field has been established.

SWENT has an option that allows the effect of the surrounding aquifer to be
incorporated into the aquifer boundary conditions without actually modeling the
regional problem. Aquifer influence functions allow subregional modeling by

posing boundary conditions that respond as if a larger aquifer were being
modeled. Generally, these influence functions are necessary when the
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simulation time is long enough for calculated changes to occur at peripheral
grid blocks.

The well-bore model uses a direct simultaneous solution of the energy equation
to calculate the pressure and temperature changes over the well-bore depth. On
the other hand, the reservoir model is based on a semi-implicit
finite-difference scheme of the flow, energy, and solute equations. The
dependent variables in this formulation, pressure, temperature, and
concentration appear in the space derivatives at the new time level.

An iterative procedure is used for the problem solution. Changes in the
pressure, temperature, and concentration are computed by applying each eguation
sequentially with updated values for all dependent variables.
Transmissibilities and dispersion, on the contrary, are always treated at the
old iterate level. The iterative procedure ceases when the fractional density
change falls below an internal tolerance.

Solution of the simuﬁtaneous equation is performed by a direct, reduced-band
Gaussian elimination technique or an iterative, two-line, successive,
overrelaxation method. Each method has an optwma1 range of applicability which
js presented in the model documentation.

The principal assumptions of the SWENT code are:

(] only a single-phase fluid exists;

® porous medium is saturated with fluid;

. flow is laminar and governed by Darcy's Law;

) kinetic energy is negligible in the energy balance;

. fluid viscosity is an exponential function of temperature, or a power law
function of concentration; _

® salt dissolution is a first-order reaﬁtion;

° linear equilibrium, sorption;

0 hydrodynamic dispersion is a 1inéar function of velocity; and

) effects of hydrodynamic dispersion and molecular diffusivity are additive.
CODE INPUT: The input requirements of SWENT are as follows:

) fluid compressibility;

° rock compressibility;

] fluid thermal expansion factor;

] heat capacity of rock;

] resident and injection fluid densities;
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[ resident and injection fluid viscosities;
. thermal conductivity of porous medium;
® hydrodynamic dispersivities;
® molecular diffusivity;
. porosity;
o hydraulic conductivity;
. well data
- depth
- diameter
- roughness
- heat transfer coefficient
- pressure conditions; and
] adsorption distribution coefficient.
The specified boundary conditions of SWENT are as follows:
. constant pressure, temperature, concentration {Dirichlet);
] radiation boundary condition (Cauchy); '
(] steady-state or transient aquifer influence functions;
) heat lass to overburden and underburden;
] well specification of pressure, temperature; and concentration;
. radioactive sources; and |
] recharge.
SWENT has many features that reduce the tedium of.data entry: 1) grid-block
characteristics can be entered on a regional basis; 2) boundary conditions are
entered only when an update occurs; 3) any system of units can be used with the
proper entry of conversion factors; 4) variable timestepping can be performed
by a user-defined function; and 5) inclusion of a radionuclide data library.
There is an input data checker in SWENT that alerts the user to up to 69 error
conditions.
CODE OUTPUT: SWENT produces a very readable line printer output of computed
results. The detail and frequency of the output is at the option of the user.
Specifically, the available output include:
) input data echo;
(] Darcy velocities;

(3 flow, heat, diffusive transmissibilities; viscosity, enthalpy,
dispersivities; thermal conductivities in all grid blocks;
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. fluid, energy, component, and nuclide balance;

° maximum pressure, temperature, concentration changes, and the
corresponding grid blocks; :

(] well performance summary (pressure, concentration, temperature) at well
head and bottom hole, and water, heat, and inert component production
rates and their integrated values over time;

] aquifer influx rates for water, heat, and inert components;

. nuclide discharge rates at biosphere grid blocks;

° integrated nuclide discharge rates to different regions;

[ pressure, temperature, component concentrations, and nuc11de
concentrations at all grid blocks;

. two-dimensional areal contour maps for pressure, temperature, brine,
concentration, and nuclide concentration; and

. plots of pressure, temperature, and brine concentration for observed and
calculated values at wells,

COMPILATION REQUIREMENTS: SWENT is written in FORTRAN with versions existing
on the following computer systems:

. CDC 7600; and

o DEC VAX 11/780.

The code was designed to be executed on a CDC 7600 and includes external
references to CDC-specific functions Conversion to the VAX 11/780 was hampered
by these references. The VAX version of the code has dispensed with the
dynamic allocation of core storage available on CDC hardware and replaced other
CDC routines with function subroutines coded into the software. To equal the
level of accuracy and range of the CDC 7600, real variables in the code were
double-precisioned from four- to eight-byte decimal words with an extended

_ range option.

Current limits to the code are:

. 20 wells;

. 7 overburden layers;

. 7 underburden layers;

] 50 aquifer influence functions; and

. 10 entries in the viscosity and temperature tables.

EXPERIENCE REQUIREMENTS: Extansive.

TIME REQUIREMENTS: Months.
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CODE VERIFICATION: SWENT has been verified against analytical solutions of
fluid flow, heat flow, inert component transport, and radionuclide transport.
Good agreement between model results and analytical solutions was found in each
of the 11 cases cited. Three field applications of SWENT are included in the
code documentation. The predicted SWENT results are in reasonable agreement
with field observations.

DOCUMENTATION/REFERENCES:

INTERA Environmental Consultants, Inc. (1983) SWENT: a three- dimensional
finite-difference code for the simulation of fluids, energy, and solute
radionuclide transport. ONWI-457, Prepared for Battelle Memorial
Institute, Office of Nuclear Waste Isolation, Columbus, OH.

SOURCE: SWENT was developed by S. B. Pahwa, R. B. Lantz, and B. S. Ramaro of
INTERA Environmental Consultants, Inc.
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CdDE NAME: TRANS

PHYSICAL PROCESSES: Predicts groundwater poliution problems.
DIMENSIONALITY: Two dimensional,

SOLUTION TECHNIQUE: Random walk.

DESCRIPTION: TRANS provides a generalized computer code that can simulate a
large class of problems involving convection and dispersion of chemical
contaminants associated with fertilizer applications, hazardous waste leachate
from landfilled and other sources, and injection of chemical waste into the
subsurface using disposal wells. TRANS does not address density-induced
convection. Concentration distribution in the aquifer represents a
vertically-averaged value over the saturated thickness of the aquifer.

TRANS is capabie of considering:

° Saturated groundwater flow in a single confined or unconfined aquifer
where water flow is typically horizontal. {The code addresses temporal
variations in two-dimensional (x-y) flow for a variety of boundary
conditions and arbitrary x-y geometry.)

. Advection of a chemical contaminant in a saturated groundwater system
released from a variety of typical sources.

. Hydrodynamic dispersion (both lateral and transverse) and diffusion of a
chemical contaminarnt in a saturated groundwater system.

N Retardation of a chemical contaminant when it can be characterized by a
constant Kd and the assumptions of instantaneous and reversible adsorption
are adequate.

. Radioactive decay of a chemical contaminant,

TRANS addresses only a single aquifer. Spatial and temporal distribution of
head in the aquifer can be calculated by four methods:

1) analytic (HSOLVZ) solution for a uniform 1-ft/d flow in the x direction;
2) analytic (HSOLV4) solution to the Theis formula centered at node (15, 15);

3) numerical finite difference solution (HSOLVE) to the two-dimensional (x-y)
vertically-averaged groundwater flow equation* (this solution is for
transient or steady-state flow); and ‘

4)  user-supplied subroutine for reading or calculating head on the‘
finite-difference grid used in the TRANS transport model.

The transport model portion of TRANS uses a direct simulation technique. The
concentration of a chemical constituent in a groundwater system is assumed to
be represented by a finite number of discrete particltes. Each of these
particles is moved according to the advective velocity and dispersed according
to random-walk theory. The mass assigned to each particle represents a
fraction of the total mass of chemical constituents involved. In the limit, as
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the number of particle approaches the motecular level, an exact solution to the
actual situation is obtained. This kind of transport model is inherently mass
conservative. Convergence can be checked by increasing the number of
particles. There are restrictions, as with any numerical method, which limit
the size of time step that can be taken for both a time-dependent and
spatially-dependent problem. Time steps for particles are limited such that
advective plus dispersive movement is no greater than the spacing between
velocity (head) nodes.

The principal assumptions regarding flow are:
] Darcian flow is assumed;

[ flow in the aquifer is horizontal and controlled only by hydraulic head
~ gradients;

0 Jeakage between the simulated aquifer, rivers, lakes, other aquifers, and
springs is a linear function of head difference with the slope of this
retationship determined from the leakage parameter, K/m, where K is the
permeability of the aquitard (or stream bed) and m is the thickness; and

] storage in the stream, lake, or river beds and aquitards is ignored.
The principal assumptions regarding contaminant transpo-t are:

. the advection-diffusion equation for solute transpdrt is assumed valid;
(] dispersion in porous media is random process; and

. retention of a contaminant (or retardation of a concentration front) may
be represented by an instantaneous and reversible sorption process.

CODE‘INPUT Input requirements for the code are those typically available
from standard field or laboratory measurements. For the flow portion of the
model they include:

o a variable finite-difference grid description;
0 time step and number of time steps to be run;

] areal distributions of
- permeability
- source aquifer potential for leaky artesian simulations
- aquifer bottom elevations;
- aquifer top elevations;
- head (initial conditions)
- ' aquitard thickness and permeability for leaky artesian aquifers.
- simulations
- artesian and water table storage coefficients;

] pumping and recharge well locations and temporal rates;

. stream (river or lake) node locations, surface- water elevations, stream or
lake bed th1ckness and permeability; fraction of node area available for
transfer;
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constant head node locations and elevation for held head:

location of springs, elevation at which spring flow begins, and slope of
the spring flow versus groundwater head for the spring production line;
and

locations of nodes where evapotranspiration from the water table is to be
considered and the slope of the rate versus head line and the water-table
elevation at which evapotranspiration effects are to be ignored.

For the transport model, additional input requirements include:

longitudinal dispersivity;

lateral dispersivity;

effective porosity;

retardation factor or Kd;

butk mass density of porous medium;

location and concentration of sources, description of source geometry, and
selection of method for release of particles; and

sink Tocations and groupings of sink locations for summarizing outflow
versus time results,

The model contains no checking of input for consistency and automatic
termination for faulty or inconsistent inputs.

CODE OUTPUT: Results are printed in a 132-character format with a concise

and readable output Tayout. The code echoes input parameters and produces line
printer plots of head, numbers of particles, and concentrations. The code also
reports the concentration of water entering sink nodes and groups of sink nodes
versus time. The code produces no contour maps or ocutput fields that can be
passed on to other computer system programs for plotting and produces no mass
balance summaries for water flow or transport.

COMPILATION REQUIREMENTS: The TRANS code is written in FORTRAN and run on a
CDC CYBER-175 machine. The code has also been brought up on a D1g1ta1
Equipment Corporation VAX 11/780.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: The code has been compared to analytic and
hand-calculated examples.

DOCUMENTATION/REFERENCES:

McDonald, M.G.; Fleck, W.B. {1978) Model analysis of the impact on

groundwater cond1t1cns of the Muskegon County waste-water disposal system,
Michigan. U.S. Geological Survey Open-File Report 78-79.
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Prickett, T.A.; Lonnquist, C.G. (1971) Selected Digital Computer techniques
for groundwater resource evaluation. I1linois State Water Survey Bulletin
55.

Prickett, T.A.; Namik, T.G.; Lonnquist, C.S. (1981) A random-walk solute
transport model for selected groundwater quality evaluations. I1linois
State Water Survey Bulletin 65,

SOURCE: The program was written by Thomas A. Prickett of Thomas A. Prickett

and Associates, and Thomas G. Naymik and Carl G. Lonnguist of I1linois Water
Survey.

A-102



CODE NAME: TRANSAT2

PHYSICAL PROCESSES: Predicts groundwater flow and contaminant transport in
saturated geologic media.

DIMENSIONALITY: Multi-dimensional,

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: The fundamental equations solved are those of fluid mass
conservation, Darcy’s equation, and contaminant mass conservation. The
principal assumptions are as follows:

» fluid flow may be described by Darcy’s equation;

] steady-state groundwater flow exists;

] solute transport includes advection, dispersion, diffusion, adsorption,
and first-order reactions (i.e., radioactive decay); and

) system properties may v;ry spatially.

TRANSAT2 utilizes the Galerkin finite-element technique with linear trianguiar
elements. The solution technique is a Gaussian elimination method. This
multi-dimensional code includes the following boundary conditions:

0 specified hydraulic head;

! ) specified fluid flux;

] zero concentration gradient;

) cauchy boundary condition; and

. temporally varying solute boundary conditions.

© CODE INPUT: Standard groundwater flow and contaminant transport.

CODE OUTPUT: Predicts head and concentration.

COMPILATION REQUIREMENTS: Unknown.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES :

Pickens, J.F.; Lennox, W.C. (1976) Numerical simulation of waste movement in
steady ground-water flow systems. Water Resour. Res. 12(2):171-180.
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Lee, D.R.; Cherry, J.A.; Pickens, J.F. (1980) Groundwater transport of a salt
tracer through a sandy lake bed. Limnology and Oceancgraphy 25(1):45-61.

Grisak, G.E.; Pickens, J.F. (1980) Solute transport through fractured
media -- I. the effect of matrix diffusion. Water Resour. Res.
26(4):719-730.

SOURCE: TRANSAT2 is a GTC proprietary code developed at Geologic Testing
Consultants in Ottawa, Ontario, Canada.
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NUMERICAL COUPLED CODES
(SOLUTE AND HEAT TRANSPORT)
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CODE NAME: CFEST -- Coupled Fiuid, Energy and Solute Transport

PHYSICAL PROCESSES: Fluid, energy, and solute transport in a confined,
saturated aquifer.

DIMENSIONALITY: Up to three dimensional.
- SOLUTION TECHNIQUE: Finite element.

DESCRIPTION: CFEST was developed for the analysis of a confined aquifer’s
response to thermal energy storage. This model employs a standard Galerkin
finite-element method in the solution of the coupled equations of mass, energy,
and solute-mass conservation. A sequential solution algorithm bearing
resemblance to the SWIP model is used to solve the flow of water, the transport
of energy, and finally the transport of solute. The finite-element
approximation to the continuum is made with a bilinear, two-dimensional,
quadrilateral element that is simply expanded to the trilinear, eight-node
brick when three-dimensional analysis is warranted. CFEST can be used to
analyze two-dimensional vertical or horizontal planes, two-dimensional
axisymmetric cross sections, and fully three-dimensional aquifer situations.
Verifications against analytical and semianalytical solutions have been made
and are given in documentation on the model. CFEST has been applied to the
analysis of solid waste landfills for the U.S. Environmental Protection Agency.

CFEST simulates confined, saturated aquifer systems. Unconfined, saturated
aquifers can be simulated by assuming the top elevation of the aquifer is at
the water table and assigning piezometric heads based on the water table
elevation.

CODE INPUT: Finite-element grid describing soil profile geometry (two or
three dimensional), soil hydraulic characteristics, recharge, solute
characteristics (Kds), and time step size.

CODE OUTPUT: ‘OQutput consists of line-print 1istings (output data files) and
plots (output plot files) of potentials, temperatures, and solute
concentrations at user-specified nodes (grid points).

COMPILATION REQUIREMENTS: CFEST is available in FORTRAN and is currently
being used on DEC VAX 11/780 and MICRO-VAXs.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: CFEST has been verified against analytical and

semianalytical solutions. Results of the verification are included in the

model documentation.

DOCUMENTATION/REFERENCES:

Gupta, S.K.; Kincaid, C.T.; Meyer, P.R.; Newbill, C.A.; Cole, C.R. (1982) A
multidimensional finite element code for the analysis of coupled fluid,
energy, and solute transport (CFEST). PNL-4260, Pacific Northwest
Laboratory, Richland, WA.
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SOURCE:

S. K. Gupta

Office of Nuclear Waste Isolation
Battelle Memorial Institute

505 King Avenue

Columbus, OH 43201

€. T. Kincaid or C. R, Cole

Battelle, Pacific Northwest Laboratory
Battelle Boulevard

Richiand, WA 99352
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CODE NAME: GWTHERM

PHYSICAL PROCESSES: Predicts fluid flow and transport in a heated porous
medium.

DIMENSIONALITY: Two dimensional.

SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: GWTHERM is a two-dimensional model based on the equations for
nonisothermal single-phase flow and solute transport in porous media. It allows
for anisotropy of hydraulic conductivities and inhomogeneous density and
temperature-dependent fluid properties, and it uses the alternating-direction
implicit technique with an integrated finite difference scheme to provide an
unconditionally stable solution procedure. Recent development has coupled
GWTHERM to DAMSWEL to include dependence of permeability on effective stress
changes. In this sense the connection between these models is sequential
rather than fully coupled, but it represents a capability available only in a
code 1ike STEALTH/HART.

CODE INPUT: Unknown.

CODE OUTPUT: Unknown.

COMPILATION REQUIREMENTS: GWTHERM is written in FORTRAN and implemented on a
CDD 6600 system.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES: _

Runchal, A.;Treger, D.; Segal, G. (1979) Program EP2]1 GWTHERM:
two-dimensional fluid flow, heat and mass transport in porous media.

ATG/TN-LA-34, Advanced Technology Group, Los Angeles, CA, April.

SOURCE: GWTHERM was developed by A. Runchal of Dames & Moore’s Advanced
Technology Group. The code is in the public domain.
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CODE NAME: OGRE

PHYSICAL PROCESSES: Predicts groundwater flow and nucltide transport in a
heated porous medium. :

DIMENSIONALITY: One or two dimensional.

SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: OGRE can be used for the time simulation of fluid flow and mass
transport through porous media, using an implicit (backward Euler)
finite-difference scheme. Specifically, OGRE has been used to simulate the
time-dependent flow of groundwater intc or out of underground openings and the
mass transport of radionuclides under the influence of a pressure gradient. '
" Parameters may be either time and space dependent or fixed in either time or
space. Initial and boundary conditions may also vary with time and space.
Zoning of the grid must be constant in both directions, but zoning is dynamic
and set at execution time.

CODE INPUT: Unknown.

CODE OUTPUT: Unknown.

COMPILATION REQUIREMENTS: OGRE is written in FORTRAN and implemented on a
CDC 7600 machine.

EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.
 DOCUMENTATION/REFERENCES :

| Korver, J.A. (1970) UCRL-50820, LawrencerLivermore Laboratory, Livermore, CA,
February.

SOURCE: OGRE was written by J. A. Korver of the Lawrence leermore
Laboratory. The code is in the public domain.
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CODE NAME: SHALT (Solute, Heat, and Liquid Transport)

PHYSICAL PROCESSES: Predicts liquid flow, heat transport, and solute
transport in a regional groundwater flow system,

DIMENSIONALITY: Two dimensional {x-y or x-z cartesian).
SOLUTION TECHNIQUE: Numerical, finite element.

DESCRIPTION: SHALT performs the two-dimensional simulation of fluid flow,
solute transport, and heat transport in a porous medium. The spatial domain is
discretized using three-noded triangular elements and the time domain by a
fully implicit backward difference scheme. The aquifer parameters may be
distributed or zoned and the system may be anisotropic. The viscosity of the
1iquid phase and the diffusion coefficient of the solute are functions of
temperature. The density of the liquid phase is represented as a function of
temperature and total solute concentration. The equations describing the fluid
flow, energy transport, and solute transport are fully coupled with the
dependent parameters upgraded after each time step. Fractured media may be
modeled by treating the fractured rock as a continuum.

SHALT may be considered both a near-field and far-field code as
temperature-dependent parameters have been implemented in this code. It would
be considered more as a far-field code, however, as deformation and the
stress/strain relationships are not considered in this model.

The main assumptions of the code are:

. Darcy’s Law is valid;

) the compressibility and heat capacity of the liquid phase are constant;

(] k, , o, and QP can vary spatially but do not vary with time and are not
dependent on the concentration or the temperature; -

] the thermal dispersion tensor for the liquid phase includes the effects of
mechanical dispersion and thermal conduction and is a function of
velocity; : :

. the exchange of heat and solute is instantaneous between the liquid and
solid phases at the same point; and

(] the hydrodynamic dispersion tensor for the liquid phases includes the
effects of mechanical dispersion and thermal conduction and is a function
of velocity.

CODE INPUT: Inputs to SHALT include:

. mesh geometry;

] initial heads;

. initial concentrations and initial temperatures;

(] fluid density;
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) porosity;

) compressibility of the fluid and porous medium;

) the permeability tehsor;

) viscosity;

. solute density; _
. heat capacity of both the solid and liquid phases;
. the thermal conductivity tensor;

) the_therma1 dispersivity tensor;

. the hydrodynamic dispersivity tensor;

. the first-order reaction constant;

] distribution coefficient; and

) the bulk density.

CODE OQUTPUT: The output of SHALT consists of the pressure, concentration,
and temperature distribution at each time step.

COMPILATION REQUIREMENTS: SHALT is written in FORTRAN IV.
EXPERIENCE REQUIREMENTS: Extensive.
TIME REQUIREMENTS: Months.

CODE VERIFICATION: The liquid flow portion of the model was tested by
calculating steady-state pressure and hydraulic head distributions for various
flux inputs. Values of system parameters were chosen to be constant. The
calculated hydraulic head gradient for steady-state conditions was correct.

The heat transport portion of the model was tested by comparison with results
of the analytical solution of Bredehoeft and Papadopulos (ref. 2) for
one-dimensional steady-state transport.

The solute transport portion of the model was tested by comparison with results
of the analytical solution by Ogata and Banks {ref. 3) for one-dimensional
advection-dispersion with a step input in concentration.

SHALT was used successfully to model results of pressure testing in fractured
rock at Chalk River (ref. 4).

DOCUMENTAT 1ON/REFERENCES::

Pickens, J.F.; Grisak, G.E. (1979) Finite element analysis of Tiquid flow,
heat transport, and solute transport in a ground-water flow system:
‘governing equations and model formulation. Atomic Energy of Canada, Ltd.,
Report TR-81, September, ‘
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Bredehoeft, J.D.; Papadopulos, S.S. (1965) Rates of vertical groundwater
movement estimated from the earth’s thermal profile. Water Resour. Res,
1(2):325-328.

Ogata, A.; Banks, R.B. (1961) A solution of the differential equation of
longitudinal dispersion in porous media. U.S. Geological Survey
Professional Paper 411-A.

Davison, C.C. (1981) Physical hydrogeologic measurements in fractured
crystalline rock: summary of 1979 research program at WNRE and CRNL.
Atomic Energy of Canada, Ltd., Technical Record 161.

SOURCE: SHALT was developed by J. F. Pickens and G. E. Grisak of the Inland

Waters Directorate, Environment Canada for Atomic Energy of Canada, Ltd. The
code is in the public domain.
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CODE NAME: SWIFT (Sandia Waste Isolation Flow and Transport)

PHYSICAL PROCESSES: Predicts flow, solute, and heat migration from the
repository through the groundwater system.

DIMENSIONALITY: The pressure, temperature, and concentration field is
represented by a series of three-dimensional rectangular cartesian grid
points. In addition, a two-dimensional (r,z) grid system is also
provided.

SOLUTION TECHMIQUE: Numerical, finite difference.

DESCRIPTION: The code simulates the flow and transport of energy, solute,

and radionuclides in a geologic media. SWIFT is a three-dimensional,
finite-difference, groundwater flow and nuclide transport code. The model
takes into account saturated flow in an isothermal or heated porous medium as
well as sorption and desorption mechanisms. In addition, the code takes into
explicit account nuclide decay and the creation of daughter products. For the
nuclide decays, the code considers conservation of dissoived contaminants,
energy, and total liquid mass. The fluid density can be a function of
pressure, temperature, and concentration. Viscosity can also be a function of
temperature and concentration. Aquifer properties can vary spatially.
Hydrodynamic dispersion is described as a function of velocity. Boundary
conditions allow natural water movement in the aquifer, heat losses to the
adjacent formation and location of injection, production, and observation
points anywhere in the system.

SWIFT solves four coupled differential equations, together with a number of
submodels describing the nonlinearities, in a sequential manner. Options
include:

o  steady-state or transient flow;

° solute transport;

] eat transport;

] well bore;

. heterogeneous and/or anisotropic media;

. confined and/or water table conditions; and

] recharge and/or wells. .

SWIFT is a descendant of the code SWIP (Survey Waste Injection Program, ref. 3)
developed for the U.S. Geological Survey. SWIP was originally put together, in
part, from oil industry codes.

The main assumptions of the code are:

. Flow follows Darcy’s Law.
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. Fluid density can be a function of pressure, temperature, and
concentration of the inert component. Fluid viscosity can be a function
of temperature and concentration.

) Injection wastes are miscible with the in-place fluids.

. Aquifer properties vary with position (i.e., porosity, permeability,
thickness, and elevation can be specified for each grid block in the
model).

¢  Hydrodynamic dispersion is described as a function of fluid velocity.

. Radioactive constituents are present in trace quantities only, that is,
fluid properties are independent of the concentrations of these
contaminants.

) The energy equation can be described as "enthalpy in - enthalpy out =
change in interral energy of the system." This is rigorous except for
kinetic and potential energy which have been neglected.

(] Boundary conditions allow natural water movement in the aguifer, heat
losses to the adjacent formations, and the location of injection,
production, and observation points anywhere within the system.

CODE INPUT: Inputs for SWIFT include:

] half-life of each nuclide;

. distribution coefficient of each nuclide on each rock type;

o  fluid compressibility; |

(] porous medium compressibility;

o coefficient of thermal expansion of fluid;

. fluid heat capacity;

o  rock heat capacity;

0 thermal conductivity of rock-fluid mixture in each direction for each rock
type;

. 10ngitudina1 and transverse dispersivities for each rock type;

. molecular diffusivity in porous medium;

. rock density;

. fluid density;

¢ pressure and temperature of injected or produced fluids in each well;
() thermal diffusivity of rock surrounding well bores;
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] fluid viscosity as a function of temperature and brine concentration;

* hydraulic conductivity of each rock type in each direction;

(] porosity of each rock type;

* heat capacity of each rock type;

® boundary conditions; |

® initial velocities and concentrations;

° salt dissolution rate in each rock type;

[ size, placement, and contents of waste canisters;

) solubility limits;

] production rate of each well;

. location, angie, and depth of each well;

) diameter and pipe roughness of each well; and

) leaching time of wastes.

CODE OUTPUT: Output for SWIFT consists of the pressure, temperature, solute

concentration, and the concentration of each radioactive isotope. These are

given at every grid point after each time step as required.

" COMPILATION REQUIREMENTS: SWIFT is written in FORTRAN 1V for use on a CDC

6600 machine. With minor modifications, it can be used on other machines.

This modification primarily involves the real-time dimensioning feature of

SWIFT.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: To evaluate the effect of numerical truncation errors

arising due to isotope decay terms and to develop a set of criteria to delete

components in numerical simulations without losing any accuracy in the results,

SWIFT was compared against the results from ORIGEN (ref. 2). The ORIGEN model

is a matrix exponential solution of the Bateman equations for radioactive

decay. The comparison was considered excellent. Other parts of SWIFT that

solve for flow and transport have been tested against both analytical and

laboratory results.

DOCUMENTATION/REFERENCES:

Dillon, R.T.; Lantz, R.B.; Pahwa, S.B. (1978) Risk methodology for geologic
disposal of radioactive waste: the Sandia waste isolation flow and

transport (SWIFT) model. Sandia National Laboratories Report SAND
78-1267.
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Bell, M.J. (1973) ORIGEN -- the ORNL {sotope generation and depletion code.
Oak Ridge National Laboratory Report ORNL-4628.

Reeves, M.; Cranwell, R.M. (1981) User’s manual for the Sandia waste-
isolation flow and transport model. Sandia National Laboratories Report
NUREG/CR-2324, November.

Papadopulos, S.S.; Larson, S.P., (1978) Aquifer storage of heated water: part
_ I1 -- numerical simulation of field results. Ground Water 16:242-48.

SOURCE: SWIFT was developed by R. T. Dillon at Sandia Laboratories and by R.
B. Lantz and S. B. Pahwa at Intera, Incorporated.
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CODE NAME: SwIPz

PHYSICAL PROCESSES: Predicts the effects of 1iquid waste disposal in deep
saline aquifers.

DIMENSIONALITY: Three dimensional (cartesian or radial).
SOLUTION TECHNIQUE: Numerical, finite difference.

DESCRIPTION: SWIP2 is a transient, three-dimensional subsurface waste
disposal model to provide methodo1ogy to design and test waste disposal
systems. The model is a finite-difference solution to the pressure, energy,
and mass-transport equations. Equation parameters such as viscosity and
density are allowed to be functions of the equations’ dependent variables.
Multiple user options allow the choice of x, y, and z cartesian or r and z
radial coordinates, various finite-difference methods, iterative and direct
matrix solution techniques, restart options, and various provisions for output
disp}ay. Well-bore heat and pressure-loss calculation capabilities are also
available.

The 1979 update of the SWIP model involved additions and modifications to
include free water surface, vertical recharge, equilibrium controlled linear
adsorption, and a first-order irreversible rate reaction. These modifications
make this model more adaptable to general hydrologic problems and those:
involving waste disposal with simple chemical reactions.

CODE INPUT: Unknown.

CODE OUTPUT: Unknown.

COMPILATION REQUIREMENTS: SWIP2 is written in FORTRAN and implemented on a
CDC machine.

EXPERIENCE REQUIREMENTS: Extensive.

TIME REQUIREMENTS: Months.

CODE VERIFICATION: Unknown.

DOCUMENTATION/REFERENCES:

INTERA Environmental Consultants, Inc. (1976) A model for calculating effects
of 1iquid waste disposal in deep saline aquifer, part I -- development,
part II -- documentation. Houston, TX, June.

INTERA Environmental Consultants, Inc. (1979) Revision of the documentation
for a model for caiculating effects of 1iquid waste disposal in deep
saline aquifers. U.S. Geological Survey, Water Resources Investigations
79-96.

SOURCE: SWIP2 was developed by INTERA Environmental Consultants,
Incorporated. This code is in the public domain.
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