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PREFACE 

This document was written for the National Low-Level Waste Management 
Program to provide guidance for managers and site operators who need to select 
ground-water transport codes for assessing shallow-land burial site 
performance. The guidance given in this report also serves the needs of 
applications-oriented users who work under the direction of a manager or site 
operator. 

The guidelines are published in two volumes designed to support the needs 
of users having different technical backgrounds. An executive summary, 
published separately, gives managers and site operators an overview of the main 
guideline report. This volume, titled 11 Guideline Approach, .. consists of 
Chapters 1 through 5 and a glossary. The introductory chapter, which is essen
tially a repetition of the executive summary, includes specific recommendations 
for decision-making managers and site operators on how to use these guide
lines. Chapters 2 through 5 provide the more detailed discussions about the 
code selection approach. Volume 2, 11 Special Test Cases, .. is a set of 

appendices reporting on the technical evaluation test cases designed to help 
verify the accuracy of ground-water transport codes. 
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SUMMARY 

This document was written by Pacific Northwest Laboratory under the 
sponsorship of the National Low-Level Waste Management Program to provide 
guidance to managers and site operators on how ground-water transport codes 
should be selected for assessing shallow-land burial site performance. There 
is a need for a formal approach to selecting appropriate codes from the 
multitude of potentially useful ground-water transport codes that are currently 
available. Code selection is a problem that requires more than merely 
considering mathematical equation-solving methods. These guidelines are very 
general and flexible and are also meant for developing systems simulation 
models to be used to assess the environmental safety of low-level waste burial 
facilities. Code selection is only a single aspect of the overall objective of 
developing a systems simulation model for a burial site. The guidance given 
here is mainly directed toward applications-oriented users, but managers and 
site operators need to be familiar with this information in order to direct the 
development of scientifically credible and defensible transport assessment 
models. 

The selection of appropriate computer codes should be based on first 
developing a relevant conceptual model for the specific burial site and asso
ciated ground-water system. A conceptual model is essentially a picture of a 
waste burial system developed from the available site characterization data. 
The complexity of such a picture should be consistent with study objectives, 
which are the purposes for performing a modeling exercise. The technical 
details that enter into a conceptual model will depend on both objective and 
subjective scientific judgments of the modeling professionals involved. The 
final conceptual model developed will depend on how the various transport 
modeling technical issues are addressed. Codes should be selected to describe 
the physical and chemical processes identified in the conceptual model as 
acting at a particular burial site. The only way that a user can be certain 
that selected codes are appropriate and will operate properly is through an 
active and rigorous evaluation using test cases. Test cases may consist of 
either analytical solutions to the fundamental process descriptive equations or 
experimental data describing the actual behavior of processes. The selection 
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of appropriate codes cannot be considered a success until it is demonstrated 
that simulation results, derived from applying the chosen codes along with 
site-specific data, address the intended study objectives. This viewpoint for 
developing a successful site-specific simulation model was broken down into 
nine key steps, which form the operational approach of these guidelines. 
Completion of those steps will result in the development of all interrelated 
components of a systems simulation model, including the relevant codes. 

The nine key steps for developing a successful site-specific simulation 
model are presented in Chapter 1. Completion of those steps is necessary to 
develop all interrelated components of a systems simulation model. Chapter 1 

includes some specific advice for managers and site operators: 

• Identify specific problems and study objectives. 

• Establish costs and schedules for achieving answers. 

• Enlist aid of professional model applications group. 

• Decide on approach with applications group and guide code selection. 

• Facilitate the availability of site-specific data. 

The active elements of the guideline approach are discussed in Chapters 2 

through 5. Those chapters each have a specialized role in contributing to the 
overall approach. Chapter 2 describes how models should be used as scientific 
tools to organize and interpret burial site information. The contrasting 
aspects of simplified, generic and mechanistic, site-specific systems models 
are discussed. A conclusion from Chapter 2 is that a simplified, generic 
systems models, developed to be operated as a single code, cannot be relied 
upon for accurate descriptions of site-specific behavior. Ground-water 
transport concepts are briefly reviewed in Chapter 2, and the various modeling 
technical issues are discussed. Technical issues as defined here arise out of 
questions as to what modeling approach is appropriate. Technical issues stem 
from attempts to simplify the conceptual picture used to model a real waste 
burial system. Modeling results always depend on how the technical issues are 
addressed. Technical issues, however, cannot always be resolved, and this 
leads to the possibility that different modelers, while using the same codes 
and data sets, may arrive at differing simulation results. 

vi 

• 

• 



' 
., 

• 

• 

Chapter 3 explains· in detail the nine key steps, first introduced in 
Chapter 1, for successfully developing a site-specific simulation model. What 
a user needs to know about good code documentation is also discussed. A 
preliminary code selection starts by examining available code documentation and 
summary reports. The better the code documentation is, the more likely a user 
will be successful in chosing the right code. Code selection should be 
accomplished to meet the specific problem-solving needs. Evaluation of codes 
to establish simulation adequacy is also discussed. A description of typical 
site characterization data is given in Chapter 3 as well as Chapter 1. A 

predetermined choice of codes should not determine what data are sufficient to 
model a specific low-level waste burial site. 

Chapters 4 and 5 explain the role of evaluation test cases in checking 
code adequacy and accuracy. Test cases may take the form of either analytical 
solutions, often used for verification, or experimental data, often used for 
validation. Many test cases found in the open literature are identified. An 
evaluation process is generally not used to simply accept or reject a candidate 
code. Instead, an evaluation should be used for discovery of technical weak
ness and, if possible, should lead to code modification or improvement. Once 
potentially applicable codes are identified, modification rather than a repeti
tion of selection steps is often the most effective way to meet study objec
tives. Code improvement is sometimes the best approach for users who are 
already familiar with a certain group of codes, which have already been evalu
ated for many simulation capabilities. In any case, all simulation capabili
ties should be tested and proven to work properly before code selection can be 
considered successful. 

Volume 2 describes some special test case examples that were developed 
specifically to support the code evaluation concept of these guidelines. The 
test cases address some particularly troublesome techni ca 1 issues connected 
with ground-water transport modeling. Detailed discussions of these test cases 
are provided in the Volume 2 appendices • 
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Some general conclusions related to the use of these guidelines are: 

• no one code covers all problems 

• code selection is site specific 

• code use is modeler dependent 

• code selection may be iterative 

• code selection demands technical evaluations 

To overcome the costly and time-consuming effort of code evaluation, it is 

recommended that well-established codes with a long-standing success history be 

used. This recommendation is particularly pertinent to inexperienced users. 

A further recommendation for use of these guidelines derives from the 

following observation. A major concern of the National Low-Level Waste Manage

ment Program is the attainment of comparability for systems models applied to 

different burial sites. The various systems models developed to provide a 

performance assessment for either humid or arid sites should eventually reach a 

common level of predictive reliability. This is necessary to achieve 

consistency in making site-specific management judgments on the safety of 

operation. These guidelines present a clear view of how such comparability 

could be attained. A basic group of codes, which are generally applicable to 

various hydrologic transport modeling problems, should be selected and 

evaluated to establish their composite simulation capabilities. Also, various 
plans for coupling those codes according to the conceptual models for a variety 

of low-level waste burial scenarios should be devised. This group of tested 
codes would be provided with ideal documentation and made available to the 

public. Burial facility managers and operators could then focus efforts on 
gathering site characterization data for the scenarios and associated study 

objectives. Finally, a program for developing modeling reliability assessment 

procedures should be sponsored. The purpose would be to provide mathematical 

technology and computer codes for estimating predictive confidence limits, 

including all aspects of modeling uncertainty. This program would provide the 

essent i a 1 common measure of comparability. 
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GLOSSARY 

ACTIVITY: A thermodynamic quantity expressed as the product of a concentration 
and an activity coefficient. The activity can be looked upon as the "effective 
concentration." 

ACTIVITY (radioactive): The number of nuclear transformations occurring in a 
given quantity of material per unit time. (See Curie.) 

ACTIVITY FREUNDLICH ISOTHERM: An empirical equation to describe the quantity 
of adsorbed species as a function of aqeuous concentration raised to a power 
1/n. 

ACTIVITY Kd: A pseudo-equilibrium constant for an adsorption reaction 
expressed as the concentration of the adsorbed species divided by its activity 
in the aqueous phase. 

ACTIVITY LANGMUIR ISOTHERM: An expression that describes the chemical 
adsorption equilibrium where the adsorption site is not in infinite supply. 

ADSORPTION/DESORPTION: The process of attaching a chemical species in a liquid 
to a solid or detaching it from a solid back into a liquid. 

ADVECTION: To transport solute or energy concurrently with the soil water or 
ground water. Also called convection. 

AERATED POROSITY: The proportion of bulk volume of soil that is filled with 
air. 

ALGORITHM: A well-defined procedure or process for the solution of a problem 
to a specified degree of accuracy in a finite number of steps. 

ANISOTROPIC MEDIUM: A porous medium having directionally dependent parameters 
(e.g., hydraulic conductivity). 

AQUEOUS SPECIATION: The formation of stable aqueous entities (species) formed 
from association of molecules or ions. 

AQUICLUDE: A confining bed which precludes, for all practical purposes, any 
movement of water through this confining bed. 

AQUIFER: A water-saturated geologic unit which yields water to wells or 
springs at rates sufficient to be of consequence as a practical source of 
supply. 

AQUIFER (confined): A confined aquifer or artesian aquifer is one in which 
ground water is confined under pressure by overlying and underlying aquitards 
or aquicludes and water levels in wells rise above the upper bound of the 
aquifer unit • 
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AQUIFER (unconfined): A water table aquifer. The upper limit of the aquifer 
is defined by the water table itself. At the water table (top of the saturated 
zone), the water in the pores of the aquifer is at atmospheric pressure, just 
as if it were in an open tank. 

AQUIFER SYSTEM: A heterogeneous body consisting of two or more permeable beds 
separated at least locally by aquitards that impede ground-water movement but 
do not greatly affect the regional hydraulic continuity of the system. 

AQUITARD: A saturated formation which yields inappreciable quantities of water 
to wells, springs, and seeps compared to an aquifer. An appreciable leakage of 
water is possible through this formation. 

ARTESIAN AQUIFER: An aquifer that is bounded above and below by confining 
beds. Also known as confined aquifer. 

BENCHMARK: A well-defined problem and corresponding solution, that can serve 
as a verified reference case for checking a code•s capabilities. 

BIOSPHERE: The life zone of the earth, including the lower part of the 
atmosphere, the hydrosphere, soil, and the lithosphere to a depth of about 
2 km. 

BOUNDARY RECHARGE: The amount of water flowing across a boundary into a model 
region. 

BULK DENSITY: The ratio of the mass of the soil particles to the total volume. 

BUOYANCY FLOW: The free-convection process whereby density variations, due to 
chemical composition or temperature, cause a vertical exchange or circulation 
of fluid. 

CALIBRATION (model): Adjustment of the model inputs using alternative 
combinations of parameter values (taking care not to exceed reasonable limits) 
and comparing model results against observed reference values. For example, to 
calibrate a steady-state ground-water flow model the hydrologic parameters are 
adjusted (within reasonable limits) such that the predicted hydraulic head 
values are in reasonable agreement with the measured data. 

CAPILLARY FRINGE: A zone whose lower part is completely saturated, but with 
water under less than atmospheric pressure. May range in thickness from a 
small fraction of an inch in gravel to more than 5 ft in silt. The water table 
forms its lower boundary. 

CODE: A set of instructions written in any programming language acted on by a 
computer. A code can be a single computer program or consist of a set of 
computer pro~rams that perform the desired analysis. 

COMPRESSIBILITY: A material property describing the change in volume or strain 
induced in a material under an applied stress. 
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COMPUTER MODEL: The simulation of a physical system by use of a computer 
program (code) and a set of real world data • 

CONCENTRATION: Mass of solute per unit volume of solution 

CONCENTRATION GRADIENT: The change in the concentration of a solute per unit 
change in the spatial variable. 

CONCEPTUAL MODEL: The scientist's general understanding of the system being 
studied. This includes identification of the driving forces, physical and 
chemical processes, interactions, geometric factors, and boundary conditions 
important to understanding how the system behaves. Real systems are complex, 
and all minor effects at work in a real system are not necessarily captured in 
the conceptual model. A conceptual model is, at best, a limited representation 
of the real system. Ideally, it captures all the important attributes required 
to understand system response for the range of parameters. 

CONE OF DEPRESSION: A cone-like depression of the water table or other 
potentiometric surface that is formed in the vicinity of a well by withdrawal 
of water. The surface area delineated by the cone is known as the area of 
influence of the well. 

CONFINING BED: A body of relatively impermeable material stratigraphically 
adjacent to one or more aquifers. Can be either an "aquitard" or an 
"aquiclude." 

CONSOLIDATION: The process by which the volume occupied by solid porous medium 
reduces when the effective stress borne by the media increases. 

CONSUMPTIVE USE: The quantity of water discharged to the atmosphere or 
incorporated in the products of vegetative growth, food processing, industrial 
processes or other use. Hence, the amount of water no longer directly 
available for recharge to the ground-water system. 

CONTOUR LINE: A map line representing a contour, that is, connecting points of 
equal elevation above or below a datum plane, usually mean sea level. Also 
known as contour, isoheight, isohypse. 

CONVECTION: To transport solute or energy with the soil water or ground water 
(advection). 

CURIE: The special unit of activity. One curie equals 3.700 x 1010 nuclear 
transformations per second. (Abbreviated Ci .) Several fractions of the curies 
are in common usage. 

Microcurie: One-millionth of a curie (3.7 x 104 disintegrations per 
sec.). Abbreviated ~Ci. 

Millicurie: One-thousandth of a curie (3.7 x 107 disintegrations per 
second). Abbreviated mCi. 
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Picocurie: One-millionth of a microcurie (3.7 x 10- 2 disintegrations per 
second or 2.22 disintegrations per minute). Abbreviated pCi; replaces the 
term ~~c. 

DARCY'S LAW: The law that states that the rate at which a fluid flows through 
a permeable substance per unit area is equal to the permeability, which is a 
property only of the substance through which the fluid is flowing, times the 
pressure drop per unit length of flow, divided by the viscosity of the fluid. 

DECAY RATE: The time rate of disintegration of radioactive material, generally 
accompanied by spontaneous emission of charged particles of electromagnetic 
radiation. 

DEEP PERCOLATION: The amount of ground water that passes below the root zone 
of vegetation. 

DETERMINISTIC MODEL: A model based on a deterministic description of system 
processes. In a deterministic viewpoint, the fundamental equations that 
represent system behavior are applied using a single set of parameters 
constituting a unique spatial and temporal characterization. From a stochastic 
viewpoint, only a single "realization'' of a system is represented. Connotes an 
absolutely certain description of system behavior. (See Stochastic Model.) 

DIFFUSION: An intermingling of molecules, ions, etc., resulting from random 
thermal agitation. 

DIFFUSION COEFFICIENT: The amount of a 2aterial, in square centimeters per 
second, spreading across an area of 1 em in 1 sec in the presence of a unit 
concentration gradient. Also known as diffusivity. 

DISCHARGE: The flow rate of a fluid at a given instant expressed as volume per 
unit of time. 

DISCHARGE AREA: An area in which subsurface water, including both ground water 
and vadose water, is discharged to the land surface, to bodies of surface 
water, or to the atmosphere. The opposite is recharge area. 

DISPERSION COEFFICIENT: As fluid moves through a porous medium it gradually 
spreads beyond the region as would be expected to occupy based on average flow 
and diffusion (molecular) alone. This additional spreading is called 
dispersion and is characterized mathematically like diffusion. The coefficient 
which describes this additional spreading is the dispersion coefficient. 

DISTRIBUTION COEFFICIENT: A coefficient representing the partitioning of a 
ground-water contaminant between liquid and solid phases. 

DOSE: Expressed in units of rem, implies a consistent basis for estimates of 
consequential health risk, regardless of rate, quantity, source, or quality of 
the radiation exposure. 
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DRAINAGE AREA: The area of land measured in the horizontal plane drained by a 
stream. It is the area which is enclosed by a topographic drainage divide • 

DRAINAGE BASIN: A part of the surface of the earth that is occupied by a 
drainage system consisting of a surface stream or a permanent body of water 
together with all tributary streams and bodies of impounded water (lakes, 
ponds, reservoirs, and so forth). Synonomous with watershed. 

DRAINAGE DIVIDE: The line of highest elevations which separates adjoining 
drainage areas (topographic divide). 

DRAWDOWN: The depression or decline of the water level in a pumped well or in 
nearby wells caused by pumping. It is the vertical distance between the static 
and the pumping water level at the well. 

EFFECTIVE STRESS: The portion of the total overburden stress carried by the 
soil skeleton. 

EQUILIBRIUM: The state of a system that is thermodynamically the most stable 
at a given temperature, pressure, and elemental composition. 

EVAPORATION: The physical process by which a liquid changes state to vapor. 
Evaporation is the principal process by which surface and subsurface water is 
converted to vapor and thus returns to the atmosphere. 

EVAPOTRANSPIRATION (ET): The sum of water lost from the soil to the atmosphere 
by both natural evaporation and vegetative transpiration. Potential evapotran
spiration (PET) is the theoretical ET that could occur if soil moisture were 
sustained. Actual evapotranspiration (AET) is limited by the amount of soil 
moisture present. Vegetative transpiration is the process of evaporation of 
water caused by water being extracted from the soil by plant roots, transferr
ing to the leaves and aboveground structure, and evaporated from these 
surfaces. 

FICKIAN TRANSPORT: Transport or flux of a solute based on Fick•s law for 
molecular diffusion. A Fick•s law description of dispersion processes. 

FIELD MOISTURE CAPACITY: The quantity of water which can be permanently 
retained in the soil in opposition to the downward pull of gravity. 

FISSION PRODUCT: Any radioactive or stable nuclide resulting from nuclear 
fission, including both primary fission fragments and their radioactive decay 
products. 

FISSURE: An extensive crack in a rock • 

FLOW TUBE: A division of a hydrologic flow field into representative parts in 
such a way that each part (flow tube) carries the same flow. Each flow tube 
has its own characteristic travel time • 
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FORMATION: Any assemblage of rocks which have some common geologic or 
hydrologic character and are mappable as a unit. 

FRACTURE: A crack, joint, or fault in a rock due to mechanical failure by 
stress. Also known as rupture. (Mineral) A break in a mineral other than 
along a cleavage plane. In hydrology fractures which are open provide conducts 
for water movement. 

FREE WATER SURFACE: The upper surface of ground water or that level in the 
ground where the water is at atmospheric pressure; also water table; also 
phreatic surface. 

GEOCHEMISTRY: The study of the chemical composition of the various phases of 
the earth and the physical and chemical processes which have produced the 
observed distribution of the elements and nuclides in these phases. 

GEOHYDROLOGY: The science dealing with underground water, often referred to as 
hydrogeology. 

GEOMORPHOLOGY: The study of the or1g1n of secondary topographic features that 
are carved by erosion in the primary elements and built up of the erosional 
debris. 

GRADIENT: Change in dependent variable per unit change in the spatial or 
temporal independent variable. 

GROUND WATER: 1. Subsurface water occupying a saturation zone and from which 
wells, springs, and streams are supplied; main source of flow for perennial 
streams during dry periods. 2. All water below the ground surface, aquifers 
and vadose zones. 

HALF-LIFE: The time required for one-half of a given material to undergo 
physical or chemical change. The time interval required for one-half of any 
quantity of identical radioactive atoms to undergo radioactive decay. Also 
known as radioactive half-life, half-time. 

HEAD (potential): The term head refers to the sum of hydraulic energies 
associated with a point in the ground-water system. Static head is a measure 
of the elevation of the water surface relative to a base datum, usually sea 
level. Velocity head and pressure head also exist in dynamic fluid systems. 

HEAD (total): The sum of three components: 1) "elevation head", which is the 
elevation of the point above a datum; 2) "pressure head", the height of a 
column of static water that can be supported by the static pressure at the 
point; 3) "velocity head", the height the kinetic energy of the liquid is 
capable of lifting the liquid. 

HYDRAULIC BALANCE: An accounting of the inflow, outflow, and storage in a 
hydrologic unit, such as a drainage basin, aquifer, soil zone, lake, reservoir 
or irrigation project. 
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HYDRAULIC CONDUCTIVITY: A measure of the ease with which ground water can move 
through aquifers and aquitards. More specifically, the hydraulic conductivity 
of a medium is defined as the volume of water that will move, in a unit period 
of time, under a unit hydraulic gradient through a unit area. 

HYDRAULIC GRADIENT: Hydraulic gradient represents the rate of change in the 
ground-water surface elevations per unit length. Hydraulic gradient is 
calculated by dividing the difference in head at two points by the distance 
between those two points. 

HYDROLOGIC CYCLE: A term denoting the circulation of water from the sea, 
through the atmosphere, to the land and, from there, with many delays, back to 
sea by overland, atmospheric, and subterranean routes. 

HYDROLOGY: The science dealing with the properties, behavior and distribution 
of water above, on, and beneath the surface of the earth. 

HYSTERESIS: The loop in the moisture content versus matric potential curve 
defined by the retention (drying) and imbibition (wetting} curves. 

IMBIBITION: To wet or imbibe the soil profile. 

IMMISCIBLE DISPLACEMENT: Displacement of one fluid by another and character
ized by the existence of a sharp demarcation boundary between the fluids. 

INFILTRATION: The flow of fluid into a substance through pores or small 
openings. It connotes flow into a substance in contradistinction to the word 
percolation, which connotes flow through a porous substance. 

INTERAQUIFER TRANSFER: The passage of ground water from one aquifer to an 
adjacent one. The transfer may be either up or down depending on the potential 
differences in the aquifers and their vertical hydraulic conductivities. 

ION EXCHANGE: A chemical process involving the reversible interchange of ions 
between a solution and a particular solid material such as an ion exchange 
resin consisting of a matrix of insoluble material interspersed with fixed ions 
of opposite charge. 

ISOTROPIC: Independent of direction, used to describe parameters of the porous 
medium (e.g., hydraulic conductivity). 

KINEMATIC PATHLINE: The path of solute in an aquifer that is determined 
strictly by the pore water path and velocity. 

KINETICS: A term to designate dynamic chemical changes toward the state of 
chemical equilibrium • 

LEACH: To separate or dissolve elements out of soluble constituents from a 
rock ore body or solid waste form by contact with aqueous solutions. To 
dissolve soluble minerals or metals out of an ore. 
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LIGANDS: Simple nonmetallic io"s and molecules that combine with various 
metallic or hydrogen ions to form complexes. 

MASS ACTION: Referring to the mass-action law of chemistry that states that 
the relative activities of chemical species in equilibrium with each other are 
related by an equilibrium constant. 

MASS FLUX: Rate of transfer of mass across a surface. 

MATHEMATICAL MODEL: Representation of a physical, chemical, or biological 
system by mathematical expressions designed to aid in predicting the behavior 
of the system under specified conditions. 

MODEL: A code together with the conceptual model and data (inputs) essential 
to properly test the representation of a system against observed behavior and 
ultimately to predict some performance assessment measure of interest. 

MODEL UNCERTAINTY: The uncertainty in model output due to the limitations in 
the mathematical and numerical models (including codes) used to represent the 
physical system. This includes uncertainty introduced by differences between 
the conceptual model and physical reality, and the discretization of the 
governing equations (i.e., grid spacing, time steps) and the uncertainty in the 
parameters used to characterize the system. 

NONEQUILIBRIUM: A state of a system that is not thermodynamically the most 
stable. 

PARAMETER UNCERTAINTY: A measure of the parameter error {i.e., error bars on 
the parameters). Parameters include hydrologic properties of materials, 
boundary conditions, initial conditions, recharge, etc. 

PECLET NUMBER: A nondimensional quantity defining the relative importance of 
advection in comparison to diffusion or diffusion-type dispersion. 

PERCHED WATER: Ground water separated from the underyling principal water 
table by a zone of unsaturated rock. 

PERCOLATION: The flow of water through the interstices or the pores of a soil 
or other porous medium. 

PERMEABILITY: The capacity of a porous rock, soil, or sediment for 
transmitting a fluid without damage to the structure of the medium. Also known 
as perviousness. See Hydraulic Conductivity definition. 

PERMEABILITY COEFFICI~NT: The rate of water flow in gallons per day through a 
cross section of 1 ft under a unit hydraulic gradient, at the prevailing 
temperature or at 60°F {l6°C). Also known as coefficient of permeability; 
hydraulic conductivity; Meinzer unit. 
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PHREATIC AQUIFER: An aquifer bounded below by am impermeable formation and 
above by the free water surface • 

PIEZOMETRIC SURFACE: See Potentiometric Surface. 

PORE: An interstice or void. A space in rock or soil not occupied by solid 
mineral matter. 

POROSITY: That portion of an aquifer•s volume which consists of openings or 
pores; that is, the proportion of its volume not occupied by solid materal. 
Porosity is an index of how much ground water can be stored in the saturated 
material and is usually expressed as a percentage of the bulk volume of the 
material. 

POROSITY (effective): Refers to the amount of interconnected pore space 
available for fluid transmission. Expressed as the percentage of total volume 
occupied by interconnecting interstices. 

POROUS MEDIA (medium): A physical environment containing voids, pores, 
interstices, or other openings that may or may not interconnect. 

POTENTIOMETRIC SURFACE: A surface which represents the static head. An 
imaginary surface connecting points to which water would rise in tightly cased 
wells from a specified surface or stratum in the aquifer. 

PRECIPITATION (meteoric): The discharge of water, as rain, snow, hail, etc., 
out of the atmosphere onto land or water surfaces. This is the process which 
permits atmospheric water to become surface and subsurface water. 

PRECIPITATION/DISSOLUTION: The process of forming a solid from an aqueous 
solution or of dissolving a solid into an aqueous solution. 

PROCESS: A series of progressive and interdependent steps by which chemical or 
physical state is attained. 

PROGRAM (computer): A computer code. A detailed and explicit set of 
directions to be acted on by a computer. 

RAD: A unit of radiation absorbed dose (rad = 10-2 J/kg = lo- 2 Gy}. The 
amount of radiation energy deposited per unit mass of absorbing medium. 

RADIUS OF INFLUENCE: The radial distance from the center of a well to the edge 
of its area of influence. 

REACTIVE SOLUTE: A solute that reacts with the medium by any of a number of 
• processes. 

RECHARGE: The addition of water to the zone of saturation. Infiltration of 
precipitation and its movement to the water table is one form of natural 
recharge; injection of water into an aquifer through wells is one form of 
artificial recharge. 
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RELATIVE SATURATION: The ratio of water-filled pore volume to total pore 
volume. 

REM: A unit of dose equivalent. The dose equivalent in rems in numerically 
equal to the absorbed dose in rads multiplied by the RBE (radiation biological 
equivalent) which varies with the type and energy of the radiation. 

RETARDATION FACTOR: The number which describes how many times slower than 
water that an isotope or ion moves through a porous media. 

RUNOFF: The portion of precipitation that, because of geographic or physio
graphic characteristics, does not enter the ground-water system. 

SATURATED (ground water) SYSTEM: An aquifer or several aquifers forming a 
system of rock or soil that is saturated with respect to water (i.e., all its 
interstices are filled with water). 

·SENSITIVITY ANALYSIS: An analysis that quantifies the change in a selected 
performance assessment measure produced by a change in a specific input 
parameter or set of parameters. The analysis indicates the dependence of the 
performance assessment measure on the specific input parameters. 

SOIL MOISTURE: Water diffused in the soil, the upper part of the zone of 
aeration from which water is discharged by the transpiration of plants or by 
soil evaporation. 

SOIL WATER POTENTIAL: The amount of work a unit quantity of water in an 
equilibrium soil-water system is capable of doing when it moves to a pool of 
water in the reference state of the same temperature. 

SOLUTE: The chemical species appearing as a dissolved constituent in soil 
water or ground water. 

SOURCE: 1. A radioactive material packaged so as to produce radiation for 
experimental or industrial use. 2. The material (radioactive or non
radioactive) released to the environment from a facility, disposal site, 
canister, etc. 

SPECIFIC CAPACITY: The volumetric yield of a well per unit of drawdown after a 
specified period of pumping. Generally expressed as gallons per minute (gpm) 
per foot of drawdown. 

SPECIFIC RETENTION: The volume of water per unit area of soil retained by a 
soil column. 

• 

SPECIFIC YIELD: The volume of water per unit area of soil released by a soil ~ 
column, extending from land surface to free water surface, when the water table 
is lowered one unit depth. 

• 
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STATIC WATER LEVEL: The static position of the potentiometric surface in a 
well prior to the commencement of discharge. 

STEADY STATE: A physical state that does not change over time (e.g., when 
pressure is static at all points in an aquifer). 

STOCHASTIC-CONVECTIVE MODELS: A model of solute transport that introduces 
dispersion as a function of the variability in advective flow paths. The 
variability in paths is related to variability in media properties on a macro
scopic scale. 

STOCHASTIC MODEL: A model including, or possibly based on, a probabilistic 
description of system processes. A model accounting for the concept that a 
multitude of predictions are possible, when uncertainty in the system•s 
characterization is taken into consideration. Such a model provides a 
statistical quantification of simulation results, taken over all probable 
realizations of a system. (A realization is an ob$ervable system configuration 
and dynamical history.) (See Model, Deterministic Model, and Parameter 
Uncertainty definitions). 

STORAGE COEFFICIENT: The volume of water an aquifer releases from or takes 
into storage per unit surface area of aquifer, per unit change in head. 

STORATIVITY: Volume of water released from (or added to) storage in a unit 
volume of aquifer in response to a unit reduction (or increase) in pore water 
pressure. 

STRATIGRAPHY: A branch or sheet-like mass, or a single and distinct layer, or 
homogeneous or gradational sedimentary material (consolidated rock or 
unconsolidated earth) of any thickness visually separable from other layers 
above and below by a discrete change in the character of the material deposited 
or by a sharp physical break in deposition, or by both; a sedimentary bed. The 
term should be restricted to sedimentary material and is generally considered 
to be synonymous with 11 bed. 11 The term frequently used in its plural form, 
strata. Lamina. 

STREAMLINE: A line which is everywhere parallel to the direction of fluid flow 
at a given instant. 

STRESS: Force per unit area. 

SUBSIDENCE: Sinking or settlement of the land surfaces, due to any of several 
processes, but most importantly due to artificial withdrawal of subsurface 
fluids • 

TENSOR: A functional relationship between two vector quantities that is 
independent of any coordinate system; frequently arises in the definition of 
physical properties such as hydraulic conductivity. 
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THEIM EQUATION: Represents steady-state radial flow solution to a well in the 
center of a circular, homogeneous, horizontal aquifer with prescribed potential 
at the circular boundary. 

THEIS SOLUTION: Represents the solution to a continuous line source in a 
homogeneous, horizontal, infinite, isotropic aquifer. (Also known as 
exponential integral in petroleum engineering.) 

THERMAL CONDUCTIVITY: A measure of the ability of materials to conduct heat. 
The amount of heat passing through unit area in unit temperature gradient. 

TOPOGRAPHY: The physical features of a district or region, such as are 
represented on maps, taken collectively; especially, the relief and contour of 
the land. 

TOTAL WATER POTENTIAL: The sum of soil-water potential and gravitational 
potential. 

TRANSIENT TESTING: The study of pressure variation with time in an active well 
(production or injection) under a variety of conditions and possible operating 
procedures. 

TRANSMISSIVITY: The rate at which water is transmitted through a unit width of 
aquifer under a unit hydraulic gradient. In a ground-water aquifer, 
transmissivity is the product of hydraulic conductivity and saturated a4uifer 
thickness. In a confined aquifer, transmissivity is the product of hydraulic 
conductivity and the aquifer thickness. 

TRANSPIRATION: Process whereby soil moisture is transformed into vapor by 
plants and discharge back to the atmosphere. Transpiration is essentially the 
evaporation of water from the leaves of plants. 

TRANSURANIC ELEMENTS: Elements that have atomic numbers greater than 92 
(uranium); all are radioactive, are products of nuclear changes, and are 
members of the actinide group. 

UNCERTAINTY ANALYSIS: An analysis that quantifies the uncertainty in a 
selected performance assessment measure induced by the uncertain input para
meters. This analysis uses the results of a sensitivity analysis together with 
the parameter uncertainty. 

UNSATURATED SYSTEM: That portion of the subsurface geology where the porosity 
is shared by water and air, and the matric potential is nonzero (i.e., the 
water content of the soil profile is less than saturation). 

VALIDATION: A demonstration that a calibrated model (conceptual model, data 
and code) adequately describes physical reality. This requires a comparison of 
the calibrated model results to an independent data set. Independent data are 
data not used in the ca 1 i brat ion process and reflect some change in the system 
(i.e., different stresses, boundary conditions or time-varying information). 
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VERIFICATION: A demonstration by comparison with an accepted reference 
calculational procedure, such as an analytical solution, that a code performs 
as intended. A confirmation that a code accurately solves the intended 
mathematically expressed problem. 

VOID RATIO: The ratio of the volume of the interstices in a rock or soil to 
the volume of its mineral particles. 

WATER TABLE: The planar surface between the zone of saturation and the zone of 
aeration. Also known as free-water elevation; free-water surface; ground-water 
level; ground-water surface; ground-water table; level of saturation; phreatic 
surface; plane of saturation; saturated surface; water level; waterline. 

WILTING POINT: The water content of a soil when indicator plants growing in 
that soil wilt and fail to recover when placed in a humid environment • 
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1.0 INTRODUCTION 

1.1 MODELING NEEDS 

Computer simulation models are needed to organize and analyze site 
characterization information in order to make decisions concerning the opera
tional safety of low-level radioactive waste burial facilities. Simulation 
models are required to focus the multitude of complex technical considerations 
involved in the decision-making activities associated with low-level waste 
management. As scientific tools, the needed simulation models must be reliable 
and credible representations of burial sites and their behavior. Simulation 
models are needed to assess every pathway for possible escape of radioactive 
wastes from a burial site. However, because ground water was identified as a 
major environmental pathway (Jacobs et al. 1980), this document is devoted 
specifically to ground-water transport modeling. 

The ground-water transport modeling needs for low-level waste management 
are diverse. To manage low-level wastes, simulation models are needed to 
perform initial screening of possible sites, assist in the design of burial 
schemes and trenches, assess the probable containment performance of specific 
sites, aid in the design of site monitoring programs, and predict actual waste 
migration when an environmental release occurs. These modeling needs comprise 
some typical modeling objectives. Such diverse objectives often call for many 
different kinds of systems simulation models with corresponding diverse 
theoretical complexity. 

Computer codes (programs) are needed to build the systems simulation 
models required to represent a complicated waste burial facility. A systems 
model is usually composed of many computer codes representing various 
subsystems and their associated physical and chemical processes. No single 
computer code can presently meet all low-level waste management modeling 
needs. The interfacing of different codes is usually necessary to describe the 
various interacting subsystems. Totally unified and simplified generic systems 
models may be needed to compare the relative merits of potential sites, which 
involve either humid or arid hydrology. On the other hand, detailed and 
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mechanistic syst~ns models may be required to predict contaminant concentra

tions under specific ground-water flow conditions in order to assess actual 

environmental impact. 

Low-level waste burial site operators and managers are confronted with a 

seemingly vast variety of codes, which are potentially useful for performing a 

ground-water contaminant transport study. There are many publications (e.g., 

Bachmat et al. 1980) that provide an inventory of available codes. Such code 

inventories present a confusing array of possible choices. Site operators and 

managers, nevertheless, need to know which codes might be appropriately 

selected for application to low-level waste disposal problems. 

1.2 PURPOSE OF GUIDELINES 

This document provides guidance for the selection and evaluation of 

ground-water transport models to be used to assess the safety of waste burial 

sites. The guidance given here is primarily directed toward an applications

oriented user of a computer simulation model. But the information presented 

here is also important to a site operator or manager who will have the 

responsibilty of coordinating the steps involved in accomplishing a successful 

modeling exercise, which will ultimately carry scientific credibility. 

In view of the diversity in typical modeling needs and objectives 

connected with low-level waste burial site management, these guidelines are 

formulated as a general plan for selecting relevant ground-water transport 
codes. They are not intended to serve as an absolute set of regulations for 

accepting or rejecting codes for possible use in evaluating a low-level waste 
management problem. Instead, the guidelines deal in general terms with ground

water transport modeling methodology and do not give specific advice on what 

constitutes the 11 best" codes for a particular study. 

These guidelines deal only with the selection of existing codes, not with 
the development of numerical algorithms for constructing new codes. This 

latter subject is beyond the scope of this report. 
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1.3 THE CODE SELECTION APPROACH 

To build a systems model of a waste burial facility, appropriate computer 

codes must be selected. Code selection for purposes of modeling subsurface 

contaminant migration is actually a problem of developing a relevant systems 

model to represent the particular burial site and ground-water system. Code 

selection, however, is just one aspect of developing a systems model as 

outlined in the following ideal development steps: 

1. Define study objectives. 

2. Collect and analyze site characterizing data. 

3. Formulate the conceptual model. 
4. Identify process descriptive equations. 

5. Select the computer codes. 
6. Couple/interface the selected codes. 

7. Evaluate code performance. 
8. Run site-specific simulations. 

9. Compare results with study objectives. 

The above nine steps will form the basis of these guidelines for code selection 

and evaluation. Code selection cannot be successfully accomplished without 

regard for the overall simulation model that will achieve the study objectives 

(step 1), and an active evaluation of code simulation capabilities (step 7) is 

necessary to ensure a proper selection. As shown in Figure 1, these steps are 

involved in the development of each component of a systems model for a specific 

burial site. A conceptual model based on the site characterization data and 

consistent with study objectives is the hub of a systems model. Other systems 
model components are arranged as a wheel on that hub. Clockwise progress 
around the wheel, following the nine steps, is required to complete the systems 
model. During the development of a systems simulation model, the hub may 

require repeated modifications and revisions in order to produce a well-rounded 

and balanced wheel. These nine steps are each explained briefly below. The 

other chapters of this guideline will discuss the steps and their relationship 

to ground-water transport modeling in greater detail. 
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Compare 0 0 Define --------

Conceptual 
Model 

0 
Formulate 
and Revise 

G) Select 

Collect and 
Analyze 

FIGURE 1. Systems Model Components. Arrows show direction for 
completing the systems model development steps (numbers). 

1.3.1 Step 1. Define Site Study Objectives 

The study objectives are the purpose for performing a simulation of a 

burial system. Some common study objectives for low-level waste management are 

listed below: 

• preliminary screening of potential geohydrologic sites for locating a 

burial facility 

• site safety assessment for confinement of radioactive wastes: a 

potential biosphere impact analysis 

• site performance assessment based on existing burial system design 
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• assessment of actual environmental impact: prediction of contaminant 
migration and dose modeling 

• optimal control of contaminant migration plume in a ground-water 

system: design of a mitigation strategy 

• site monitoring and surveillance network design. 

These study objectives constitute some typical concerns of site operators and 

managers who would use modeling simulation results as a basis for making 

decisions. 

The site modeling objectives indicated in Figure 1 are in a sense only a 
subset of the overall study objectives, because some objectives might not 

require examination by means of a simulation. Specific questions to be 
addressed by numerical simulation of a burial site have to be deduced from the 

study objectives. For instance, a modeling objective might be to estimate the 
concentration of a particular contaminant at a specific aquifer location, as 
observed through a sample well over some future period. A related modeling 
objective might then be to project the cummulative biological dose associated 
with water drawn from that sample well. The original study objective might 
have been to provide an environmental impact assessment. Thus, modeling 
objectives are just more explicit and detailed questions, originating in the 
study objectives. 

The complexity of a particular study objective determines the degree of 
modeling sophistication required to attain relevant answers to the questions 

posed by a transport assessment problem. A study objective may call for either 
a near- or far-field transport analysis or, perhaps, both. The appropriate 
codes will then depend on the kind of transport analysis required. This step 
is discussed further in Chapter 3. 

1.3.2 Step 2. Collect and Analyze Site Characterizing Data 

After establishing study objectives, a modeler should proceed with 
assembling all information necessary for forming the conceptual model and 
gaining a preliminary view of how the burial system may function. These data 

include all dimensional measurements that describe the burial site and 
engineered trench facility. The data should also include the following: 
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regional geologic and hyrologic maps, climatological records, hydrologic 

property measurements, and an inventory of waste forms. These data must be 
complete enough for a modeler to formulate a technical representation (i.e., 
initial and boundary conditions) for the burial system and for those 
mechanistic processes that contribute to contaminant migration. Chapter 3 

includes a more detailed description of typical data requirements. 

A report by Lutton et al. {1982) describes the typical parameters needed 
to characterize a low-level waste disposal site. Table 1 provides a list of 
those parameters. Jones and Gee (1984) discuss the specific parameters that 
would be required to model a shallow-land burial system at an arid site. The 
general group of processes that must be described at a shallow-land burial site 
are shown in Figure 2. Relevant parameters associated with each process model 

are indicated in Figure 3. A complete systems model for a shallow-land burial 
site in an arid environment should incorporate all of those process models in 
order to account for an accurate water balance. 

TABLE 1. Common Parameters for Characterizing Low-Level Waste Sites 

General Geochemical 

Waste-site interface 
Limit of extended site 
Point positions 
Material zone boundaries 
Geologic characteristics 

Hydrological 

Hydraulic conductivity 
Anisotropy 
Porosity 
Hydraulic potential 
Flow direction 
Hydrodynamic dispersion 
Water-holding parameters 
Water content 
Precipitation 
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Ion exchange capacity 
Soil pH 
Soil solubles 
Surface water chemistry 
Ground-water chemistry 

Geotechnical 

Classification 
Compaction relation 
Grain-size distribution 
Density 
Strength 
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Waste Leachate 
r----1~ Formation 

Solubility/Leach 
Rate Control 

Radioactive 
Decay 

Sorption/ 
Precipitation 

Dispersion 

FIGURE 2. Summary of the Hydro-Geochemical Processes Controlling Radionuclide 
Transport at a Shallow-Land Burial Site (after Jones 1984) 

The collection of site characterization data does not have to be abso

lutely complete before proceeding with further steps in the model development 
plan. In fact, the data base may need to be continually supplemented as the 

model development steps are applied. Formation and revision of the conceptual 
model, identification of process descriptive equations, and the selection of 

computer codes will usually point out specific data deficiences that must be 
filled in to accomplish simulation runs consistent with the study objectives • 
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1.3.3 Step 3. Formulate the Conceptual Model 

The conceptual model is formulated as a picture of a burial system (e.g., 
see Figures 4 and 5), but it does not remain static. Basic site characteriza
tion data in conjunction with the study objectives (step 1) are needed to form 
a preliminary conceptual model, which is then progressively modified as the 

other steps of Figure 1 are applied. For instance, the conceptual model may 
have to be simplified if burial site data are inherently limited, or if avail

able code technology is not adequate to simulate the initially preceived 
system•s complexity. On the other hand, the study objectives and the 
conceptual model believed most appropriate may dictate the further collection 
of site characterization data or even the development of improved computer 

codes. 

For purposes of systems simulation, 

yet rigorously technical, picture of the 
technical enough in terms of fundamental 

the conceptual model is a simplified, 

burial system. That picture must be 
processes (e.g, Figure 2), initial and 

Inflow 
Boundary 
Conditions 

Evapotranspiration 

tf 

Rooting 
Depth 

Precipitation 

f) Wastes and 
Backfill 

I ........... ·············r··~·············· 

Zone 

_ _n __ n 1: n 
0 --v-1,-v---------

Seepage 1 I Table 

, ...... ______ £?~a~1..:a~- _ 
Aqu1fer Zone _____ _ ------

Confining Lower Boundary 

Outflow 
Boundary 
Conditions 

FIGURE 4. A Near-Field Conceptual Model: Hydrology of the Shallow
Land Burial Trench 
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FIGURE 5. Hanford Site Unconfined Aquifer Boundary Showing the 200-West and 
200-East Waste Burial Sites (after Ahlstrom 1977) 
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boundary conditions, external hydrologic and climatic influences, and contami
nant sources and sinks to determine unique predictions for a specific burial 
system. This is to say, a unique solution to the mathematical problem embodied 
in the appropriate process descriptive equations (step 4) must be achieved. 
The detail that enters into a conceptual model should represent the site 
characterization data base that is actually used in the final computer 
simulation model. 

Figure 4, for example, is a picture of a hypothetical near-field con

ceptual model of a shallow-land burial system. The viewpoint is cross
sectional. Part of a far-field conceptualization is shown in Figure 5. The 
viewpoint is now areal. Both Figures 4 and 5 constitute a two-dimensional 
viewpoint of a burial site. Figure 5 is the region over which tritium 
migration in an aquifer was modeled (Ahlstrom et al. 1977; Arnett et al. 
1977). Both of these reports are essential for understanding all aspects of 
the conceptual model associated with Figure 5. An interested reader is 
referred to those reports to complete this example conceptual model. 

The conceptual model, no matter how technically complex, will always be a 
simplified picture of the real burial system. Current computer technology and 

data-gathering capabilities simply do not allow a real ground-water system and 
burial facility to be described in every detail. To form a sufficiently 
accurate simplified picture, certain ground-water transport modeling technical 
issues must be considered. The technical issues are simply questions as to 
what constitutes the correct way to describe the modeled system. The issues 
stem from limitations on current physical and chemical theories and computer 
modeling capabilities. In many cases the technical issues do not have absolute 
resolutions (i.e., answers). 

Many of these technical issues are discussed in Chapter 2, because their 
treatment will determine the modeling outcome and predictions. For instance, 
an issue associated with the modeling described by Ahlstrom et al. (1977} and 
Arnett et al. (1977) might be the question: "Is a two-dimensional areal 
description of transport adequate?" In a general context, the answer clearly 
depends on the simulation study objectives and whether or not one believes that 
a three-dimensional process is ever reasonably represented by a lower spatial 
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dimensionality. In the case of the study by Ahlstrom et al. (1977) and Arnett 

et al. (1977), the answer seems affirmative, in view of the large areal extent, 

when compared with the aquifer thickness involved. In this example, issues 

about field-scale dispersion, however, are probably unresolved. 

1.3.4 Step 4. Identify Process Descriptive Equations 

Process descriptive equations are the fundamental mathematical equations 
required to represent those physical and chemical processes appearing in the 

conceptual model (e.g., Figure 2). The appropriate equations need not be 

expressed in any greater generality than will be necessary to implement the 

conceptual model. 

A common practice is to begin with the most general form of applicable 

mathematical theory and then, by assuming various simplifications that are 

compatible with the conceptual model. to reduce the complexity of the the 

general equations. This is a deductive logical approach; an inductive 

approach, however, is just as valid. This means that sufficiently general 

equations can just as well be derived, while limited in context to the 

conceptual model. Moreover, it is possible in some cases that processes might 

be described only in terms of numerical algorithms, not explicit equations. 

Site characterization data must be sufficient to define all necessary 
parameters (e.g., Figure 3) appearing in the appropriate descriptive equations 

or algorithms. For simulating contaminant migration, these equations must 
describe ground-water flow, solute transport, and chemical behavior in the 

particular porous medium. However, many equations involving other system 
aspects such as runoff, evapotranspiration, biological processes, and dose 

calculations may also be required to complete a systems model • 

. Commonly, the subprograms that appear in a computer code are concerned 

with solving each of the various process descriptive equations. The linking of 

such subprograms often represents the coupling of basic subsystems of a total 

systems model (e.g., Figures 3 and 6). 

A user who is not an expert in ground-water transport theory may have to 

rely on a code developer's documentation report when identifying the relevant 

basic descriptive equations. For such a user, the matching of fundamental 
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processes appearing in the conceptual model with reported code capabilities 

will be necessary; this is the next step. A user should at least be able to 

identify the basic processes acting at the specific site. 

1.3.5 Step 5. Select the Computer Codes 

This step is the primary purpose of these guidelines. Codes are simply 

the computer language algorithms for obtaining numerical solutions to the 
process descriptive equations, when site characterization data (see Table 1) 

have been converted into the required input parameters. 

Having identified all appropriate process descriptive equations, or at 

least having identified the basic processes (e.g., Figures 2 and 3) believed to 

be involved, the kinds of codes required are nearly determined. In principle, 

a search through code summary reports (e.g., Bachmat et al. 1980) and specific 

code documentation (see Chapter 2 for example codes) will help identify those 

codes that are potentially applicable. The potentially useful codes need only 

include the relevant processes. In some cases a relevant code may be so 

general that it only needs to be restricted to solve the special case of 

interest. For instance, a three-dimensional ground-water flow code should be 

able to solve a restricted two-dimensional problem. But an application of the 

more general code may be rather inefficient, or even present difficulties in 

obtaining simulation control, as a consequence of insufficient data. 

In some cases, a user may unfortunately misuse this code selection step by 

attempting to force fit the conceptual model or even the study objectives into 

the mold of a pre-chosen code. This may be successful provided the selected 
codes are general and flexible enough, but an unnecessary amount of model 
preparation effort may result. A user should avoid such modeling overkill as 
much as possible, especially when site information and study objectives do not 

justify a complicated analysis. Application of a complicated code may demand 
further collection of site data and refinement of the conceptual model. 

The key aspect that a user should keep in mind when selecting a code is 

whether relevant evaluations of code capabilities have already been performed. 

Evaluation test cases should be used to prove every capability to be applied. 

Quite often for various technical reasons a code may fail to operate as claimed 

1.13 



in a documentation report. Evaluation test cases (see Chapters 4 and 5) 

discussed in step 7 are special example simulations of the basic processes. 
They are often used to verify or validate modeling capabilities. Such test 

cases establish the confidence a user can have about how accurately a code 
achieves its intended purpose. A more advanced code, which has not been suffi

ciently tested, can actually place a greater burden on a user who will have to 
test run the selected code himself, instead of relying on a developer•s test 
cases. 

Proper code selection, therefore, depends critically on a careful evalu
ation of needed capabilities. An evaluation of the unified systems model being 
developed for treating a particular problem, however, cannot be accomplished 
without having a plan for code coupling or interfacing. When more than one 
code is involved, the code coupling plan (step 6) needs to be considered in 
conjunction with this step. This is why steps 5 and 6 are shown as a single 
component in Figure 1. 

Previous cited examples that are pertinent to this discussion are the 
transport simulations performed by Ahlstrom et al. (1977) and Arnett et al. 
(1977) which coupled a ground-water flow code with a solute transport code to 

model tritium migration. 

1.3.6 Step 6. Couple/Interface the Selected Codes 

When more than one code is required, the selection step (step 5) must 
actually take into account a plan for how the needed codes will be joined 
together to solve the entire systems simulation problem. Codes that pass 
numerical information back and forth as control data are said to be coupled. 
For example, a solute transport code must often be coupled with a ground-water 
flow code to perform a transport simulation. A user may be able to find codes 
that already have the required coupling, but separation (decoupling) of the 
component codes that comprise the complete systems model can be helpful for 
testing each code independently. Then, if a particular code fails to meet the 

necessary capabilities, it can be replaced without having to rebuild the entire 
systems model. The decoupling of codes also allows for an efficient and 

flexible, sequential approach to simulating contaminant transfer along a 
system•s pathway connections. 
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Codes that require coupling in order to form the entire systems model 

generally represent groups of processes that influence each other directly in 
some actual mechanistic way. Each code usually represents the identified parts 

of the conceptual systems model. Figure 6 is an example of a logical flow 
diagram for the interconnections between parts of a systems model; in this 

figure, the coupling interconnections represent actual environmental transport 

pathways for contaminant transfer. The coupling plan in Figure 6 was used by 

Hung et al. (1983) to accomplish dose calculations. Figure 3 also describes 

the coupling of process models for a shallow-land burial system. 

The main difficulty a user may face in achieving coupling is ensuring that 

the variables of interconnected codes are compatible. Spatial and temporial 

resolutions (scale) used in each chosen code must also be taken into account. 

In brief, code coupling is a very technical problem demanding careful 

treatment--another reason why modeling professionals should be involved. 

1.3.7 Step 7. Evaluate Code Performance 

This is the critical step of systems model development where presumed code 

simulation capabilities are tested. Code capabilities are the processes that a 
simulation model can describe. The purpose of this step is to confirm that 

selected codes will actually work as intended. 

In step 5, a user should have considered codes that have already been 

tested as much as possible. In any case, all capabilities should be test run 

by the user and results compared with standard test cases. Evaluation test 

cases may take the form of analytical solutions obtained for special conditions 

(Chapter 4) or experimental data sets obtained for validation purposes 
(Chapter 5). Test cases might also take the form of special benchmark cases 
(e.g., Ross et al. 1982) which are used to qualify codes for making certain 

performance assessments. Test cases usually represent the ideal behavior of 

the fundamental processes acting in the modeled system. A selected code that 

cannot reproduce the expected behavior of the basic, identifiable processes 

• known to act in a system cannot provide accurate or credible predictions, when 

incorporated into the complete systems model. Code evaluations must take into 

account the various ground-water technical issues discussed in Chapter 2, as 

relevant to the conceptual model. 
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FIGURE 6. A Coupling Plan: Environmental Transport Pathways 

Proper code evaluation can be the most costly and time-consuming part of 

systems model development. For this reason, a user should attempt to select 

codes that have already been tested in a relevant way. Code evaluation, 

however, is also an opportunity for a user to make absolutely certain that a 

code will operate as reported by a developer and a time to gain experience with 
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applying a chosen code. Codes simply do not always perform as claimed, when 

applied under different circumstances. A code evaluation is thus simply a part 
of establishing a model•s reliability. 

As a recommendation, an inexperienced user is advised to select codes that 
have a long-standing history of successful applications as found in reports. 
Usually, this means that more evaluations have been accomplished successfully 
by others. 

Professional user groups (ground-water modelers) usually employ a limited 
set of codes as their standard tools. The standard tools are usually well
tested, but, of course, they represent the numerical methods bias of the group. 
When such standard codes do not meet an expected applications need, modifica
tion is the common practice. Seldom is the selection process repeated again 
for each new application. Thus modification or extension of code capabilities 
is the common approach taken. Usually it is far more efficient to build on a 
familiar and available simulation technology than to cast codes aside and 
select newer ones again. The certainty of the previously established code 
evaluations is what professional user groups try to maintain. In any event, 
regardless of how the final codes are acquired, careful evaluation is the 
common factor that ensures scientific consistency and proper application. 

1.3.8 Step 8. Run Site-Specific Simulations 

The final component in the development of a site-specific systems model is 
the running of the selected codes, while using the site characterization 
data. At this stage the coupling plan is implemented. The codes will have 
been evaluated (step 7) to make certain that all the required capabilities 
work. The auxillary software and methods for preparing data as input and 
analyzing program output are also an important part of running the simula
tions. Conclusions will depend greatly on how numerical output is displayed 
and analyzed. That aspect involving the display software and supporting 
analysis should be considered during the code selection (step 5) as well. 

It is not always straightforward to run site-specific simulations. 
Adjustments and calibrations of a simulation model are usually required to make 
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it match the known information. This is a necessary part of making a simula

tion model give relevant predictions about a specific system. This step is 

discussed further in Chapter 3. 

1.3.9 Step 9. Compare Results with Study Objectives 

This is the last step that completes Figure 1. A modeling exercise is not 

finished until it is certain that original simulation study objectives are 

achieved. This may require a return to any previous step for modifications or 

adjustments to achieve site-specific modeling objectives. On the other hand, a 

certain study objective might be found to fall beyond the capabilities of 

currently available code technology or even fundamental science. In this way a 

modeling effort may point the direction to needed future research. The systems 

modeling effort then becomes a logical justification for further research, as 

well as a way of obtaining answers to specific questions. 

This completes the explanation of the nine steps illustrated in Figure 1. 

Chapter 3 provides a more detailed discussion of these steps and a discussion 

of how code documentation reports should contribute to completing these steps. 

1.4 THE GUIDELINE APPROACH 

This section summarizes the role of the other chapters in this report. 
Also, the entire viewpoint of the guideline is briefly reviewed. The approach 

of these guidelines puts the emphasis on a very general guidance--not just a 
sequence of steps exclusively relevant to only ground-water transport modeling. 

1.4.1 User's Role 

It is not easy to implement the nine systems model development steps dis

cussed in the previous section. Successful code selection depends on other 

factors that are not apparent in those steps. In particular, much depends on 

the technical knowledge and experience of a user who is the modeling 

practitioner. 

In the context of this report, a "user" is one who uses computer programs 

(codes) to study and quantitatively assess a ground-water contamination 

situation, which could be actual or expressed as a hypothetical problem. A 

user might also be a manager or site operator who will use simulation results 
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to make decisions. A user who implements computer codes according to some 

conceptual plan for a burial facility and ground-water system is a modeler. 
The systems model employed by a modeler is defined here as being both the con
ceptualization and the associated computer codes, including the needed input 
data that determine a problem solution. A user obviously needs to select codes 

to do computer modeling. Modeling, however, does not always require the use of 
codes. 

By current ground-water transport modeling technology, codes are at best 

only tools in the hands of a user practitioner, and the presently available 
codes simply cannot transform a computer into a thinking machine capable of 

giving correct answers to every question about contaminant migration. 

These guidelines presume that an applications-oriented user is familiar 

with the scientific aspects of contaminant transport in ground-water systems. 
Chapter 2 recommends the technical background for a user; a number of docu

mented computer codes for ground-water flow and solute transport are pointed 
out there, too. The kinds of computer codes that a user could choose range 

from simplified, generic to complex, mechanistic ones, as discussed in 
Chapter 2. 

1.4.2 Conceptual Model 

The central element of a systems simulation model, which is described in 
Chapter 2, is the conceptual model. A conceptual model is always a simplified 
picture of any actual burial facility and its hydrogeology. To put the 
conceptual model in place in order to develop the appropriate systems model 
(Figure 1), a modeler must also address the technical issues discussed in 
Chapter 2. Technical issues are just questions about how to proceed with 
ground-water modeling, recognizing that current predictive technology has 
inherently limited capabilities. 

To select appropriate computer codes, a user should make effective use of 

• available code documentation reports. (What to look for in good reports is 
described in Chapter 3.) Then a user should follow the nine systems model 
development steps. 
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1.4.3 Code Evaluation 

The main idea and emphasis of these guidelines is that successful systems 
modeling depends on carefully evaluating code capabilities and selecting codes 
that are compatible with a predefined conceptual model for a particular low
level waste burial facility. It may occur, however, that the conceptual model 
requires revision as the systems model development proceeds. Moreover, the 
resulting computer model should be devised to answer specific questions about 
the system's behavior, stated clearly as the study objectives. This is the 
reason why Chapters 4 and 5 stress the use of evaluation test cases to prove 
code capabilities for processes that need to be described. The explicit 
application of this viewpoint was exemplified by the model development efforts 
of Kincaid et al. (1984a,b). A similarly extensive effort would be required to 
select codes to model low-level waste burial sites. 

1.4.4 Code Selection 

A systems model developed for a certain purpose should not be expected to 
apply directly to another purpose. For instance, a simplified generic systems 
model used to examine the interrelationships of processes acting in a waste 
burial system should not be expected to provide accurate site-specific predic
tions of contaminant transport, even if site-specific data are input. Also, a 
preselected code should not determine what site characterization data are 
sufficient to model a specific burial site. It is the acting processes 
identified in the conceptual model that determine which codes and data are 
needed. 

The correct simulation model used to analyze a particular problem is not 
simply predicated on what constitutes the most powerful equation-solving 
approach. The main concern of these guidelines is proper modeling of the 
relevant physical and chemical processes. Therefore a user will notice that 
these guidelines do not dwell on the mathematical details of various equation
solving methods, although this is an unavoidable part of transport modeling. 
The view here is that any computer algorithm that is sufficiently accurate to 
meet a user's study objectives, as judged by comparison with evaluation test 

1.20 

• 

• 



cases, is acceptable. Computational efficiency and computer resource require-
• ments are seen here as the user•s responsibility, and these guidelines are only 

concerned with the scientific, rather than economic, considerations of code 

selection. 

.. 

This means that new codes do not have to be reselected to treat each new 

problem. Available and familiar codes, as long as they are appropriate, may be 
modified to include the necessary simulation capabilities, provided that proper 

evaluation is done. It is sometimes easier for a modeler to extend a familiar 
code•s capabilities than to begin with a reportedly advanced code that has not 
been adequately tested, or may even present unknown simulation control 
difficulties. 

1.5 GUIDANCE FOR MANAGERS AND SITE OPERATORS 

In this section the role of a manager or site operator who is involved in 
the code selection and systems model development process is discussed. Perhaps 
the major concern of a manager is the selection of codes that can be used to 

accomplish a burial site performance assessment. Such an assessment may be 
required to identify potential waste burial sites or to evaluate the perfor
mance of an existing facility. Associated with this range of study objectives, 

there may be different levels of complexity in the site characterizing informa

tion, which is available to accomplish a modeling effort. Therefore, different 
codes may be appropriate for addressing those diverse study objectives. 

It is unlikely that a manager can select appropriate codes without the 
assistance of many technical professionals. Moreover, code selection will not 
be a one-time activity that remains adequate for all future modeling needs. 
What a manager/site operator needs to know, therefore, is how to direct a 
successful application of the nine steps shown in Figure 1. 

The most important attitude that a manager should keep in mind is that 
11models are to be used as decision-making tools, .. as stated by Large (1980) • 
Answers derived from modeling cannot be used to replace good management 

judgments. Predictions and projections obtained from models should be used to 
support study conclusions--not to determine them in an absolute way based on 
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whether or not results fit within criteria. A careful and extensive examina
tion of model reliability is needed before a model•s predictive accuracy can be 

trusted. 

The belief that use of the 11 best 11 or most mathematically advanced codes 
will automatically provide reliability and scientific credibility is false. It 
is the capability of technical professionals who will be involved that has the 

greatest impact on overall confidence attained. Selection of the codes for a 
particular study is not difficult--but proper use often is. Outstanding codes 
tend to be quickly recognized and implemented by professional ground-water 
modelers. But managers need to make certain that they are not oversold on the 

use of predetermined codes without considering available data and study 
objectives. 

1.5.1 Steps for Managers/Site Operators 

The following steps are recommended for managers who will use models in a 
decision-making effort: 

1. Identify the specific questions and study objectives. 

2. Establish costs and schedules for achieving answers. 

3. Enlist the aid of professional model applications group. 

4. Decide on approach with applications group and guide code selection. 

5. Facilitate the availability of site-specific data. 

Each of these steps is explained further below. 

1.5.1.1 Step 1. Identify Questions and Study Objectives 

The manager will identify the actual questions about site performance that 
bear on the public•s concern for safe operation. These questions are then 
reduced to the technical study objectives to be considered by modelers (step 1, 
Figure 1). This step cannot be effective unless the manager understands how to 
phrase the questions in quantitative terms appropriate to ground-water 
transport modeling. Bachmat et al. (1980) have discussed the problem of 

1.22 

• 



• 

communication between managers and technical professionals. That discussion is 

very germane to low-level waste management, as well as to ground-water resource 

management. 

1.5.1.2 Step 2. Establish Costs and Schedules 

It is the job of the manager to determine how much money and time should 

go into obtaining the modeling results needed to make decisions. The level of 

study detail is limited by costs and schedules. Credibility and reliability of 

model results are also affected. The final cost and schedule needs to be 

established through agreement with the chosen technical professionals (see 

step 3). 

The main cost in applying a model is connected with preparing data and 

integrating simulation results--not the cost in running a code. Run time is 

the actual time spent calculating numbers--not the much greater time spent to 

prepare data as input parameters and to interpret results. A present-day 

reality of ground-water transport modeling that a manager needs to know is that 

the most costly part is preparing and setting up for a simulation. The cost of 

actually running a code is usually only a small part. In fact, most nontrivial 

ground-water codes are very data hungry, and an extensive effort is needed to 

gather data for formulating the conceptual model and for obtaining control 

parameters necessary for site-specificity. A main part of a professional 

modeler's job is performing this data preparation task, even if a site operator 

is able to provide a complete list of basic information. Usually basic site 

information must be considerably manipulated to prepare it as code-control 

input data. Therefore, today, ground-water transport modeling is still very 
labor-intensive, and the coordinated efforts of many individuals with 
specialized training (e.g., geologists, hydrologists, soil physicists, 

numerical modelers) are needed to accomplish a realistic ground-water transport 

simulation of a waste burial facility. A statistician may also be needed to 

include an uncertainty and sensitivity study. 

As a rule, costs will escalate considerably when the modeling includes an 

evaluation of predictive reliability. Many repeated simulations using 

different parameter values or complicated uncertainty studies are necessary to 
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establish error bounds on modeling results. Such additional efforts, however, 

may be necessary to establish the credibility of results for subsequent 

management decisions. 

1.5.1.3 Step 3. Enlist Aid of Professional Modelers 

A decision-making manager or site operator probably would not have suffi

cient personal time or expertise to select and apply the appropriate codes, so 

help from a professional modeling group, as found in national research labora

tories, consultant firms, or universities, will inevitably be necessary. 

Because transport models are not currently self-contained and automated to run 

within a single code, without the usual technical difficulties connected with 

most numerical algorithms, a user must have an intimate knowledge of how to 

couple and control any selected codes. Thus, a manager who proceeds to select 

codes must first employ people to apply them. 

Simplified, generic systems models, which are self-contained, have been 

developed to bypass this dependence on the capabilities of a specific modeling 

group. Such models are also applied in an attempt to achieve comparability in 
the analysis of different burial facilities. This approach by its very 

contrivance, however, does not allow for the flexibility needed to make site

specific management decisions. The principal attractiveness of the generic 

code approach seems to be that a dose-ta-man calculation is easly incorporated 
to arrive at a direct evaluation of environmental safety. Without careful code 

calibration and validation of the system representation, however, there is no 
reliability that such a model represents any specific burial facility. In 
brief, a generic modeling approach cannot be trusted, unless applied with a 
clear understanding of all inherent representational limitations. This means 
that a generic model should be fully documented to clarify conceptual limita
tions before being applied by inexperienced users. In any case, a generic 

model needs to be qualified by applying the same steps for developing a site

specific model for each study. 

A present-day fact, however, seems to be that the biases of a particular 
user group determines the choice of codes to be used. This means that modeling 

groups tend to apply codes that are familiar. Unfortunately, such bias can 
limit the relevancy and accuracy of a study if the proper codes and approach 
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are not used. On the other hand, by being prepared to apply specific codes, a 
professional group can often perform an efficient, economical, and timely 

analysis of a ground-water contamination problem. Professional groups usually 
maintain a core group of well-tested codes to minimize the need to perform 

repeated code-capability evaluations, as must be done for newly developed codes 

or for unfamiliar codes. Moreover, an expert modeler can often overcome code 

limitations, at least during the stage of providing an interpretation of final 

simulation results. 

The most critical step for a manager, therefore, is the selection of a 

modeling group that will in a real sense become part of the systems model to be 

employed. A manager should examine the credentials of those individuals 

actually involved--not just the name of the research lab or consulting firm 

contracted. The more experienced modeler will present results in a form that 

simplifies drawing conclusions and making decisions. Previous model applica

tion reports are a good indicator of professional capabilities. As a rule, a 

code developer may not necessarily be the best person to rely on to accomplish 

an applications-oriented study, because much more than skill with numerical 

algorithms is needed to accomplish successful analysis of a waste burial 

facility. 

1.5.1.4 Step 4. Decide on Approach and Guide Code Selection 

A manager has to decide on how complex a modeling effort should be in 

order to draw sufficiently accurate conclusions for making decisions. The 
available funds, time, and potentially available site characterizing data will 

all constrain the achievable reliability of modeling results. Agreement with 
the professional group is necessary to determine an approach that best fits 

cost and schedule constraints. 

The technical professionals should help decide if the modeling approach 

should be a simplified one or involve a detailed simulation. A possible 

decision might be that no computer code is needed, and a simple analysis of 

site data is sufficient to draw a conclusion. A manager should beware of being 

oversold on the idea that every problem requires use of a complicated code. In 

deciding on an approach, a manager should consider the complexity of the 

environmental dose calculation that will be performed in conjunction with the 
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contaminant transport study. The particular dose code employed may have no 

options for using a detailed spatial and temporal description of contaminant 
dispersal. A complicated transport analysis may then be useless or, at least, 
unnecessary. 

A manager should guide the code selection process according to the nine 

steps previously suggested for an applications-oriented user. A manager needs 
to be certain that the code selection is pertinent to the agreed-on approach 

and will efficiently meet the original study objectives. For this reason, a 
manager should not simply assign the job and then walk away. Various kinds of 
technical difficulties may be encountered while following the steps in 
Figure 1, and a manager may have to take part in the decisions on how best to 
proceed. In fact, while arriving at modeling results, the conclusions based on 
professional judgments for each decision-making step should be documented. 
Documentation of the steps in Figure 1 will provide quality assurance and 
support a determination of reliability. 

1.5.1.5 Step 5. Facilitate Availability of Site-Specific Data 

To make certain that systems model development proceeds efficiently and 
effectively, a manager should continually see to it that the modelers receive 
necessary data. Generally, complete and adequate data cannot be provided at 
the outset. Additional data may be needed in the conceptual model formulation, 
code evaluation, and site-specific simulation stages of Figure 1. 

In choosing an approach (see step 4}, both manager and modeler should keep 
in mind that the predictive accuracy of a transport simulation is severly 
restricted by how well the contaminant source is characterized in terms of the 
involved chemical properties and release rates. No transport code--regardless 
of general capabilities--can compensate for an unknown source description. A 
manager or site operator cannot expect an accurate estimation of migrating 

contaminant concentrations without first providing accurate data on the waste 
sources involved. At the same time, a modeler should not treat the release 
description in a trivial way, if a defensible prediction is the study 
objective. 
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1.5.2 Model Reliability 

A major concern of a manager/site operator is indeed the predictive 

reliability of modeling results. Predictive reliability is a term for describ

ing the confidence assignable to a performance assessment. As defined here, a 

performance assessment is an analysis and evaluation of a waste burial system's 
ability to conform with regulatory performance criteria. A performance 

assessment involves predicting the potential radiological impact of a waste 
disposal system, taking into account all natural and engineered components of 

the system. 

Most recent advances in hydrologic transport modeling stem from efforts to 
quantify predictive reliability. In particular, the subjects of stochastic 

hydrology, parameter sensitivity analysis, and uncertainty analysis all 

contribute to a determination of predictive reliability (confidence limits). 

But these subjects can only be applied to quantifiable uncertainies, expressed 

in terms of statistical parameters and specific, predefined systems models. In 

other words, the variation in simulation results taken over all potentially 

appropriate descriptive systems models can not be easily evaluated. Bounding 

estimates based on conservative modeling approaches are usually required to 

guage the uncertainty and predictive reliability questions. 

The main impediment to making hydrologic transport predictions is the 

unknown hydrogeologic structure beneath the ground surface. The uncharac

terized heterogeneous nature of the underground places inherent limitations on 

predictability of contaminant migration behavior. This technical difficulty is 

discussed further with the issues pointed out in Chapter 2. There are many 
hydrologic transport modeling aspects, such as incompletely described processes 

(e.g., field-scale dispersion, chemical-media interactions) and the limited 
measureability of hydraulic properties, that contribute to predictive 

uncertainties. A manager needs to be familiar with these difficulties and take 
them into account in making judgments based on modeling results • 

1.5.3 A Recommendation for Reliability 

Presently available hydrologic transport codes do not incorporate an 

estimation of uncertainty bounds. Estimation of uncertainty bounds for 
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modeling results must be done through applying a variety of external code 
manipulation procedures {i.e., parameter sensitivity and error propagation 
studies). A great deal of specialized knowledge is required to accomplish such 
studies, and this fact constitutes another chief reason why a capable 
professional modeling group should be involved in a burial site simulation 
study. A manager/site operator who expects to have to defend decisions based 
on modeling results should strongly consider including a competent reliability 
analysis. Such an analysis will be a final determination of whether or not 
code selection for meeting specific study objectives was successful. 
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2.0 GROUND-WATER SYSTEMS ~10DELING 

2 .1 SYSTEMS t~ODEL I NG 

Some general concepts and definitions connected with systems modeling are 
given in this section before explaining the distinction between the generic and 
site-specific approaches. A systems model consists of a collection of sub
models representing the distinguishable physical components of a system. A 
computer code implementation of a systems model is composed of interrelated 
subprograms representing the various physical processes acting in the system. 
The subprograms are themselves usually models of various fundamental physical 
processes. For the purpose of low-level waste management, the system is a 
shallow-land burial site, which is composed of the following subsystems: the 
ground-water, surface water, atmosphere, and biosphere. These subsystems 
constitute environmental pathways for the potential release of low-level 
radioactive wastes. The computer codes that implement a shallow-land burial 
systems model are numerical tools for predicting possible radionuclide 
migration through these environmental pathways. 

These guidelines are primarily concerned with developing systems models 
that represent only the ground-water subsystem, which in reality cannot be 
isolated from the entire system. The other subsystems, however, can be viewed 
as sources and sinks for water and contaminants moving into and out of a 
ground-water system. The general concepts that are presented here for ground
water transport modeling, however, apply equally well to an entire system. 

The philosophy of systems modeling as applied to ground-water analysis 
problems has been discussed by Hillel (1977), Tanji (1981), and Mercer and 
Faust (1980a-e). Modeling is generally viewed as an extension of the 
scientific process, by which system information is organized and used to make 
predictions about system behavior. 

The following are some definitions of commonly used terms. Additional 
definitions can be found in the glossary. A model is an analogue or imitation 
of an actual system. The analogue is always a simplification of reality. A 
mathematical model is a set of equations which, subject to certain physical 
assumptions, describes the processes acting in the system. The equations 
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quantify properties of a system that can be measured in some sense, within 
certain accuracy limits. Properties that change in space or time are called 
variables. Parameters in the equations specify the magnitudes of fundamental 
processes acting in a specific system. The fundamental equations and their 
parameters embody the way a system will behave under the influence of 
conditions affecting system change. This behavior is the system response, as 
observed in the system variables. Computer codes (programs) are used to 
calculate system responses as described by the fundamental equations. These 
system responses are usually displayed as tables, contour plots, and/or graphs 
and are called simulation results. Simulation of a ground-water system refers 
to development and operation of a computer model with response behavior similar 
to the actual system. 

These guidelines deal exclusively with models implemented numerically by 
computer. A collection of mathematical equations and computer codes for 
obtaining solutions do not alone constitute a model. A model is the mathemat
ical equations for the physical theory, the problem-specific parameters (data), 
and the logical relationships assumed to hold among fundamental processes. 
Thus, a collection of computer codes is only the means for numerically 
implementing a simulation model. The codes are not the model itself. Codes 
must be organized and applied according to a conceptual plan for a system in 
order to form a model. These guidelines describe how codes should be selected 
according to this systems modeling philosophy. 

2.2 GENERIC AND SITE-SPECIFIC SYSTEMS MODELS 

A variety of ground-water transport models will eventually be needed to 
evaluate the safety of operating shallow-land burial facilities. Those models 
will range in complexity between two important extremes in modeling philos
ophy: generic and site-specific. Generalized and simplified environmental 
systems models may be required to compare the relative merits of operating 
burial facilities in different ground-water environments (i.e., in humid and 
arid climates). The submodel components of such models may, of necessity, be 
rather simplified descriptions of actual physical processes in order to make 
computer modeling feasible for an entire complex system. Simplified submodels 
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are sometimes employed when detailed site-specific data are unavailable. An 
example of a generic systems model was developed by Lester et al. (1981), and 
other such models are discussed in Carteret al. (1979). Detailed mechanistic 
models of transport processes, on the other hand, may be called for to 
predictively assess the performance of a specific burial site. An application 
of such a detailed ground-water model was discussed by Prudic (1980). This 
latter type of model is characterized by considerably more site-specific data 
and theoretical detail. 

2.2.1 Generic Approach 

In a generic approach, programs for all subsystems, involving as many 
major processes as can be represented, are combined into a single code. 

Interfacing and information transfer (coupling) between subsystems, 
representing interactions among processes, is managed by a central executive 

program, which implements the predetermined system conceptualization. The 
conceptual model, which is built into a generic code by the developer, controls 
the hypothetical behavior of the unified system. Because the most general 
mathematical models for the various subsystems are usually difficult to 
control, more simplified descriptions are commonly employed. Simplified 
submodels are also employed to reduce the complexity of information exchanged 

between them, to reduce code run-time, and to make simulations feasible. 

Data input for a generic model is predetermined. Data describing a 
system•s processes are established by the particular systems model design. A 
user examines the systems code documentation provided by the developer to 
ascertain adequate site characterization data. A limited set of allowed 
contaminant release scenarios for a particular site is an inherent restriction 
for a generic model. 

Under current ground-water transport modeling technology, a generic 
systems modeling approach is synonymous with a simplified description. Generic 

models have the computational advantage of allowing nuMerous sensitivity runs, 
which are ne~ded to examine the ranges of system behavior. But a common flaw 
during applications is that a user forgets the need to perform evaluation and 
calibration for the actual system behavior. The predictive capabilities of a 

generic model are therefore comprrnnised. 
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The intent of generic systems modeling is to provide consistent and 
unified descriptions of burial sites. Such models are expected to eliminate 
user bias and to achieve interpretational consistency when applied to different 
sites. In performing relative comparisons of burial sites, a fundamental 

logical flaw, however, is an assumption that the built-in conceptualization is 
relevant to the compared sites. It is commonly assumed that a reasonable 

comparison is obtained by simply emphasizing similar input data for distinct 
sites. That view, however, is incorrect if the hypothetical conceptualization 

is inconsistent with the actual burial system. Indeed, a user may not be 
comparing the intended systems when a generic model is used. Because every 

code is only a scientific tool and not an absolute description of reality, a 
user must be responsible for establishing conceptual relevance. 

2.2.2 Site-Specific Approach 

The opposite modeling approach is site-specific. In this approach, a user 
takes the responsibility for system conceptualization and for acquiring an 
appropriate level of detailed data needed to adequately represent a burial 
system. Systems modeling is then viewed as a scientific process for organizing 
site information, gaining understanding, and making limited predictions based 
on relevant theories. To perform site-specific modeling, a systems model must 

be constructed for each case according to a specific plan developed by the 
user. Adequately tested codes for the basic processes are the building blocks 
of a systems model. Modeling, as a scientific process, is performed in 
iterative steps calling for continual model adjustment as more information 
becomes available; i.e., a systems model should not be static, although the 
employed codes may remain fixed. The scientific bias of a user is unavoidable 
but is accounted for by how the various technical issues are addressed. The 
technical issues express questions about what approach to take, while 

recognizing that available code simulation capabilities or site 
characterization data may be limiting factors. Technical issues are addressed 

by deciding how the particular codes and data will be used to describe system 
behavior. A scientific consensus is reached only by agreement with other 
modelers on how the identified technical issues are treated; i.e., a user puts 
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forth a conceptualization, which should be scientifically defensible. Some 
specific ground-water transport modeling technical issues are discussed later 

in this chapter. 

In a site-specific approach, the system conceptualization is formulated by 

identifying the controlling mechanisms. This is done in conjunction with 
incorporating available site data. The apparent dominant processes are 
included in a model, for 'flhich descriptive complexity is compatible with study 
objectives and available data. These data may be partly acquired after pre
liminary evaluation of model adequacy. Thus a site-specific model is to be 

continually revised and refined as further information and theoretical under
standing become available. Moreover, a user•s prediction objectives determine 
the appropriate representational complexity; i.e., a user should not attempt to 
model at a level of theoretical detail that exceeds obtainable site informa
tion. Thus a site-specific approach requires systems model development 
consistent with available site information and study objectives, whereas the 
generic approach demands collection of site data to meet a prior conceptualiza
tion. Moreover, the generic model •s site conceptualization usually cannot be 
altered to match other more appropriate interpretations. 

Site-specific models are sometimes termed nmechanistic 11 because the 
physical and chemical mechanisms are emphasized for a detail consistent with 
site information. If specific data are limited, a site-specific model may of 

necessity be mechanistically simple. For instance, a one-dimensional view 
point may be appropriate until further information about three-dimensional 

aspects becomes available. Thus a simple site-specific model might look like a 
generic representation. The site-specific approach is inductive, whereas a 
generic one is, in a sense, deductive. 

Although a user has greater technical responsibility in site-specific 
modeling, this is clearly a more flexible approach. For either approach, 
however, a user has the responsibility for proper code application. By 
follm'ling the code selection plan suggested by these guidelines (see 
Chapter 3), a user should be able to select either a generic or site-specific 
approach, depending on whichever is appropriate. 
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2.3 GROUND-WATER MODELING CONCEPTS 

2.3.1 Some User Advice 

In order to select and apply ground-water transport models, a user must 

have a rudimentary understanding of concepts. Ground-water transport modeling 

is only one part of the systems modeling required to describe a burial site. 

Each environmental system of a shallow-land burial site has distinct physical 
behavior and associated mathematical description. Ground-water transport 

modeling encompasses a well-established body of mathematical theory, which will 

produce unique solutions only if a problem is carefully specified, and modeling 

results will depend on a user•s interpretation of site information. A user who 

must select an appropriate model should heed the comments of Anderson (1983) 

that a generic modeling approach cannot be depended upon. 

Because a natural ground-water system is very complex and heterogeneous, a 

user cannot expect to form an exact replica of it. Every model will inevitably 

be a simplification of the actual system. The structural uncertainties--both 

geologic and hydrologic--of an actual ground-water system make it impossible to 

compute the precise water flow and contaminant transport behavior. This 

limitation is a consequence of limitations in field data acquisition and code 
computational capabilities. Moreover, the predictive mathematical theory for 

some physical processes is still not fully established (e.g., evapotranspira

tion, dispersion). 

Ground-water transport modeling philosophy and concepts were expressed and 
reviewed in a series of papers by Mercer and Faust (1980a-e). The use of 
models to simulate contaminant movement in ground water was reviewed by 

Anderson (1979). Boonstra and de Kidder (1981) provide a detailed account of 
how to conceptualize a ground-water flow problem that is to be simulated with a 

numerical mode. A description of required aquifer characterization data is 

also provided. Another general reference that a user will find helpful is a 

complete ground-water bibliography compiled by van der Feeden (1983). Specific 

references to radionuclides and nuclear waste disposal are given in this 

bibliography. To gain insight into the general problems of ground-water 
contamination and specific problems encountered at low-level waste sites, a 

reader should consider the report published by the National Research Council 
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(1984). These references are well written and contain a great deal of useful 
a information; they are recommended as background for every user. These 

guidelines are patterned on concepts discussed in these references. 

• Nearly every technical aspect of ground-water flow and transport modeling 

• 

involves a technical issue of some sort. Technical issues are junctures where 

decisions must be made on the mathematical description of physical processes to 
be included in a model. Those issues also indicate the limitations in current 
modeling technology. They arise whenever a single approach for treating a 

technical question does not prevail. So technical choices need to be made, and 
the issues must be addressed. Before those issues, however, can be understood, 
a user must be familiar with certain ground-water concepts. 

Perhaps the best way a user can become familiar with the necessary con
cepts is by studying applications of well-documented models. Well-documented 
models (actually codes) usually include good, concise presentations of 
mathematical theory, along with discussions on numerical implementation. 
Without entering into mathematical detail, the following sections will indicate 
some major concepts and recommend some outstanding documentation reports. 
Successful ground-water transport modeling depends directly on a user's 

application experience. Such experience is best developed through the study of 
previous application examples. 

2.3.2 Ground-Water Transport Simulation 

These guidelines for model selection are not intended to replace various 
excellent textbooks on ground-water concepts. Freeze and Cherry (1979) have 
written a very readable beginner's level book on ground water that includes 
discussions on chemistry. A more advanced text was written by Bear (1979); his 
book contains both advanced theory and descriptions of numerical methods. Wang 
and Anderson (1982) provide a good introduction to numerical techniques of 
ground-water modeling, including simple example programs for both finite dif
ference and finite element solutions. A soil physics book by Hanks and 
Ashcroft (1980) introduces nearly all unsaturated flow concepts, including 
aspects of soil evaporation and plant transpiration. A standard text for 
advanced soil physics is that by Kirkham and Powers (1972). Further mathe
matical methods can be found in code documentation, which is recommended below. 
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The conceptual basis for simulation of solute transport in ground water is 
easily understood; however, the mathematical techniques used for water flow and 

transport simulation are quite diverse and often complicated. Conceptually, 
solute transport is determined by the ground-water flow rates and divergences 

in flow direction. Ground-water flow is entirely described by a water velocity 
vector field prevailing in an aquifer or vadose zone. The local flow velocity 
is that occurring within the interstitial {pore) space of a porous medium. A 
solute, which is any dissolved chemical species, is siMply propelled by moving 
ground water. Solute concentrations in solution define the extent of 
migration, and fluxes define the mass transfer rate past a unit observational 

surface area. Solute flux is composed of convective {advective) and dispersive 
parts. The convective flux describes movement conforming to mean ground-water 
velocity, and the dispersive flux describes spreading not accounted for by 
convection. Dispersion is the spreading caused by flow deviations from the 
mean velocity. Dispersive flux is conventionally described by Fick's diffusion 
law, as extended to structured nonisotropic porous media. 

The fundamental solute transport equation is derived by substituting the 
total solute flux, which is the sum of convective and dispersive components, 
into a conservation equation for local solute mass. Each chemical species 
involved satisfies a resulting convection-dispersion equation. Each transport 
equation may further include source/sink terms representing exchanges of solute 
mass between solution phase and chemically immobilized states {e.g., adsorbed, 
precipitated, flocculated, reacted). Those additional terms may also represent 
chemical reactions between and transformations of different ionic species. 
Mathematical concepts of solute transport are discussed ~ Fried {1975) and 
Bear {1979). 

Parameters of solute transport are porosity {water content), flow velocity 
field, dispersion tensor, and all chemical model coefficients. The velocity 
and dispersion tensor depend on location and may also depend on time. Usually 

the dispersion tensor is expressed in terms of longitudinal and transverse 
dispersivities with respect to flow velocity direction. Concentration is the 
typical simulated dependent variable. 
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Before a solute transport simulation can begin, the flow velocity must be 

known or simulated. Because ground-water velocity cannot be easily measured 
directly, except by means of tracers, it must usually be simulated. The funda

mental ground-water flow equation is based on combining local water conserva
tion and Darcy's phenomenological law for water flux (Freeze and Cherry 

1979). Darcy flux is proportional to the gradient in total hydraulic head, 

which constitutes hydraulic potential energy. The proportionality factor is 

called hydraulic conductivity. Hydraulic head is the sum of elevation and 

pressure heads in a saturated zone. 

In an unsaturated zone, hydraulic conductivity depends on water content as 

a function. The matric potential (capillary tension or pressure) and elevation 
potential determine hydraulic head in an unsaturated zone. Matric potential 

also depends on water content, as expressed by a soil-water retention curve, 
which may exhibit multi-valued hysteresis behavior. In an unsaturated zone, 

water generally moves from wetter to dryer locations, whereas it moves from 
higher to lower positive pressures within a saturated zone. This is true if 

location elevation does not change, otherwise the total hydraulic potential 

determines movement direction. 

There are many forms of the saturated ground-water flow equation that 
depend on the specific aquifer description: confined, leaky, and phreatic 

(water-table type). Transmissivity is usually used to represent an average 
hydraulic conductivity over aquifer depth, particularly when an aquifer is 
confined. A specific storage coefficient expresses how water stored locally in 

an aquifer changes in proportion to changes in head with time. Storage is 
important under transient flow conditions. 

Richards' equation is generally used to describe moisture movement in an 

unsaturated zone. Another form of the equation based on soil-moisture 
diffusion is sometimes used. But Richards' equation, based on continuously 

variable hydraulic head, is the most appropriate for heterogeneous media. The 

nonlinear nature of these equations makes them difficult to solve--hydraulic 

properties change drastically with small changes in water content. Moreover, 

unsaturated flow is further complicated by simultaneous movement of water vapor 

and air, possibly under nonisothermal conditions. Those processes can make the 
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accuracy of Richards• equation questionable under field conditions. 

Unsaturated flow simulation was reviewed by Lappala (1980) and updated again 
(Lappala 1982). 

Parameters needed for simulating flow in an aquifer are transmissivity (or 
saturated hydraulic conductivity), storage coefficients, saturated thickness, 
and water source/sink flow rates (e.g., well pumping). Vadose zone parameters 
are hydraulic conductivity-water content curves, soil-water retention curves 
(characteristics), diffusivity, and capacity. Equations for evaporation and 
plant transpiration modeling are also needed to describe moisture removal from 
a ground-water system. For water flow simulation, hydraulic head or capillary 
pressure are usually the dependent variables. Water flux is then calculated 
from Darcy•s law. Water velocity equals the Darcy flux divided by either 
effective porosity of water content at each location. 

2.3.3 Code Examples 

The following water flow and transport codes have extensive application 
histories and include typical modeling methodology. The cited codes are 
exemplary, but they are not necessarily recommended for every user•s needs. In 
fact, the list somewhat reflects certain modeling biases. Related documents on 
these codes appear at the end of this section. 

2.3.3.1 Aquifer Ground-Water Flow 

The variable thickness transient (VTT) ground-water code documented by 
Reisenauer (1979) (see Reisenauer 1977; Cole et al. 1975) solves the Boussinesq 
equation by an integrated finite difference method. A two-dimensional, multi
layer aquifer description including interaquifer flow transfer is employed. 
Mathematical details were discussed in a report by Kipp et al. (1976). Another 
user•s manual with simulation examples was written by Bond et al. (1981); this 
code has had many applications to regional aquifer problems. 

The code FE3DGW is a fully three-dimensional, finite element program based 

.. 

on the Galerkin method. Gupta et al. (1975) developed the original code, which ~ 

was further documented by Gupta et al. (1979). It represents an advanced 
saturated flow simulation technology. 
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Codes developed for the U.S. Geological Survey are also long-standing and 
well-documented (e.g., Trescott et al. 1976). The review by Mercer and Faust 

• (1980a-e) indicates some past applications. 

• 

2.3.3.2 Vadose Zone Flow 

The UNSAT1D code (Bond et al. 1982) is nearly a complete model of 
unsaturated, one-dimensional moisture movement in a soil profile containing 
growing plants. This model stems from the original by Gupta et al. (1978). 
Ma~ tests of verification and validation have been performed on the model, and 

it has many applications (Gee and Simmons 1979; Simmons and Gee 1981; Mayer 
et al. 1981; Freshley 1982). Some of the Hillel (1977) test cases were also 
reproduced with the model. 

TRUST is a three-dimensional unsaturated flow code (Reisenauer et al. 
1982) based on the original work of Narasimhan and Witherspoon (1978). The 
code uses an integrated finite difference algorithm and can treat both 
saturated-unsaturated flow in deformable porous media. It also has a superior 
time step control for accurate simulation of wetting fronts. 

Finite element codes for saturated-unsaturated flow modeling have also 
been developed (Yeh and Ward 1980; Yeh and Strand 1982). The codes are called 
FEMWATER and FECWATER. These codes, which stem from the original work of 
Reeves and Duguid (1975), were designed to be applied in conjunction with the 
solute transport codes, FEMWASTE and FECWASTE. A conceptual plan for applying 
these codes was discussed by Yeh and Tamura (1982). The codes are limited to 
two-dimensional representation of vertical water flow. 

2.3.3.3 Solute Transport 

The codes PATHS (Nelson and Schur 1980) and AT123D (Yeh 1981) are 
simplified analytical models of transport. PATHS also includes water flow with 
nondispersive transport along pathlines. AT123D is based on solutions of the 
transport equation for constant parameters. 

An early description of a complete water flow and solute transport model 
was given by Reddell and Sunada (1970). Finite difference methods are 
demonstrated. The code documentation is very complete in both theory and 
difference equation derivation. A method of characteristics is used to solve 

2.11 



the convective-dispersion equation. A similar code was developed by Prickett 
et al. (1981) for two-dimensional flow. Transport calculations, however, are 
based on a random-walk particle tracking method. The U.S. Geological Survey 
transport code is described by Konikow and Bredehoeft (1978). It is two

dimensional and based on the method of characteristics. An updated version 
that includes radioactive decay and adsorption was developed by Tracy (1982). 

FECWASTE (Yeh and Strand 1982) is a two-dimensional finite element code 
for transport, designed to be applied with FECWATER. The code stems from that 
of Duguid and Reeves (1976). A related simulation case study that has been 
discussed repeatedly was described by Duguid (1979). CFEST (Gupta et al. 1982) 
is a highly evolved three-dimensional finite element code for modeling coupled 
water flow, thermal energy, and solute transport. 

An up-to-date description of well-known transport codes is provided by 
Javandel et al. (1984). Various analytical solutions and a discussion of how 
transport codes can be applied to analyze different study objectives is also 
included in that useful reference handbook. 

2.4 GROUND-WATER TRANSPORT MODELING ISSUES 

The diversity of water management problems encountered in the past (Jacobs 
et al. 1980) indicates that a generic systems modeling approach will generally 
not be workable. A generic approach is too inflexible and superficial to allow 
adequate analysis of specific low-level waste burial sites. Moreover, a 
generic approach could actually lead to incorrect conclusions about the 
environmental safety of a particular site and confinement design. 

Because the representation of fundamental processes is usually over
simplified, it is unusual to get an accurate analysis for both humid and arid 
sites with a generic approach. An accurate site-specific analysis will demand 
optimal application of current ground-water modeling technology. The 
considerable natural variability in hydrologic properties makes every ground
water system unique. Therefore a transport ~odel must be developed in each 
case to be consistent with the site conceptualization. A relevant transport 
model is developed by selecting and combining tested codes that simulate 
appropriate physical processes acting at a site. 

2.12 

• 



• 

• 

• 

To formulate and develop a proper systems model that can accurately 
simulate ground-water transport at a particular site, certain technical issues 
must be taken into account. A model developer or user must always confront 
those issues in order to justify the problem solution approach. No single 
approach is best for all circumstances. Decisions on the technical issues must 
be made before adequate site-specific, objective oriented modeling can be 
accomplished by a user. Some recognized issues are discussed below. 

2.4.1 General Issues 

2.4.1.1 Code Requirements--What Kinds of Codes are Needed? 

A user must determine, based on site information, if an aquifer ground
water code {saturated zone) or a partially saturated flow code {vadose zone), 
or both, are required. The selection of appropriate codes is based on both 
climatic and hydrologic conditions. However, site-specific data may be so 
meager or problem objectives so unclear that codes should not be applied, and 
some simplified analysis might be called for instead. 

If both saturated and unsaturated flow are important, the degree of 
required code coupling must be considered. Water flow in the two zones can 
often be simulated separately and sequentially, so that it is not necessary to 
use the most advanced and unified code, which may be difficult to control or 
satisfy its data needs. A ground-water chemistry model may also be required if 
the contaminant transforms or interacts with the porous medium. Again the user 
must decide on the need for direct coupling with water flow codes. Selection 
of the appropriate codes should depend on the analysis objectives, and a single 
code is not likely to be suitable for all circumstances. 

Model development should be driven by the identified physical and chemical 
processes that need simulation in order to reach study objectives. The same 
codes do not necessarily apply equally well t~ different sites. A predeter
mined suite of codes should not determine what constitutes proper site 
characterization data. The applicable range of data associated with simulation 
objectives should determine appropriate codes. 
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2.4.1.2 Code Complexity--Should a Simple or Complica1:_~d Code be Used? 

Model selection should be consistent with the level of detailed 
information available and with the prediction objectives. Every ground-water 
transport problem is, in reality, a three-dimensional, time-dependent problem 
involving complex physical processes from the most theoretical of perspec
tives. However, application of the most complex model including unknown or 
inapplicable parameters can lead to incorrect results. In particular, a 
complex model when applied without sufficient control can produce fictitious 
system behavior. A simplified, one-dimensional representation may be more 

appropriate in some cases, when the ambiguity of an incompletely characterized 
system cannot be eliminated. A model does not need to be an exact, abstracted 

mathematical copy of the actual system. 

Simplified models may also be needed for practical, efficient computa
tional advantages. In any case, the complexity of a model should correspond to 
prediction accuracy objectives. Indeed, selection of adequately complex models 
is more of an art than a science. Validation with actual field observations 
is the final check on adequate model complexity. 

2.4.1.3 Code Coupling--How Should Selected Codes be Coupled? 

It is usually more convenient for a user to operate a model as a single 
computer code than as separate submodels. But decoupling or decomposing a 

model into separate submodels, which can be operated in some sequential manner, 
can often provide greater computational efficiency, better simulation control 
at each stage, and more problem-solving flexibility. Flexibility is achieved 
by allowing many combinations of submodels for the various physical 
processes. In general, submodels can be decoupled and run independently and 
sequentially if the associated physical processes are not involved in an 
interactive loop, where each affects the other. Typically, transport 
simulations for low-concentration solutes can be decoupled from the water flow 

simulation. The flow velocity pattern then determines the solute migration. 
But decoupling may not be possible when high solute concentrations affect the 
water movement. Evaporation from ground surfaces can be simulated in either a 
coupled or decoupled way depending on the mechanistic complexity required. 
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Simulation of chemical processes in conjunction with water flow can demand 
• different degrees of coupling. A strong coupling requires simultaneous solving 

of combined and interdependent equations. Transport of chain decaying radio-

• nuclides or chemically transforming species falls in this category. A weaker 
coupling involving interactive exchanges of data between separate codes may 
also be applicable, but that depends on the time and spatial scales associated 
with water flow and chemical processes. An important and open issue is the 
required degree of coupling between water flow and chemical processes under 
different hydrologic conditions. 

Development of a systems model requires code and physical process coupl
ing. A systems model may be any collection of codes--whether directly coupled 
or not--for analysis of a particular ground-water transport problem. Usually a 
systems model is contained in a single code to simplify operation and to 
eliminate user responsibility for the technical control of a simulation. 
Responsibility for program control is thought to be placed with the code 
developer; however, a user who applies a code to a specific problem must always 
be responsible for assuring that fundamental submodels are performing proper 
simulations. Indeed, that is another purpose of code evaluation. 

2.4.1.4 Dimensionality of Model Representation--What is the Appropriate 
Modeling Dimension? 

The complexity of known system geometry (hydrologic structure) and 
prediction objectives usually dictates the necessary spatial dimensionality. 
Choice of the modeling dimension required to represent a system usually depends 
on boundary condition geometry and associated complexity; i.e., the shape
dependent aspects of a problem determine appropriate dimensionality. Processes 
operating within a particular system do not always need a three-dimensional 
description. 

Spatial symmetry of a problem is often used to reduce the simulation 
dimensionality and thus simplify calculations. For example, the detailed 
analysis of water flow through a shallow burial trench might require a three
dimensional simulation, whereas the areal estimation of water flux through an 
entire burial ground might be well represented as a one-dimensional, vertical 
flow problem. A one-dimensional viewpoint might be particularly appropriate 
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when a great deal of soil profile variability occurs, so that an averaged flow 
is most applicable. For a very long burial trench, a vertical cross section 

may allo'll two-dimensional simulation, as another example. Applicable dimen
sionality is also connected \'lith the question of geometrical perspective, which 
is another issue discussed later. 

A systems model may include many submodels having different dimension
ality, and the influence of that on predictions must be understood when 
interpreting simulation results. There is a belief commonly held by scienti
fically naive modelers that a complete three-dimensional analysis will 
eliminate uncertainty in results. This view, however, disregards the fact that 
it is impossible to obtain sufficient data to fully satisfy the detail of an 

accurate three-dimensional model. Indeed, use of a three-dimensional model 
without adequately detailed site characterization can easily lead to a spurious 
result. Moreover, the fact that many physical theories are mere approxima
tions, which were chosen for their simplicity of mathematical description, is 
often forgotten. In many situations, it may be far better to achieve a 
phenomenologically accurate description of a process than to obtain an 
incorrect three-dimensional result. A three-dimensional representation is not 
always the best; e.g., there is a current need to obtain better one-dimensional 
descriptions of complex chemical behavior during ground-water transport. Yet 
many transport models are presently restricted by an oversimplified equilibrium 
adsorption description (Kd approach) and an overemphasis of dimensionality 
effects. Also, a user may be restricted to a lower dimensional representation 
by the lack of well-tested, advanced codes. 

2.4.1.5 Geometrical Perspective--What is the Appropriate Spatial 
Viewpoint? 

This term refers to the spatial orientation and modeling viewpoint 
employed when a ground-water transport code does not have a three-dimensional 
representation capability. Commonly, for practical computation and reduced 
mathematical complexity, codes that solve ground-water flow and transport 
equations are formulated for either a vertical cross section (profile) or a 
horizontal plan (areal) description. The symmetry of a system will often allow 
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a one- or two-dimensional, simplified description. Anderson (1979) has 
discussed these two perspectives as applied to ground-water contamination 
studies. 

Aquifer simulations are usually presented with areal perspective, and 
vertical variations within the system are averaged in some way. A profile 
perspective, which may be either one- or two-dimensional, is typical for 
unsaturated zone studies. 

A user needs to select codes that have geometrical perspective 
capabilities consistent with study objectives. Selected codes should not 
exclude the relevant perspective, because incorrect perspective can compromise 
the predictive usefulness of a simulation. For example, the areal dispersal of 
contaminants from a burial site may be best for environmental impact assess
ment, whereas a profile view is best for studying detailed migration patterns 
near a shallow burial trench. A profile view would best depict the passage of 
water through a trench, but it would not provide information about arrival 
locations and concentrations. In some situations, different perspectives, 
calling for multiple simulations, must be combined to map the detailed release 
and migration paths of contaminants. In fact, profile views are typically used 
for near-site and areal for the far-field contaminant migration simulations. 

While demonstrating a code's simulation capabilities, a developer may 
imply applicability of the wrong perspective. For instance, Yeh and Strand 
(1982) demonstrate a seepage pond problem for variably saturated conditions in 
profile view. The saturated zone part of the problem, which shows migration 
toward a lower altitude river boundary, would be better represented with an 
areal view. Concentrations arriving along the river could then be described 
more realistically. A profile view near the pond, within the unsaturated zone 
above the ground-water table, is appropriate for calculating the contaminant 
seepage. The seepage flux could then be input to an aquifer transport model, 
which would include the effect of mounding below the pond • 

A similar simulation example for entirely saturated flow was discussed by 

Pickens and Lennox (1976) who modeled dispersive behavior within a limited 
vertical domain. The influences of different relative magnitudes in the 
transverse and longitudinal dispersion was demonstrated. Contra~ to those 

2.17 



authors' claim, a horizontal perspective would have been more appropriate for 
an environmental impact migration study. Those simulations do provide good 

examples of transport code numerical capabilities, but the predicted concentra
tion would not be very useful for impact assessment. 

A good areal pollution problem case was described by Robertson as 
summarized in Fried's book (1975). The spreading of tritium in the Snake River 
plain aquifer, in Idaho, was modeled and compared with actual well samples. 
Far-field transport simulation is exemplified. This is also one of few cases 

that has been validated by field observations. 

Sykes et al. (1982) studied a well-known landfill pollution case by using 
both profile and areal perspectives. The profile view, however, was perhaps 
also overemphasized, because a typical shallow, confined aquifer was involved; 
i.e., the detailed depth change in concentration as seen in a sample well would 
be less important than the total contaminant quantity sampled. Averaging over 
the relatively shallow aquifer's depth might have been a more appropriate 
approach for assessing contaminant breakthrough. 

2.4.1.6 _Balanced Systems Modeling Complexity--~~hat t~odeling Emphasis 
Should be Placed on Each Process? 

A systems model should not overemphasize detailed mechanistic modeling of 
certain processes, while using a trivial representation of others. An 

imbalanced model can produce biased predictions, which do not reflect the 
proper influence of the neglected or trivially represented processes. 

Imbalances often reflect the particular theoretical specialization of a 
code and its developer. For instance, a hydrologic modeler might oversimplify 
the chemical process description. Conversely, a geochemist might incorporate 
complicated chemical behavior, while assuming a constant flow velocity, one-

dimension a 1 a qui fer representation. Use of a dynani ca lly detai 1 ed unsaturated 
flow code in conjunction with a transport description that neglects hydro

dynamic dispersion might be another imbalance example. Another might involve 
use of a simplified plant-root sink for water and solute uptake that does not 
account for the plant's dependence on soil moisture conditions. On the other 
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hand, application of a two-dimensional unsaturated flow code to areal infiltra
tion estimation may be a case of modeling overkill. A simplified, one
dimensional description may be adequate to quantify areal recharge to an 
aquifer . 

Proper balancing of system model complexity requires a user's complete 
understanding of the interactions between processes. However, a user should 
strive to use submodels of adequate, but minimal, complexity. Balancing of 
submodel complexity is a difficult modeling aspect that has no simple rule. A 
user must study the approaches of researchers to gain experience. Perhaps, 
only final model validation can establish whether or not subsystems and 
processes are adequately balanced. 

2.4.1.7 Steady-State Versus Transient--Should a Steady-State or Transient 
Code be Used? 

Codes are usually designed specifically to solve the fundamental equations 
for either steady-state (time independent) or transient conditions. Steady
state equation solutions, of course, can often be attained as the limit of 
transient conditions, but the convergence rate and accuracy of a numerical 
algorithm may make that approach impractical. Ground-water aquifer flow 
problems typically are well represented as steady-state. A large geologic time 
scale compared with field observation limits makes that description 
appropriate. 

Rapidly changing physical processes, such as occur in a near-surface, 
unsaturated zone, may demand a transient and dynamic simulation. Thus the 
choice of steady-state or transient description will depend on the time scales 
of relevance to the problem. 

2.4.1.8 Numerical Methods--What Numerical Solution Method is Best? 

Modeling results and predictions, obviously, depend on numerical methods 
employed to solve the fundamental ground-water flow and solute transport 
equations. In many cases, a computer algorithm may determine the relationship 
between physical variables and quantities that can not be explicitly expressed 
by an equation. Sometimes numerical difficulties can be bypassed by using 
analytical solutions to describe processes included in a systems model. 
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Analytical solutions of fundamental equations, solved under certain simplified 
conditions, can also be used to assess accuracy of a numerical algorithm, which 

is essential for solving a more complicated problem. However, there is no 
general rule or assurance that similar accuracy will be achieved for the 

complicated problem. A complicated simulation problem usually has realistic 
three-dimensional initial and boundary conditions and possibly time-dependent 
inputs and outputs of water and solutes. Analytical solutions can usually only 
be obtained for less realistic and simplified descriptions of a system. 

Simplification is often achieved by assuming constancy in various physical 
parameters and quantities. 

Usually, a model's convergence accuracy can be absolutely assessed only by 
performing a sequence of simulations with refined spatial discretization and 
time steps. Convergence of modeling results is what guarantees a user that the 

particular problem has a unique and well-defined answer--a numerical aspect of 
absolute necessity for establishing that a modeled burial site is not releasing 
contaminants above safe levels. On the other hand, the implementation of 
different computer algorithms may lead to different limiting results--a main 
reason for comparing different codes on the same test problem. 

Present-day numerical methods and algorithms are chiefly based on finite 
difference, finite element, and direct simulation (random particle movement) 

approaches. Use of those methods for solving saturated flow ground-water pro
blems was reviewed by Mercer and Faust (1980a-e). Mathematical techniques for 
solving unsaturated flow problems were reviewed by Lappala (1980). Anderson 
(1979) and Grove and Kipp (1980) have given excellent reviews of solute 
transport theory and related mathematical techniques. These cited reviews are 
good entry points into extensive ground-water transport literature. But it is 
not the purpose of these guidelines to review numerical methods literature or 
provide specific advice on what numerical methods a user should use. 

A major issue of ground-water modeling, however, has traditionally been 
establishing which numerical method is best. Numerical methods, however, 
continue to evolve with the development of more advanced computer 
capabilities. Most users will need only to select ade~uately accurate and 
workable codes. The subtle mathematical distinctions of various methods need 
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not concern most users. The various numerical equation-solving methods are 
usually selected for their computational efficiency, as well as accuracy, when 
applied to certain kinds of problems. No one method seems best for all 
simulation purposes. Selection of codes for a particular site application 
should be based ~n what method seems appropriate and adequate, as long as the 
model is properly evaluated and tested for accuracy. In many circumstances, 
especially when a user who is inexperienced and insufficiently knowledgeable in 
modeling applies a code, a more general numerical method will not necessarily 
assure better problem answers. Finally, perhaps the most certain way to 
establish adequacy and accuracy of a numerical technique is to compare 
simulation results with actual experimental data. The limits of what can 
actually be measured should determine sufficient numerical accuracy. 
Validation is the final check of adequate numerical accuracy. 

2.4.1.9 Model Sensitivity--Is There a Unique Answer to a Simulation 
Problem? 

A ground-water transport simulation is usually presented as a single 
result corresponding to an assumed absolutely known set of input parameters. 
This is a deterministic view, which is based on an assumption that the system 
characterization is exactly known. The single result might consist of a 

spatial description of water flux through a particular region and a solute 
distribution for each contaminant. Each solute distribution evolves in time as 
if determined with absolute certainty. However, the input parameters that 
characterize a particular ground-water system are never actually known with 
such absolute certainty. In fact, the input parameters are seldom more than an 
effective description of a system under known conditions. That is, input 
parameters are usually not measurements of fundamental properties; they are 
obtained by calibrating a model for specific conditions. Additional 
information, or even a reevaluation of the input parameter correctness, can 
lead to different modeling results. Hence, the conclusions drawn from modeling 
results can change if uncertainty in input parameters is taken into account. 

Model sensitivity describes the change in results associated with a change 
in input parameter values. A sensitivity analysis quantifies a model's 
response to input parameter changes. The fact that input parameters are always 
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uncertain to some extent indicates a need for a sensitivity analysis when 
reporting transport results that will be used to assess waste burial site 

safety; i.e., the degree of confidence that calculated concentrations of 
transported contaminants remain within safe limits must be demonstrated. 
is an additional aspect of good modeling procedure. 

This 

A sensitivity analysis may be performed either by simply varying input 
parameters within their ranges of likely values and by repeating the simula
tion, or by considering the propagation of parameter errors through the model 
equations. In some situations, the various submodel physical theories compris
ing a systems model may have uncertain correctness. For example, unsaturated 

flow processes such as ground surface evaporation, chemical interaction with 
soils, and solute dispersion do not have fully established theories. In those 
situations, it may be necessary to perform simulations with different contend
ing mathematical theories. A sensitivity analysis can also be used to demon
strate that some physical process has negligible influence on predictions. How 
well a model calibrates to or matches known conditions can also be considered 
in a sensitivity analysis. 

Thus the issue of model sensitivity is whether or not a single set of 
system characterizing parameters is sufficient for making accurate predictions. 

2.4.1.10 S~~ti~l and_Temporal Scale--What Spatial and Temporal Intervals 
Should be Used? 

Numerical modeling nearly always depends on some form of both space and 
time discretization. The fundamental equations are reduced or restricted to a 
finite number of discretization points called nodes. The nodes are crossing 
points of a spatial grid network used to subdivide a problem region into 
smaller subdomains. Spatial changes in the hydrologic properties and 
parameters are expressed in terms of the grid network. Separation of the node 
points determines the scale of resolution in space. Time scale is determined 

by time step size. These scales represent how finely continuum processes are 
described by the finite number of discretization points. As the scale size 
approaches zero the resulting discretized solutions should approach continuous 
limits. 
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On the other hand, measurements of hydrologic properties and parameters 
are not obtained at point locations but depend on the sample volume size and 
actual observation time scale. Thus such measurements are already inherently 
discretized. Usually the discretization for equation-solving purposes must be 
much finer than that of the measurements. 

Simulation results will depend implicitly on these discretization and 
measurement scales and must be understood in the interpretation of results. 
Observed at different scales, simulation results will also be different; e.g., 
field-scale dispersion during transport by ground water is a consequence of 

hydraulic conductivity variability at all scales. That is, in order to 
directly simulate field-scale dispersion a great deal of spatial detail would 

be needed. Most numerical equation-solving methods, however, cannot 
practicably treat such refined detail. 

In some cases, the fundamental equations themselves may depend on an 
inherent scale for which the phenomenological theory is observed. All ground
water flow and transport equations, for instance, describe processes at macro
scopic and larger scales. Evapotranspiration models can be formulated at many 
different scales. 

Thus, scale effects are always an inherent part of a simulation. For 
long-term simulations, the time step size (time scale) cannot necessarily be 
arbitrarily large without disturbing solution accuracy. This also makes some 
long-term modeling difficult. For instance, unsaturated flow depending on 
hourly rainfall details cannot be directly simulated with weekly or monthly 
time steps, which might make a 1000-year predictive calculation more 
feasible. To achieve long-term simulations, it may be necessary to use 
entirely different equations involving temporal averaging. Water balance and 
parametric models for large regions often take that approach. 

Therefore, the issue is on what spatial and temporal scales are relevant 

to a certain simulation problem . 
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2.4.1.11 Dispersion Representation--Can Field-Scale Dispersion be 

Accurately Described? 

A major technical issue related to transport modeling is adequate descrip

tion of field-scale dispersion. Dispersion is the spreading of a solute in 

porous medium, caused by movement of water through the medium. Diffusion and 

local hydrodynamic dispersion, as observed in laboratory-scale columns, are 

parts of the overall dispersion process. These aspects are commonly described 
as diffusion-like, satisfying Fick's diffusion. Dispersion cannot be expressed 

in terms of mean ground-water velocity alone. Local variations in flow 

velocity direction and magnitude caused by the natural heterogeneity in 

properties causes dispersion. Field-scale dispersion is mainly caused by 

large-scale heterogeneities encountered by the flow in an aquifer. The process 

cannot usually be described by Fick's diffusion law, when used in conjunction 

with dispersion coefficients determined in laboratory-scale tracer experi

ments. In fact, the spreading process is usually associated with unknown and 

uncharacterized geologic variations of hydraulic properties. The dominant 

property variation occurs in hydraulic conductivity. 

Clearly, the issues of whether or not dispersion can be adequately 

described are related to spatial scale and unsertainty in property 

characterization. 

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; Jury 1982; Smith and Schwartz 1980; Gelhar et al. 1979; Matheron 
and DeMarsily 1980; Dagan and Bresler 1979; Simmons 1982a,b). Some recognized 
inadequacies of the conventional approach are prediction of non-physical 
upstream migration, failure to predict increased dispersion caused by larger 

scales of heterogeneity, inappropriate dependence on diffusion-like boundary 

conditions, and incorrect representation of non-Fickian, asymmetric solute 

distributions. 

There is no clear consensus as yet on how the mathematical transport 

theory should be modified to account for predictive inadequacies. Some 

researchers have developed methodologies based on effective field-scale 
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dispersion coefficients, while others advocate direct stochastic transport 
approaches. But all new approaches incorporate a stochastic process 
description of spatial velocity variation, which is related to a statistical 
description of heterogeneity. Hydraulic conductivity heterogeneity has the 
greatest influence in both aquifers and vadose zones. 

Stochastic transport approaches based on modified effective dispersion 
coefficients have been developed (Pickens and Grisak 1981b; Tang et al. 1982; 
Gelhar and Axness 1983). Others are based on direct probabilistic descriptions 
of solute distributions (Smith and Schwartz 1980; Bresler and Dagan 1983; Jury 
1982; Dagan 1982; Simmons 1982a,b; Amoozegar-Fard et al. 1982). Each approach 
for including stochastic effects has conceptual and mathematical limitations, 

and no single approach is best for all transport modeling situations. 

Stochastic transport descriptions for aquifers (saturated zone) have 
emphasized heterogeneity associated with stratified or layered geologic forma
tions. The spatial correlation in hydraulic conductivity stratification is the 
main random quantity determining transport behavior. In an unsaturated zone, 
vertical, downward solute migration is emphasized, with field-scale dispersion 
being connected with areal variation of infiltration and drainage. A one
dimensional representation, usually neglecting areal location correlations, is 
considered adequate for downward migration. A two-dimensional viewpoint is 

usually assumed for a stratified aquifer. Either a vertical or horizontal 
geometrical perspective, however, can apply, depending on system symmetry and 
prediction objectives. 

The central issue that a user must confront is the adequacy of the conven
tional deterministic approach, when substantial spatial variability is present 
at a burial site. Single, mean parameter values when employed in a deter
ministic transport equation may not provide sufficiently accurate predic
tions. Even though effective dispersion coefficients may be calibrated to 
match field data, their ability to predict subsequent solute migration may 

fail. Also, a relevant representation of stochastic effects may be more 
important than obtaining a fully three-dimensional, deterministic descrip
tion. The issue must also be addressed in terms of the uncertainty in system 
characterization. 
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2.4.1.12 Model Uncertainty--Is a Deterministic or a Stochastic Approach 
Best? 

Ground-water transport modeling entails numerous subjective decisions as 
part of developing a conceptual systems model and selecting appropriate 
equations to describe the physical processes. Seldom are measurements of 
hydraulic properties and parameters available in sufficient detail to describe 
an entire system. Interpolative and extrapolative methods are inevitably 

required to fill in incomplete site characterizing data. The predictive 
outcome of contaminant transport modeling will depend greatly on how missing 
data are completed. Moreover, this modeling limitation is unavoidable under 
current field measurement technology, because most aquifers cannot be examined 
sufficiently for the underground hydrologic details. Also, measurements of 
hydraulic properties that are obtainable can often have substantial errors. 

The uncertainties in site characterization data contribute to correspond
ing uncertainty in transport predictions. However, a number of geostatistic 
methods, which can remove some subjectivity in data preparation for modeling, 
have been developed. Mercer and Faust (1980a-e) describe some of the recent 
trends. An honest and complete predictive modeling effort should include both 
a sensitivity study designed to determine the relative importance of the 
various model parameters and an uncertainty study designed to analyze the 
impact of uncertainties in the model parameters. An uncertainty study amounts 
to quantification of predictive errors resulting from the propagation of 
uncertainties in model parameters through the codes used in the model of the 
system. 

Simplified, stochastic models may be preferred over mechanistic, determ
inistic ones when a great deal of system uncertainty is involved. In other 
words, the average and variance of predicted quantities for a system having 
many possible states or configurations may be more important than a single 
estimate, which is based on a mechanistically detailed, yet uncertain, 
description. Practicality may require a simplified model involving fewer 
parameters so that many simulations can be performed for an error study. For 
instance, this modeling philosophy has been suggested to better describe areal 
solute leaching through the unsaturated zone (Bresler and Dagan 1983). 
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The majority of past ground-water modeling was based on a deterministic 
viewpoint, but current research recognizes the inherent variability of natural 

ground-water systems and endeavors to use a statistical description based on 
means and spatial covariances. Developed codes making use of newer stochastic 

approaches, however, are not yet available. The use of geostatistical methods 

to estimate ground-water velocity variation was discussed by Devary and Doctor 

(1981). Kincaid et al. (1983) reviewed equations for uncertainty analysis and 
error propagation studies of ground-water flow. In reviewing statistical 

sampling methods for monitoring low-level waste burial sites, Eberhardt and 
Thomas (1983) questioned the applicability of deterministic modeling 

approaches. They suggest that such systems are too variable to be treated with 

a mechanistic viewpoint and recommend completely statistical approaches. 

From a stochastic viewpoint, field-scale dispersion is a result of 

inherent spatial variability in flow velocity. The variability amounts to the 
uncertainty in the mean velocity, and that uncertainty must be expressed 

statistically in order to describe field-scale transport. Field-scale disper
sion is seldom a negligible process, and accurate transport predictions cannot 
be made without including it in a model. The same methods and concepts that 

apply to an uncertainty analysis or error propagation study may be equally 

applicable to a field-scale dispersion description. 

The main issue for a user is whether or not a single, deterministic answer 
to a modeling problem is adequate. A stochastic approach including only a 

sufficient level of mechanistic complexity may be more appropriate in some 
cases. However, a completely statistical model, such as described by a 

regression equation, is severely limited in applicability at different sites 
and in long-term prediction capability. Any sort of statistical approach that 
entirely neglects underlying physical processes should be avoided, except 
possibly for site data sampling and preparation purposes. Ground-water 

transport modeling requires the merging of deterministic physical laws with the 

stochastic effects of the naturally variable ground-water environment . 
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2.4.1.13 Model Verification and Validation--What Constitutes a Tested 
Model? 

The definitions and meanings of the terms verification and validation 

often hamper successful communication among both modelers and managers. 

Together these words refer to the steps involved in evaluating a systems 

model. Unfortunately, the specific meaning assigned to each word is sometimes 

controversial and has varied with time and scientific discipline. For these 

ground-water transport modeling guidelines, the word 11 Verification 11 shall refer 

to a demonstration that a code includes the claimed (documented) equations and 

that the numerical solution algorithms are adequately accurate. In brief, 

verification is just a confirmation that a code performs its intended 

computational purpose. Analytical solutions of the fundamental equations are 

commonly used to 11 Veri fy" a code, under certain restricted controlling condi

tions; i.e., a code's accuracy may not be guaranteed for other appropriate 

physical conditions, which are not specifically tested. A comparison of 

simulation results with another previously tested and confirmed code can also 

constitute a verification (or benchmarking). 

11 Validation 11 shall refer to the comparison of model predictions with 
actual measurements of a system being simulat8d. The fundamental laws and 

equations for ground-water transport processes should not need to be validated 

for each site application. Fundamental laws (e.g., water and solute mass 

conservation, Darcy's law, Fick's law) are assumed absolute and sufficiently 
proven under controlled, restricted conditions. The fundamental laws have been 

tested in laboratory experiments and also justified through theoretical 
derivations based on first principles of physical and chemical science. 

Other complicating processes, however, may act in a real hydrologic system 

to disguise the manifestation of fundamental laws; i.e., factors such as 

hydraulic property heterogeneity and hysteresis phenomena may influence system 
behavior. A code that does not represent such factors is not invalid, but only 

possibly mechanistically incomplete and inadequate. A validation should be 

performed to test a code's ability to simulate specific processes, as observed 

in an actual system under controlled experimental conditions. Controlled 
conditions are those for which only known processes act. 
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Because every computer model is an inherently limited representation of an 
actual system, a system's future behavior can never be predicted exactly. Thus 

predictions of a computer model cannot be validated before an actual 
occurrence; i.e., a model can only project the possible future system behavior, 

provided all dominant factors are accounted for and actual system attributes 

(processes and parameters) are not modified in time (i.e., geologic and 

geochemical permanency). 

A "valid" computer model is one whose parameters can be estimated so that 

simulated quantities match their experimentally measured equivalents. A model 

is calibrated when it matches all known measurement information, which is 
sufficient to define a unique state of the system. Parameters of a calibrated 

model must furthermore fall within physically relevant bounds. Therefore 
validation of a computer model depends on whether or not it can be calibrated 

to match or fit known system behavior. 

An "invalid" model would employ an incorrect mathematical representation 

of some particular process. That may happen when a particular process is not 

fully understood and properly characterized; e.g., there are many basic 
physical models for evapotranspiration and hysteresis behavior. Non-isothermal 

water vapor transport and field-scale dispersion are also not completely 

understood. A single mathematical theory does not prevail for these processes, 

and some parameters have only an empirical significance. 

An inductive logical approach is perhaps best for the development and 

validation of a ground-water transport model; i.e., a model should be pro
gressively extended to include processes of secondary importance, as required 
to attain greater long-term prediction accuracy. The hierarchy of importance, 
of course, must be known for all processes in order to accomplish development 

of a valid model. A sensitivity study approach, however, can be useful for 
determining the importance of each process, and whether or not a particular 

process needs to be included. A user should beware of codes proclaimed to 

include a description for every conceivable aspect of water and solute 
transport in porous media. Such models may be impossible to rigorously vali
date, unless secondary processes can be turned-off (i.e., neglected) without 

interfering with code operation. 
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The central issue of appropriate model selection is verification and 

validation. These steps of a code evaluation are discussed further in 
Chapter 3. 

2.4.2 Saturated Ground-Water Modeling Issues 

Shallow ground-water tables in high rainfall regions provide entry paths 

for hazardous wastes into deeper aquifers, which may be used for water supply 
or, which discharge to surface waters. Commonly, saturated ground-water 

modeling involves a regional flow analysis, rather than the smaller scale flow 
that could be of interest near a shallow burial trench. But a small-scale 

application of such saturated flow models is also perfectly proper. 

The research and application aspects of saturated zone transport modeling 

were reviewed recently by Bredehoeft (1983). He states that "the methods for 
solving the mathematical problems posed by flow and transport in a porous 

medium have to a large extent been solved during the last decade." Questions, 
however, remain on the nature of dispersion in aquifers and on flow and 

transport in fractured media. Methods for estimation of parameters from field 
data remain at the forefront of current research and are associated with 

statistical hydrology developments. Technical issues are for the most part 
associated with the limitations in hydrology technology. 

A difficulty in applying ground-water models is that answers to specific 
problems will not necessarily be unique. It is quite possible for different 
users to arrive at dissimilar conclusions about a particular ground-water 
problem, while applying the same codes. This situation could be the 
consequence of holding different views on the hydrologic data and the system•s 
conceptual model. So to clarify the chosen modeling approach, a user should 
consider the following list of technical issues and justify their resolution. 
However, there are no absolute or uniquely correct answers to these issues: 

• Boundary conditions do not automatically follow from field data and 
need to be established by a user. Yet these peripheral problem 
constraints essentially determine a modeling problem•s solution. 
Boundary conditions along a region•s periphery are set as either 
known head (hydraulic potential) or water flux depending on a user•s 
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interpretation of the hydrology. That interpretation is part of the 
conceptual model that a user must be responsible for developing. 

Areal recharge sources are also important internal conditions that 
cannot be neglected. Usually the boundary flux is not actually known 
and can be manipulated to obtain nearly any desired result. But 
boundary flux must be made consistent with all other known hydrologic 
factors. In any case, ambiguous interpretation of boundary 
conditions can lead to uncertain modeling results. 

• Measurements of aquifer transmissivity nearly always require 

extension to other regions having unknown values; i.e., 
transmissivity measurements are always incomplete over a region. 
This issue is connected with the need to perform an inverse 
estimation of transmissivities to match known head contour 
information. 

• Inaccuracy in hydraulic potential measurements can lead to incorrect 
flow pattern modeling. The flow pattern determines major solute 
migration and must be predicted accurately. 

• The problem of calculating a velocity field with a finite element 
model needs careful consideration for irregularly shaped elements. 
This may also be the case for certain finite difference approaches. 

• Exact geologic structure and hydrology of a system will not be 
known. This contributes to the uncertainty in forming a system 
conceptual model. 

• Transport predictions have accuracy limited by the knowledge of 
contaminant sources and input rates. 

• Importance of fracture flow within a system may need special modeling 
considerations; i.e., standard ground-water codes may not be 
applicable. 

• Accuracy of transport simulations is greatly limited by an incomplete 
knowledge about field-scale dispersion and chemical-media 

interaction. 
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• The various Methods for coupling ground-water flow and geochemical 
models can lead to different results. 

2.4.3 Unsaturated Zone Mod~ling Issues 

Provided that a concerted effort is Made in the future to locate low-level 
wastes in arid, shallow-land burial sites, it seems apparent that processes of 

partially saturated moisture flow and solute transport will have major impor
tance. Furthermore, aside from the engineered and configurational barriers 

that will most likely be employed to control ground-water contamination, the 
same technical questions confronted by the agricultural sciences will apply to 

the prediction of possible low-level contaminant migration. Therefore, most 
technical methodology for predicting solute transport behavior in granular 
media (soils) and the associated research needs can be directly identified from 
agricultural sciences and soil physics literature. The advances made in 
unsaturated zone transport theory were reviewed by Molz et al. (1979) and again 
by Smith (1983). Major technical issues of unsaturated zone transport modeling 
correspond well with the present research emphasis. Some technical issues that 
need addressing by both model developer and user are as follows: 

• Model results may be influenced by the particular mathematical 
representation of unsaturated soil-water characteristic curves and 
hydraulic conductivity. Effects of spatial variability on such 
curves may require special considerations. A great deal of random 

variation in hydraulic properties occurs in a vadose zone. This 
makes modeling in terms of an entirely deterministic theory 
questionable under natural field conditions. 

• Hydraulic conductivity and water content relationships are seldom 
measured directly under field conditions. Theoretical formulas of 
uncertain accuracy are often employed instead. 

• The interface or boundary (transition zone) between saturated and 

unsaturated zones is often difficult to treat accurately. Combined 
saturated-unsaturated flow codes may be required. 

• Unsaturated zone moisture movement is essentially controlled by the 
ground surface boundary condition, which depends on a precise 
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description of climatic and evaporation processes. How these 
processes are represented at different scales can have a strong 
influence on water balance results. 

• Unknown initial conditions may influence the results of highly 
dynamic unsaturated zone simulations. A steady-state condition based 
on recurrent climatic conditions may be needed to establish initial 
profile conditions. 

• Multiphase flow (air, liquid and vapor soil-water) may need to be 
modeled in detail near the surface. Most unsaturated flow codes 
neglect air displacement by water. 

• The importance of spatial and temporal scales needs consideration for 
long-term simulations. 

• Mathematical difficulties associated with solving nonlinear equations 
of unsaturated flow (e.g., wetting front movement) must be con~ 
trolled. Unsaturated flow may be represented by either a diffusion 
or hydraulic potential gradient approach. These two approaches 
require special consideration for between-layer boundary conditions 
and hysteresis effects. 

• Modeling of plant transpiration and solute uptake by roots is not 
based on a fully complete and verified theory. There are many 
different phenomenological approaches to modeling these plant 
biological processes. The impact on unsaturated zone modeling 
results is not fully understood. 

• Hydrodynamic and field-scale dispersion is a complicated process 
depending on spatial variability of hydraulic properties and the 
observation scale. Its present theoretical description limits 
transport modeling accuracy. 

• Theory and mathematical representation of chemical processes in an 
unsaturated zone are not fully developed. Modeling based on a 
retention factor (Kd) description of adsorption may be inadequate. 
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Modeling of chemical transformations does not have a unique 

approach. Mobile and immobile soil-water phases may need modeling in 
order to describe transport. 

• Processes of consolidation (trench cover instability) may demand 
special modeling methods. 

• Processes of hazardous gas (e.g., radon) movement and escape may 
require special modeling. Coupled movement of gas and soil-water may 
need modeling. 

These issues are the question of what processes must be included in a model and 
how accurate must be their description. 

2.5 RELATED DOCUMENTS 
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3.0 A USER 1 S MODEL SELECTION AND EVALUATION PLAN 

3.1 INTRODUCTION 

This chapter presents a procedure for selecting the appropriate ground

water flow and transport computer codes for modeling a low-level waste burial 
site. The computer codes for a model can be selected, but a user must develop 

the actual physical model for each application. Model development depends 
greatly on a judicious choice of site-specific information and experimental 

data. Necessary site data will depend greatly on a modeler•s simulation 
objectives, which in this case will generally involve contaminant migration 

prediction. Therefore, the general data requirements for modeling a site are 
also reviewed in this chapter with regard to model development and related code 

selection. 

The procedure presented in this chapter is based on the nine ideal systems 
model development steps discussed in Chapter 1. This guideline suggests the 
decision-making course for a user, but the user has the responsibility to find 
the appropriate codes. 

The only way a user can be certain that code selection has been successful 

is through rigorous evaluation of actual code performance. A model evaluation 
assures that selected codes actually have the required simulation capabil
ities. Thus evaluation constitutes the proof that a code can perform its 
intended function. Test cases for each basic process involved must be actively 
applied to evaluate code capabilities. Evaluation is necessary to establish 
scientific credibility in the use of a model. 

A user cannot merely select the most general codes encompassing all the 
relevant contaminant transport processes. More than a mere operation of 
computer codes is required. A considerable knowledge of ground-water 
principles and mathematical technology will be necessary to successfully 
accomplish an accurate modeling effort. As pointed out by Anderson (1983), the 
user•s modeling experience, and not the particular code, is usually the 
critical factor in proper model application. 
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3.1.1 Types of Models 

Models can take various forms, such as physical (e.g., a sand box model) 

or mathematical (e.g., analytical or numerical). Mathematical models can be 

further classified as deterministic, stochastic, or totally empirical (i.e., 

black box). The extremes in the kinds of mathematical models are 

• completely deterministic, mathematical models that use precise 

mathematical representations of all relevant physical and chemical 

processes active in an aquifer 

• wholly empirical black box models where individual processes are not 

distinguished. 

This guideline is entirely concerned with the first kind involving recog

nizable processes. 

A user, however, must realize that a 11 model 11 of a specific site is an 

abstraction and, therefore, a simplification of the real world. A pro

perly developed and validated site model, however, will allow approxima

tion of a real ground-water system•s attributes important to a study•s 

objectives. In the following discussion, a model is defined as a 

deterministic analytical or numerical computer code (or codes) in 

conjunction with the data sets for the site being studied. 

3.1.2 Steps Involved in Modeling 

The first steps involved in investigating a ground-water flow and trans
port problem at a low-level waste site would follow the steps suggested in 

Chapter 1: 

1. Define the site study objectives. In this step, the specific problem
solving objectives are identified. These objectives, which are the 

purpose for performing a simulation, would also include some definition of 

spatial and temporal scales of interest. 

2. Collect and analyze data on the site relevant to the problem and study 

objectives. 

3. Formulate a conceptual model of the site, in order to 

• identify the extent and nature of the ground-water system 

3.2 

-~ 



• 

• conceptualize all the attributes of the ground-water system which 

gives it unique character 

• determine and identify all the physical and chemical processes that 

are important to the description of the movement and transformation 

of the waste as it moves from the disposal site through the system to 

points of potential biosphere entry. 

4. Identify the appropriate process descriptive equations (deterministic or 

empirical) and simplify the assumptions to be used to represent the 

physical and chemical processes important at the specific site. 

5. Select the appropriate analytical or numerical codes suitable for analysis 

of the ground-water flow and transport problem at the specific site. 

6. Couple/interface the selected codes. 

7. Evaluate the selected code(s) performance to determine adequacy for 

representing the geometry and the physical and chemical processes 

important to simulation of the specific site. 

The final steps of the modeling process are: 

8. Run site-specific simulations. This step includes: 

• translating the conceptual model and data on the specific site 
into the format required by the selected code(s) 

• calibrating (history matching) and, if data are available, 
validating the model 

• conducting sensitivity studies to check model sensitivity to 

variations in input data 

9. Compare simulation results with study objectives. This step includes 

applying the model as a predictive or investigative tool to attain 
the study objectives. 

Before proceeding with a more detailed discussion of these systems model 
development steps applied to ground-water transport problems, a discussion of 
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ideal code documentation contents will be included. The documentation report 

provided by a model developer is the greatest asset available to a user who is 
selecting a code. 

3.2 DOCUMENTATION CONTENTS 

3.2.1 General Comments 

This section discusses the ideal contents of well-documented computer 
codes. Good code documentation ensures scientific rigor and implementational 
quality. A user needs to systematically examine the documentation contents to 
identify appropriate codes for specific ground-water transport modeling 
applications. Unfortunately, even the best codes are seldom completely docu
mented. A user may also have to consider other application reports to deter
mine a code's usefulness. Careful study of documentation can save a user· from 
the wasted time of rejecting a code, while part way through the model 
development process. 

When selecting a code, a user is essentially searching for a numerical 
tool that best matches the system conceptualization and problem-solving 
objectives. That tool must solve the relevant fundamental equations subject to 
desired initial and boundary conditions and must be operable on the available 
computer system. 

Codes for solving the fundamental water flow and solute transport equa
tions are usually much more general than required for a particular problem. A 
user needs to know how only the relevant computational aspects are turned on, 
while at the same time keeping other unrelated parts from interfering with code 
application. A user needs to determine any problem-solving limitations that 
may influence applicability, as established by the system conceptualization. 
Indeed, the user's original conceptual model may require alteration because a 
sufficiently general code is not available. For example, restrictions on a 
code's representation dimensionality or geometrical perspective are common. 

Code documentation can also show a user that a similar applications 
problem was successfully treated, in addition to providing supporting test case 
verifications. 
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The fact that developers often call their codes "models•• is an indication 

that certain conceptual restrictions were placed on fundamental equation 

solutions. The word "model", instead of "code", is often used when certain 

concepts and physical assumptions are implied, even though a systems model is 

not fully specified; e.g., there are various forms of the ground-water flow 

equation. A vertically averaged aquifer description is a typical one. Thus a 

code is often a partly formed model, which must be completed by the user. 

There are many examples of technically well-documented codes for ground

water flow (e.g., Reisenauer 1979; Gupta et al. 1979; Reeves and Duguid 1975; 

Segal 1976; Yeh and Ward 1980} and for transport (e.g., Reddel and Sunada 1970; 

Konikow and Bredehoeft 1978; Duguid and Reeves 1976; Nelson and Shur 1980; 

Prickett et al. 1981; Yeh 1981). Typically, water flow and solute transport 

codes are documented as separate physical models. Some, however, are coupled 

under certain physical restrictions. A review of saturated flow models was 

done by Grove and Kipp {1980). The procedures and documentation format for 

such models are usually similar to those for unsaturated flow models (e.g., 

Feddes et al. 1978; Gupta et al. 1978; Reisenauer et al. 1982}. Lappala {1980} 

has reviewed unsaturated flow and transport modeling theory and mathematical 

techniques. Also, many water flow codes treat both saturated and partially 

saturated flow together. Thus, the particular technical content of model 

documents will vary considerably, depending on the intent of each developer. 

Good model documentation, will include a clear summary of the fundamental 

equations and the employed numerical methods. A well-documented computer code 

should include a user•s manual for data input and output control and the code 

itself should contain sufficient comments so that a user can follow the code•s 

logical structure. A good model document may not necessarily include the 

actual computer code listing, but it should be available in a form transferable 

to the user•s computer system. 

The main purpose of good model documentation is to make a model under

standable and to make its predictions credible by establishing its underlying 

assumptions and computational accuracy. Aspects of a well-documented model can 

be readily identified by examining models that seem to achieve that goal. Thus 
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ideal documentation contents consist of a list of all recognized aspects that 

make various models understandable, reliable, and credible. 

Model documentation guidelines have been issued by the Nuclear Regulatory 

Commission (NRC) (Silling 1981). The NRC guidelines provide rules for assuring 

traceability of model development and consistency of model applications to 

burial sites. Such guidelines should be followed in matters of information 

management and regulatory control. Most models, however, do not conform to 

those guidelines. 

3.2.2 Adequate Documentation Contents 

Ten main aspects of a well-documented model are listed below. They are 
more general and less stringent than the NRC 1 s guidelines, since only 

scientific adequacy is the concern of these model selection guidelines. All 

aspects are usually not found in a single model document, but all such 

information must be available to a user. A user may have to search through 

both theoretical reports and previous site applications reports to obtain 

necessary information. 

1. purpose of model (reason for development and physical phenomena 

simulated) 
2. fundamental physical processes described (basic mathematical 

equations solved and controlling conditions) 

3. mathematical methods and computer algorithms employed (how solutions 

are obtai ned) 
4. site-specific data required to control the code (simulation control 

parameters needed) 
5. calibration of model parameters (adjustment of model to input data) 

6. verification and validation evaluations performed (application of 

evaluation test cases) 

7. example simulation results (model site applications and 

demonstrations of test cases) 

8. sensitivity study and prediction uncertainty (accuracy and 

credibility of model) 

9. user•s manual and commented computer codes (numerical implementation 

of model) 
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10. methods for display and interpretation of program input and output 

(simulation results and analysis methods). 

These ten aspects are discussed below in more detail. 

3.2.2.1 Purpose of Model 

This is obviously a statement identifying the basic physical processes 

encompassed: saturated ground-water flow, unsaturated flow, coupled saturated

unsaturated flow in porous media, solute transport, adsorption and decay, 

chemical transformation, and so on. Other key words indicate the type of 

model: one- and two-dimensional, static, dynamic, analytical, numerical, 

deterministic, stochastic, mechanistic, empirical, etc. The words, analytical, 

finite difference, finite element, integrated finite difference, method of 

characteristics, and random walk indicate various mathematical methods for 

solving the fundamental equations. 

Codes are usually designed to emphasize certain physical quantities: 

hydraulic potential, water flux, soil moisture content, solute concentration or 

flux are examples. A user must be certain that the required quantity is 

available in a particular code. 

Geometrical perspective is another important model attribute: areal (two

dimensional horizontal) view or vertical cross-sectional view. These impose 

rigid limitations on the usefulness of a code. 

Most important, a user should identify the intended applications (e.g., 

water supply and near-well performance evaluation, regional aquifer analysis, 

unsaturated zone and ground-water interaction, seawater intrusion, waste 
injection wells, holding ponds, land fills, and thermal storage). A developer 
may present a code as a general computational tool, whereas the code may 

actually have been designed to treat a restricted kind of application. The 

specific design for one application may make a code ineffective for another. 

An extensive history of similar modeling applications should be sought • 

Special numerical features that provide code accuracy control, mass 

balance, and computational efficiency should be stated. 
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3.2.2.2 Fundamental Equations 

Simulated physical processes should be identified with the corresponding 

fundamental equations that describe them. Equations should be presented so 
they reflect inherent assumptions: dimensionality, geometrical perspective, 

coordinate system representation, averaging of physical quantities, initial and 

boundary condition constraints, and spatial-temporal scales. A user should 

beware of theoretical discussions and equations that do not conform to the 

actual code implementation. Thus a model document should give the relevant 

equations--not those expressed in abstract general terms. 

Equations involving certain implicit physical assumptions should have a 
referenced derivation. Such assumptions restrict applicability and can lead to 

modeling conceptual errors if not understood. 

If a fundamental equation does not exist for a process, then the 

computational algorithm should be exactly defined. New stochastic approaches 

may be essentially described by only an algorithm, for instance. 

Various forms of the ground-water flow equation are reviewed by Mercer and 

Faust (1980a-e). Grove and Kipp (1980) and Anderson (1979) review solute 

transport equations. Neuman (1983) gave a recent review of convection

dispersion equation solving methods. Lappala (1980) reviewed the unsaturated 

zone equations for flow and transport. A simplified description of various 

numerical methods is given also. Fracture flow and transport under partially 
saturated conditions and associated equations were reviewed by Evans (1983). 

3.2.2.3 Mathematical Methods 

A user needs to be familiar with the limitations and efficiency of 

different numerical methods for solving the fundamental equations. The great 
variety of available computer codes is usually connected to the multitude of 

existing numerical methods. The above-mentioned references also review most 
technical aspects of the various equation-solving methods. Many newer methods, 

however, are not yet applied in long-standing, well-documented, user-oriented • 
ground-water transport codes. Moreover, the relative merits of various methods 

are often a controversial subject, and considerable technical literature having 
divergent opinions exists. However, finite-element methods for aquifer pro-
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blems and (integrated) finite-difference methods for unsaturated flow are most 

popular. Solute transport codes may use either method, including random-walk, 
particle-moving methods. Finite difference is conceptually most easy to 
understand, whereas finite-element methods can be more complicated. Finite
element methods have the advantage of representing irregular-shaped domains. 

Finite-difference and finite-element methods constitute approximate 
descriptions of fundamental continuous partial differential equations repre
senting physical processes. After applying spatial discretization, the 
obtained algebraic equations take a form different from the original equa
tions. The related numerical formulation and involved approximations should be 
explicitly developed for the resulting algebraic equations, which are solved by 
the selected code. Code design and operation depend directly on the particular 
algebraic equations that are derived. 

3.2.2.4 Specific Data Requirements 

A complete list of input data and physical parameters is essential. Level 
of detail allowed by the discretized equations as defined over the allowed 
spatial grid network must be specified, and methods for obtaining control 
parameters from more basic data should be discussed. Example simulations 
should demonstrate the entire data set needed to perform a simulation. 
Recommended data sources and kinds are helpful. Data range and discretization 
limitations for accurate simulation control should be given. 

3.2.2.5 Model Calibration 

In order to remain within proper physical bounds and be site-specific, a 
model needs calibration. This is an adjustment to match known information 
about a system. Methods for estimating control parameters from site-specific 
data should be explained or referenced. Step-wise procedures for calibrating a 
model to specific problem data should be given. Relationship of calibration to 
discretization must be clear. 

3.2.2.6 Evaluations 

The ideal code documentation would include completed test cases that 
demonstrate applicability to a user's specific problem. The example 
simulations might ideally include verification test cases based on a comparison 
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with an analytical solution. Model documentation seldom includes validation 
cases, which are usually found in published theoretical papers. But prepared 

data can be used as an evaluation test case. 

Even the best models seldom provide enough test cases to guarantee appli
cability to particular problem. A user must expect that additional evaluations 

using site-specific data will be necessary. 

3.2.2.7 Example Simulations 

The best indicator of how a code works is a complete example simulation. 
This consists of all input data necessary to reproduce in every detail the 

associated output results, which should be provided in the code documenta
tion. Such examples allow a user to test a selected code on his own available 
computer system. Unless the code was developed on an identical computer, some 
coding aspects are bound to require modification and adjustment. A complete 
test case is then necessary to demonstrate reproducibility and to establish 

credibility. 

Moreover, a complete example provides operational instruction and gives a 
user training in preparation for other new applications. This helps ensure 
that a code is not erroneously applied. Ideal example simulations should 
include actual verification and validation test cases whenever possible. 

3.2.2.8 Sensitivity Study 

Most code documentation will not provide a sensitivity study, which 
entails a tabulation of output results over the ranges of input parameters. 
However, relevant theoretical studies should be referenced in a well-documented 
model. Sensitivity studies are usually performed by users, while identifying 
the dominant processes affecting a system. 

A sensitivity study may include a discussion of numerical accuracy 

limitations and realms of aberrant behavior. Recommendations for spatial and 
temporal discretization that achieve the best simulation results should be 

given. This essentially describes the discretization sensitivity. 
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3.2.2.9 User's Manual 

A user's manual or guide should describe in sufficient detail all the 
information needed to accomplish a successful code application, provided the 
user is adequately familiar with theoretical concepts. The manual should 
enable a user to 

• formulate a problem in terms of code input required 

• prepare the data for code input 

• run the code to obtain a desired output. 

Major items that should be included are the following: 

• guide to code usage (considerations in translating a user problem 
into a code's input format; e.g., grid design, boundary and initial 
conditions, and time step selection) 

• model control options for initial and boundary conditions and time 
steps 

• input preparation instructions (flow charts, tables, formats, data 
units, and any other control information) 

• computer storage and code operation requirements 

• application limitations (array dimensions, time step and grid 
spacing, and numerical precision) 

• output options (physical quantities available and output formats) 

• code application examples (completely documented from input 
preparation to output tabulation and display of results). 

A discussion of code design and implementation should be part of the 
user's manual. The code design discussion should present enough detail so that 
an experienced user could verify coding of the theory and numerical methods 
presented in the main documentation report. Code design information should 
enable a knowledgeable user to make code modifications for adaptation to other 
computer systems or to include additional control options. A code design 
description should include: 
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1. computer language and operating systems on which code was developed 

2. file structure and contents (all file types and the operational 
purpose) 

3. flow charts (flow diagram of code logic and file usage) 

4. parameter lists (primary variable names, meanings, physical units, 
and type--integer or real) 

5. complete code listings {appropriate comment lines included) 
6. code array dimensioning procedures 

7. potential problems for code conversion to another computer system. 

3.2.2.10 Display and Interpretation 

A well-developed code should have additional programs for setting up and 
checking input files and for interpretation of output results. Programs for 
plotting and tabulation facilitate analysis of simulation results as well as 
checking model input. Special auxiliary methods for preparing input data and 
generating spatial grids make a code practical for complicated problems; 

without them a timely application may be impossible. Without interpretational 
programs, simulation results may be nearly impossible to present in an 

understandable way. Display programs are thus necessary to clarify model 
predictions. 

3.3 THE GROUND-WATER TRANSPORT MODEL DEVELOPMENT STEPS 

Although the conceptualization and selection of a systems model is as much 
an art based on experience and knowledge as it is a step-by-step rigorous 
scientific process, a formal discussion of the conceptualization, selection and 
evaluation process can serve to reduce the "art" content to a minimum. If the 
user recalls that models are simply "tools," then by analogy it is easy to 
understand that experience and understanding play an extremely important part 

in their proper use. As already indicated, the basic steps that precede the 
actual selection of a computer code are to 

1. Define site study objectives. 
2. Collect and analyze site characterizing data. 
3. Formulate the conceptual model. 
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To start the selection and evaluation process, it is important that these steps 
be completed. They are briefly outlined below to provide some guidance for 
their successful completion. 

3.3.1 Step 1: Define Site Study Objectives 

The specific study objectives or goals must be established before proceed

ing, since the selection process is drastically affected. A general statement 
of objective such as, .. understanding ground-water flow and transport at the 

site 11 is too broad. If a user is interested in the design of capping materials 
to limit infiltration through buried wastes, then spatial and temporal scales, 

data, and required codes are all affected. If the goal is assessing the impact 
on man of chemicals leached from a burial site and transported through an 
aquifer to a well or surface water body, then very different scales, data sets, 
and codes are required. Careful definition of objectives is imperative for a 

successful modeling study so that a modeler can focus all efforts on the 
problem at hand. 

3.3.2 Step 2: Collect and Analyze Site Characterizing Data 

Before proceeding with any extensive field and laboratory efforts aimed at 
further site characterization, all available data on a site and its surround
ings should be gathered and considered to develop a preliminary conceptual 
model of the site. Indeed, one should ask: 11 How can we possibly gather the 
appropriate new data if we haven•t examined the existing data and don•t have at 
least a conceptual model for the site? 11 

There are many sources for locating existing data on ground-water 
systems. These include local, state, and federal agencies, such as: 

• local water supply districts, well drillers, and hydrological 
consultant firms and other architect/engineering firms that deal with 
water problems 

• local and regional Soil Conservation Services offices 

• state offices of natural resources, environment, health, or ecology 
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• local, state, regional and national offices of the u.s. Geological 
Survey, the U.S. Corps of Engineers, and the U.S. Bureau of 
Reclamation 

• universities and colleges with programs in geology and hydrology. 

Additional data required for modeling related to climate can be obtained from 
the local weather bureaus and the National Weather Service. Data on surface 
water basins, such as base flow for streams, springs, and evaporation from 
lakes, can be obtained fro~ the u.s. Geological Survey and any local or state 
agencies that might collect these data. Areal photography, LANDSAT data, 
geologic maps, soils maps, and topographic maps are all important additional 
sources of data. 

Although it is probably impossible to identify every possible kind of data 
that might be required for every ground~ater flow and transport investigation, 
we can at least identify a fairly complete generic list. All of the entries 
may not be necessary for a given study, but here is where the "art" and exper

ience of the hydrologic modeler comes into play. Groundwater problems are 
boundary value and initial condition problems. Thus the types of data 

collected must not only identify media parameters, they must also describe 
appropriate geometry, scale, dimensionality, and boundary condition loca
tions. The data requirements also depend on whether the objective is unsatu
rated zone or saturated zone characterization. Specific data requirements for 
modeling each zone will be described below. 

3.3.2.1 Unsaturated Zone Water Flow and Contaminant Transport 

Unsaturated zone system understanding and data requirements may include 
all or parts of the following list. 

Data important to boundary conditions and geometry: 

• areal distribution of depth to water table (i.e., variation in the 
thickness of the unsaturated zone) and data on variation of the water 
table as a function of precipitation events and seasonal fluctuation 
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• definition of geometry of layering of the soils in the unsaturated 
zone, continuity of layers, slopes and thicknesses, and any other 
relevant geometric detail 

• description of the land surface important to infiltration and runoff 
such as surface slopes, soil distributions, ditches, vegetation 
distribution, weather data such as precipitation, potential evapo
transpiration, pan evaporation rates, relative humidity, data on 

solar energy 

• plant or vegetation parameters such as root zone water holding 
capacity, crop coefficients, leaf area index, rooting depth, rooting 
density, root resistivity, canopy extinction coefficients, turbulent 

transport coefficients, fractions of bare and vegetated soil, solute 
uptake coefficients, and wiltin~ point moisture content. 

Data on porous media material properties: 

• soil-water properties curves such as hydraulic conductivity/
diffusivity versus moisture content and suction head, water capacity 
as a function of suction head and air entry pressure, for each of the 
significant media layers in the unsaturated zone 

• water vapor diffusivity, vapor flow enhancement factors, and boundary 
layer resistance 

• heat flow properties important to energy balance determinations, 
which control evaporation such as surface reflectivity, thermal 
conductivity/diffusivity, and thermal capacity 

• dispersion data, which can include diffusion coefficient, dis
persivity, mobile/immobile fractions, and mass transfer coefficients, 
spatial autocorrelation structure for the media spatial variability. 

Data for transport source, solute, and chemistry: 

• waste form leach rates, contaminant decay constants 

• adsorption data such as Kd, bulk density and effective porosity 
adsorption-desorption isotherm, mineral charge density, and mineral 

surface density 
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• precipitation-dissolution data such as solid phase solubility limits, 

ion activity coefficients, and kinetic coefficient 

• speciation data such as chemical equilibrium constants, activity 

coefficients, and kinetic coefficients 

• data on water chemistry (major anions, cations, Eh, pH, etc.) and its 

distribution in the unsaturated zone along with data on any 
significant temporal variations. 

3.3.2.2 Saturated Zone Water Flow and Contaminant Transport 

Saturated zone system understanding and data requirements can include all 
or parts of the following list. 

Data important to boundary conditions and geometry (layering, areal extent and 
structure): 

• maps and cross sections for defining physical framework and 

boundaries for the local and the regional ground-water system these 
include: 

hydrologic maps showing the areal extent of the aquifers and 

aquitards or more primary data for preparing these hydrologic 
maps, such as geologic maps, geologic cross sections, well and 
driller's logs, bedrock maps for indicating the base of the 

regional ground-water system, regional surface water drainage 
basin divides, topography, and annual isohyetal maps for 
development of an understanding of the behavior and extent of 
regional ground-water movement 

structure top and thickness maps for each of the geologic and 
hydrologic units 

potentiometric surfaces for each of the hydrologic units so that 

the saturated thicknesses can be determined. 

• geologic maps and data indicating the location and character of 

structures (anticlines, synclines, overthrusting, faulting) that 
might have an impact on hydrologic properties and routing of flow and 

contaminants. 
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• data on stratigraphy and lithology. 

• topographic maps or other sources for identifying surface water 
features, which act as recharge or discharge sites for the ground
water system, are important to the determination of boundary 
conditions. 

• data for allowing estimates of areal variation of recharge to be 

made. These include precipitation records, surface slope 

distribution, temperature records, humidity records, land use and 

vegetation distribution maps, surface soil types and characteristics, 
evapotranspiration data, plant use coefficients, etc. 

• data on pumping and recharge wells such as location, temporal 
variation, nature of use, and rates of pumping and identification of 
pumping intervals. 

• data on disposal ponds and estimates of leakage rates. 

Data on porous media material properties: 

• data on areal distribution of hydraulic conductivity or 

transmissivity for each of the aquifers and aquitards along with the 
primary data used to prepare the interpretations such as data on pump 

tests, slug tests, specific capacity tests, and drill stem tests 

• data on storativity and its distribution in each of the aquifers and 
aquitards 

• data on porosity and effective porosity and its distribution in each 
of the aquifers and aquitards. 

Data for transport source, solute, and chemistry: 

• waste form leach rates, contaminant decay constants 

• adsorption data such as Kd, bulk density, effective porosity, 
adsorption-desorption isotherm, mineral charge density, and mineral 
surface density along with estimates of how these parameters may vary 

spatially (both horizontally and vertically) 

3.17 



• precipitation-dissolution data such as solid phase solubility limits, 

ion activity coefficients, and kinetic coefficient 

• speciation data such as chemical equilibrium constants, activity 

coefficients, and kinetic coefficients 

• data on water chemistry (major anions, cations, Eh, pH, etc.) and its 

spatial distribution in the saturated zone aquifer and aquitard 

hydrologic units along with data on any significant temporal 

variations 

• estimates of fluid density variation as a function of contaminant 
concentration. 

Data for determination of initial conditions: 

When transient saturated ground-water flow is important, then additional 
data on potentiometric distributions and concentration distributions is 

required. This would include plots of potentiometric and concentration distri

butions for each of the aquifer and aquitard units being considered. 

Data for saturated system understanding: 

This data category usually does not involve any additional data beyond 

that mentioned above, rather it deals with the way it is prepared: 

• comparison of differences in potential distributions between the 

various layers serves to delineate recharge and discharge zones 

• comparison of aquifer potentials with stream and lake elevations for 
determination of recharge/discharge areas 

• data on pump test analyses for determination of boundary effects, 

leakage, fractures, etc. 

3.3.3 Step 3: Formulate the Conceptual Model 

An attempt to provide a complete description of a procedure for develop-

• 

ing a conceptual model of a ground-water system at any shallow-land burial site • 

would produce several tomes. Moreover, conceptual model building is where the 

art of modeling comes into play, and a rigid set of rules probably cannot be 

devised to cover all applications. Basically, a conceptual model is a 
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simplified picture based on the site characterization data. The picture is 

bound to be an abstraction of all available site information. Also the 
picture's complexity will depend on the overall simulation objectives and data 

availability • 

We can, however, at least outline some major considerations important to 

the development of an appropriate conceptual model for use in safety and design 
studies related to siting a new shallow-land burial facility or evaluating an 

existing site. The development of an adequate (and this does not necessarily 
imply complex) conceptual model of the ground-water system at a proposed or 

existing shallow-land burial facility is perhaps the single most important 
step--not only for the selection of appropriate codes, but also for the success 
of an entire ground-water study effort. 

Very basically, a conceptual model is determined by specifying the partic

ular geohydrologic configuration along with relevant initial and boundary 
conditions. Those specifications must, of course, be complete enough to 
entirely define a hypothetical analogy of the actual system. The conceptual
ized system must be such that site characterization data are sufficient to 

determine property and parameter values for the associated equations. Physical 
and chemical processes to be simulated in conjunction with the relevant problem 
geometry determine the appropriate equations. Mercer and Faust (1980a-e) 
describe how a conceptualization is formulated for a case with pollution 
migration as the simulation objective. A beginner user might consider (as a 
simple example) the conceptual model presented by Duguid (1979) for radioactive 

waste migration and also again discussed by Yeh and Tamura (1982). 

To develop a conceptual model, it is important to realize first that 
complex is not always better, although it may appear to be an easier route. A 
real ground-water system is, of course, complex. Such systems do respond to 
even hourly changes in river stage, precipitation, cloud cover, and so on. 
However, the influences of such short-term effects are generally of little 
importance to a ground-water study. Perturbations in predicted concentrations 
caused by such effects are usually minor compared with those deviations related 
to uncertainties in input parameters and other system characterization para
meters. In particular, the capacitance of typical ground-water systems is such 
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that short-term fluctuations in boundary conditions are smoothed, and only 

longer term trends are important. Exceptions to the rule, however, occur when 

one estimates infiltration with an unsaturated zone model. In the unsaturated 

zone, small temporal scale is important, but not because hourly estimates of 

recharge and transport through this zone are needed. It is the nature of 

infiltration and the nonlinearity of an unsaturated zone simulation problem 

that forces use of very fine time increments (small temporal scale). One must 

also be aware that the time and distance scales of physical phenomena, as well 

as the study objectives, can dictate the required modeling dimensionality. 

The first question facing a modeler during conceptual model development 

is: "To what extent of realism or abstraction do the site geometry and the 

physical and chemical processes believed active need to be represented in order 

to achieve the study objectives." At this point it is important to avoid 

"overkill." The temptation is to include, in great detail, all possible 

mechanisms (fully three-dimensional flow and transport), because then no 

thought and simplifying analysis by the modeler is necessary. However, this 

step is not taken without cost, since data requirements, 

code input preparation, and code run times all increase. 

required by an overkill approach may not be available or 

data collection costs, 

In addition, data 

collectable. The 
preliminary representation (conceptual model) should always be as simple as 

possible, yet consistent with known hydrologic and transport theory and site 

data. This is another general rule: A model should be made as simple as 

possible. Only the detail necessary to explain currently available or 
obtainable data and phenomena that are relevant to the study objectives should 

be included. 

A conceptual model is thus the technical expert•s perception of the 

physical behavior of a ground-water flow and transport system. The conceptual 

model development is simply the process by which a preliminary description and 

understanding of a ground-water system takes place, based on available data, 

experience and basic hydrologic principles. That perception is formulated by 

becoming as familiar as possible with the geohydrology of the site, by 

reviewing all available literature, making field trips to the site, studying 

existing data, and talking with people who are knowledgeable about the site. 
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By forming a conceptual model of a site, one becomes familiar with the area, 

hydrogeologic boundaries and boundary conditions, number of geologic and 
stratigraphic layers, general ground-water flow directions and quantities, 
barriers to flow, recharge and discharge areas, time dependencies of the flow 

• system, general water chemistry, and so forth. 

• 

The critical importance of conceptual model development demands attention 
and consideration by as many individuals involved with an investigation as is 

feasible. The more fully developed the perspective of the system to be studied 
the better. A user should not stand alone during conceptual model development; 

the expert assistance of geohydrologists, geochemists, and site managers will 
be required. Conceptual modeling is not, and should not, be a one-time 

activity, since processes left out at the conceptual modeling stage may remain 
neglected throughout the remainder of an analysis. For that reason, a concep

tual model must be repeatedly updated when new data and system understanding 
become available during a study. 

3.3.4 Step 4: Identify Process Descriptive Equations 

After the preliminary conceptual model has been developed, the user must 
identify the appropriate deterministic, empirical, or stochastic equations that 
will describe the important physical and chemical processes acting at the site 

under study. It is important, however, to realize that the equations them
selves represent some simplification of reality. The variety of equations used 
to represent specific processes under different conditions are discussed in 
more detail in the references; e.g., see Bachmat et. al (1980) for the general 
equations involved in ground-water modeling. The generality of those equations 
depends on many implicit assumptions about the limits of applicable physical 
conditions. 

Completely general forms of the fundamental equations can be written down 
easily. But in completely general form, the equations are of limited use for 
making practical computations. They would simply be too complicated for easy 
and reasonable application. Also, modeling objectives cannot be attained by 
simply identifying a computer code that includes all the known fundamental 
equations. In certain circumstances, various simplified forms of the 

fundamental equations would be more appropriate and compatible with limited 
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data. Moreover, a selection of equations which would require solutions for 

many coupled physical processes may be an impractical simulation approach. 

General saturated flow equations were reviewed by Mercer and Faust 

(1980a-e). Various simplified equation forms were also discussed. Grove and 

Kipp (1980) described the general equations for coupled saturated flow and 

solute transport. Lappala (1980) expressed the equations for the unsaturated 

zone in completely general form. Most computer codes, however, do not 

implement those equations in such general form. 

The conceptual model should dictate the complexity of equations used to 

represent the important physical processes active at a site and required to 

satisfy study objectives. All too often modelers force the conceptual model 
into a mold determined by a computer code, which is available and familiar. 

Provided the code is sufficiently general and applicable to the problem, that 

approach may not necessarily incorrectly bias the analysis. But, for instance, 

a code based on equations describing flow in a vertical two-dimensional profile 
should not be applied to a problem conceptualized as a horizontal aquifer. 
Force fitting of a conceptual model to an existing code should be avoided, so 

as not to misdirect the analysis. 

As a general rule, the equations to be solved should have a complexity 

consistent with assumptions embodied in the conceptual model. Those assumption 

are often statements about relevant temporal and spatial scales, geometrical 

symmetry, and the most important physical and chemical processes. 

For example, a modeling issue might concern whether or not a steady-state 

or transient form of the ground-water flow equation is called for by the 
conceptual model. An equation expressed in terms of a certain coordinate frame 

might also be most appropriate. Additionally, a certain simplification of a 
more general equation, such as resulting from a homogeneous and isotropic 

medium condition, might be appropriate. The choice of water flow or transport 

equation can also be affected by the nature of boundary conditions, which are 

actually part of the equation. Unsaturated flow is described by many different 
forms of Richard's equation, which do not always yield equivalent results. 

Furthermore, the appropriate equations will depend on whether a deterministic 

or stochastic viewpoint is taken. 
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The appropriate equations for a modeling effort are identified by drawin~ 

a correspondence with relevant physical and chemical processes acting at a 
site. Obviously, processes that are certain to have no influence on prediction 
objectives can be disregarded or excluded. However, the unknown impact of a 
particular physical process is sometimes evaluated by including the relevant 
equations and performing some hypothesis testing experiments to indicate 
potential importance. Physical and chemical process coupling will usually 
require that individual equations be combined and viewed as a single 
equation. That is, generally, a user cannot simply join the codes associated 
with individual processes. Coupled processes may demand a simultaneous 
solution of many equations having common variables. 

Once the conceptual model is developed and the relevant equations have 
been identified, one can proceed with the code selection process. A user, 

however, should note that codes may not be available to match identified 
equations, and then a compromise or code development effort may be necessary. 

3.3.5 Step 5: Select the Computer Codes 

This section addresses the main purpose of the modeling guidelines: 
selection of appropriate computer codes to study contaminant migration in 
ground water. A technical evaluation will be the way to establish if the 

selected codes are adequate to study a particular simulation problem. 

A computer code is the numerical implementation of the equations selected 
to rigorously describe the conceptual model. Quite commonly, the computer code 
is said to be the model. But that identification is not precise or correct. 
Moreover, the steps of model development are often confused with code selec
tion; i.e., model development is sometimes thought of as merely the selection 
of an appropriate code. Because there are many numerical methods, many differ
ent codes may solve the same equations. Then any code solving the applicable 
equations and having adequate numerical accuracy should be acceptable for 
implementing a model. 

Selection of the appropriate analytical or numerical code suitable for 

analysis of a ground-water flow and transport problem at a specific site 
requires a thorough analysis of a variety of factors. Some of the factors to 
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be considered are technical (numerical accuracy, efficiency, etc.) and others 

are subjective. An example of a subjective factor is the experience a user may 
have with a particular code. If one views codes as "tools," then it is clear 
that an experienced user with a less elegant tool may perform better than a 

user with an unfamiliar tool--even if the unfamiliar tool is of better 
design. Thus one finds that users inevitably apply codes with which they are 
familiar. Following the guidelines, therefore, will at least assure that an 
appropriate familiar choice is made. 

Code selection should begin with the study of available capability 
summaries. Such a summary is a list of codes reviewed by modeling experts. 
The reviewed codes are usually the well-known and familiar ones. Most likely 
the codes have been applied by other than the original developer. Example 
summaries are "A Summary of Repository Siting Models" (NRC 1982) and "Review of 

Ground-Water Flow and Transport Models in the Unsaturated Zone" (Oster 1982). 
The ONWI-78 (1981) report, "Tabulation of Waste Isolation Computer Models," 

provides a list according to use category, and a monograph by Bachmat et al. 
{1980) gives a compilation of technical attributes for some published codes. 

There are many summaries for ground-water flow codes; fewer are available for 
solute transport codes. 

There is probably no such thing as a "best" code for all study purposes 
and objectives. The determination of adequate code performance rests with the 
evaluation process. This is why the Environmental Protection Agency, Nuclear 
Regulatory Commission, and Department of Energy are now apparently emphasizing 
"benchmarking cases." Codes should be selected based on a preliminary evalua
tion of the documentation and past history of proven successes (e.g., site 
application reports). Selected codes, of course, should account for all 
physical processes identified in the site's conceptual model, and final 
acceptance and application of selected codes must be based on satisfactory 
performance of relevant test cases, demonstrating numerical accuracy 
(analytical solutions), and faithful description (experimental data) of the 
physical processes. 

One should note that no single existing hydrologic flow and transport code 

currently includes all the relevant processes and mechanisms of importance to 
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the shallow-land burial program. In any case, it is not necessary to have a 
single code that is capable of simulating all of the many and complicated 
processes acting simultaneously at a burial site. Most simulation problems can 
be appropriately handled as a group of coupled simpler problems involving 
subsystems of the entire site. The subsystem simulations can often be 
performed conveniently in sequence, each providing input to the next code 
member in the simulation sequence. For example, typical subsystems are the 
soil surface, unsaturated zone, and underlying aquifers. Sequential simulation 
can, in most cases, also be applied to certain coupled physical processes. For 
example, soil evaporation is an input to an unsaturated zone simulation, areal 
seepage is an input to an aquifer simulation, and spatial and temporal flow 
velocities are an input to a solute transport simulation. However, when 
subsystems and processes cannot be sequentially coupled, it will be necessary 
to select codes that integrate and perform simultaneous simulations. In this 
systems modeling approach, a user assembles a group of interrelatable codes, 
which address all relevant processes and simulation objectives. 

3.3.5.1 Selection Considerations 

Code members of a systems simulation model should be selected based on the 
following considerations: 

• The code•s ability to model the important hydrologic and transport 
processes acting in the subsystems that influence the movement of 
contaminants from the source to points of potential biosphere entry, 
such as wells, surface water bodies or plant roots. Those important 
processes and phenomena may include: 

infiltration-drainage 
evaporation-uptake of water and transpiration by plants 

- ground-water conduction 
consolidation-swelling 
convection 
dispersion-diffusion 

- buoyancy • 

• The code•s ability to address problem scenarios of general concern to 

the shallow-land burial program. 
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• The type of hydrologic and transport system (porous or fractured 

media, saturated or unsaturated) addressed by the code. 

• The code's ability to function properly when simulating the range of 

climates (e.g., the wetter humid east versus the dryer arid west). 

• The state of the art in a given modeling area (e.g., in areas such as 

fracture flow and stochastic-convective transport where only limited 
research codes exist). 

• The code's ability to address the flow and transport geometries of 

interest, such as natural layering, heterogeneities, arbitrary 

discharge boundaries, etc. 

• The type and variety of spatial and temporal boundary conditions 

addressed by the code. 

• The code's ability to handle arbitrary characterization parameter 

distributions. 

• The code's spatial and temporal simulation capabilities. 

Codes should be selected from those available to the general public. 

Propriety codes probably cannot stand the scrutiny of a licensing forum. 

In the modeling of hydrologic flow and transport, there are many codes to 

choose from, which have equivalent capabilities (e.g., two-dimensional, X-Y, 

saturated flow). Many such codes do the same things or may be only 
improvements in earlier codes. The most evolved code from a family with 

duplicate capabilities should usually be selected. The initial selection 
should be based on the extent of each code's application record, its 

reputation, and the extent of available documentation. Simpler models should 
not be routinely discarded from consideration. The study objectives may demand 

the use of a simple model for scoping studies, and a simple model may be useful 

for comparisons with more complex approaches. 

The key aspects used to categorize hydrologic flow and transport codes are 

evident in the following terms: 
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• saturated 

• unsaturated (or partially saturated) 

• unsaturated-saturated 

• single phase 

• multiphase 

• porous media 

• fracture flow. 

Those aspects are meant to be descriptive of processes and phenomena acting to 
affect the flow and transport in various hydrologic zones. Breaking the 
problem into such zones allows one to focus on those aspects of major 
importance: 

• Geometry-Structure. Modeling of hydrologic flow and transport is 

primarily a boundary value problem and is very dependent on flow 
geometry, source geometry, and the structure (layering or 

stratigraphy) of a system. Therefore, it is imperative that a code's 
ability to handle arbitrary geometry and structure be considered in 

the selection process. 

• Boundary Conditions. Again, the boundary value nature of a 

hydrologic flow and transport problem requires a selection process 
that carefully considers each code's ability to handle an appropriate 

suite of boundary condition types (e.g., held potential, given flux, 
or mixed type} with arbitrary spatial and temporal qualities. 

• Characterization Parameters. In view of the importance of geometry 
and structure, the selection process must consider a code's ability 
to handle arbitrary spatial distributions of characterization 
parameters (e.g., hydraulic conductivity distributions, effective 
porosity, storage coefficient). The varied functional nature of 
unsaturated zone parameters (e.g., hydraulic conductivity and water 

content dependencies on suction head) may require a code capable of 
handling arbitrary functional forms. 
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3.3.5.2 A Selection Procedure 

The scheme outlined below illustrates a possible plan for code selection, 
and it is followed by a code grading method. 

SELECTION PROCEDURE 

Is the code in the public domain? 

Is an adequate summary description of the code available? 

YES 

Is it the most updated version of a family? 

YES 

Does it model the important processes? 

YES 

Does a user's manual exist? 

YES 

Does the code allow exclusion of irrelevant processes? 

YES 

DISCARD THE CODE WHEN ANY ANSWER IS NO 

Weigh the remaining codes on a scale of 1 to 5 according to their ability to 
handle: 

• appropriate geometry and structure 

• appropriate mix of boundary conditions (kind and spatial and temporal 
distribution) 

• input of characterization parameter distributions and a variety of 
characterization parameter functional forms 

• the extent of the code's application record and reputation 

• the quality of the code user's manual and documentation 
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• familiarity and experience with the code by the staff who will be 

using it. 

Select the top codes for further evaluation. 

3.3.6 Step 6: Couple/Interface the Selected Codes 

A plan to couple or interface the codes needs to be considered along with 
the selection process. Generally, the code coupling plan conforms to the 

process flow diagram as part of the conceptual model. This is where the user 
as modeler must understand and the physical and chemical subsystems, and how 
the codes work numerically. 

Generally, coupling is accomplished by equating compatible or equivalent 

variables between different codes. Numerical information is transferred 
between different codes through the compatible variables. The numerical 

coupling, however, can be considerably more complicated, but this technical 
problem will not be discussed further in these guidelines. 

3.3.7 Step 7: Evaluate Code Performance 

3.3.7.1 General Comments 

Perhaps the most difficult part of the model selection plan is code 

evaluation. Once candidate codes have been preliminarily chosen based on the 
previous steps, those codes must be rigorously tested to assure adequacy and 
accuracy. An evaluation requires operation of candidate codes on the user•s 
own computer system and comparison of simulation results with some relevant 

reference cases. Those reference or evaluation cases may include either 
benchmarking, verification, or validation test cases. The main purpose of 
evaluation will be establishing that a candidate code can simulate the intended 
physical processes. 

Generally, an evaluation is accomplished by simply comparing simulation 
results with either analytical solutions or experimental data. When a 
comparison is made, the user will require a predetermined level of approxima
tion accuracy for representing a particular physical or chemical process. That 

level of accuracy is usually established by the modeling objectives. 
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Evaluation is a general confirmational process, which is intended to 
examine the overall accuracy of a model (conceptualization, site-specific data, 

and codes) for representing the real system. Thus evaluation includes both 
tests for numerical precision and exactness (faithfulness) of physical process 

representations. Evaluation can also help determine the limitations of 
mathematical modeling methodology included in a particular code. 

A user should note that before active, quantitative evaluation is 
performed, substantial qualitative evaluation must have been performed during 

model conceptualization and preliminary code selection. During the qualitative 
evaluation, which might be termed code identification, codes are matched to the 

modeling objectives and system conceptualization. This matching is performed 
by identifying codes that, through their documentation, could potentially 
simulate the relevant physical processes. In this qualitative phase, a user 
examines all code capabilities for compatibility with objectives and conceptual 
model. The reason for quantitative evaluations, of course, is that candidate 
codes may not perform as is inferred from the documentation. 

3.3.7.2 Code Evaluation Aspects 

A user must establish that all physical processes affecting predictive 
outcome of a simulation are accurately described. The ultimate test of 
accuracy is model validation through comparison with actual field·measurements 
of specific system behavior. Field measurements, however, are nearly always 

imperfect descriptions of actual system behavior, since measurement error in 
many forms is included. In any event, a successful comparison should place 
model predictions within the error bounds of measurements. Some physical 
quantities, unfortunately, cannot be directly measured. In that case, indirect 
comparisons with associated measurable quantities may be the only alternative. 

An all-inclusive set of evaluation test cases, which would treat all 

possible waste burial problems, could not be devised for these guidelines. The 
various aspects of evaluation are much too vast to be entirely addressed by a 

few cases. 

Generally, a user should evaluate those simulation aspects associated with 

the identified technical issues. However, if past experience (proof) has 
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indicated that a certain physical process can be adequately simulated with the 
selected code, then a specific evaluation may not be necessary. Of course, a 
user must still be certain that the code operates properly for that aspect. 
Moreover, time and cost restrictions may make it impractical to test every 
relevant aspect. This is a chief reason why well-established (tested) codes 
with long-standing applications history should be emphasized for selection and 
application. 

These guidelines can only suggest what code aspects should be evaluated. 
A user has the final responsibility for placing priorities on what are most 
important aspects to check. The following list gives some code aspects that 
should be evaluated for a particular site application: 

• necessity for code application (avoid overkill) 

• conceptual relevancy 

• technical issues (defined in Chapter 2) 

• physical process representation accuracy (theoretical fidelity) 

• numerical accuracy (computational precision) 
- truncation error (discretization related) 

round-off error (computer precision) 

- solution oscillation (non-physical behavior) 
solution instability (unique answer failure) 

- numerical dispersion (false spatial spreading) 
- site data and parameter accuracy (erroneous site 

characterization) 
- calibration (history matching accuracy) 
- sensitivity (propagation of errors). 

These aspects are discussed in detail by Mercer and Faust (1980a-e). 

3.3.7.3 Evaluation Test Cases 
An ideal test case should be performance oriented, in the sense that over

all simulation accuracy is evaluated. The distribution of simulation errors 
among the various code evaluation aspects is of less practical importance to a 
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user. Thus test cases may generally indicate deviations from actual behavior, 
as a result of many code aspects operating simultaneously. 

Analytical solutions and experimental data sets are the usual means for 

model evaluation. Reproducible simulation results based on another numerical 
code can also be employed. By that means, the capabilities of already tested 

codes may be demonstrated for another. Through code comparison for an 
equivalent simulation problem, the credibility of a well-proven code can be 
transferred. This approach may be necessary when no relevant analytical 
solutions or data sets are available. 

Typically, analytical solutions are used to verify a code, and site
specific data sets are used to validate. Verification means to test a code's 
numerical implementation and accuracy. An analytical solution is, in 
principle, an exact solution of a fundamental equation, solved under special 
and restricted physical conditions. However, that connection need not 
necessarily hold to be applicable for purposes of evaluation. An analytical or 
even a quasi-analytical description of a fundamental process can be compared 
with its numerical simulation, regardless of the particular algorithms 
involved. It is the overall accuracy of representing a physical process that 
has major importance. In some situations, the inclusion in a code of correct 
equations can be verified by inspection, without actually performing calcula
tions. For instance, a generic model may already be composed of specialized 
analytical solutions. Test running of such a model may be all that is required 
to evaluate its performance. 

Validation calls for comparing code predictions with actual measurements 
of a particular system's behavior. When a simulation model is able to 
reproduce actual field observations, within acceptable limits of deviation, it 
is then called validated, at least under the specific conditions. Those 
definitions of verification and validation are reversed by some modelers. But 

dwelling on that terminology and definition distinction will not help a user 
with evaluating a model. A user can employ analytical solutions and experi

mental data in any consistent, logical manner to evaluate and establish a 
model's credibility. However, responsibility for establishing scientific 
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credibility for a specific application belongs to the user. Part of that 
credibility, of course, should be contributed as well by the developers of 
selected codes. 

An ideal validation would be based on a data set for which some subset is 

• sufficient to determine parameters and to calibrate the model to obtain 
predictions consistent with the entire data; i.e., the ideal validation should 
demonstrate prediction into greater spatial or temporal ranges of the modeled 
variables. Also the compared data set could be re-expressed in terms of 
analytical solutions. It is not necessary to use only the original measure
ments for validation. A logical commutative relationship can be employed. 

• 

• 

Many evaluation test cases are identified in Chapters 4 through 5 of this 
report. That source of cases, however, will likely be insufficient and can 
probably never be made entirely adequate. A user may have to search through 
the ground-water technical literature for other cases. For instance, Ross 
et al. (1982) provide a set of benchmark problems that may be appropriate in 
some circumstances. Many standard evaluation cases will have little direct 
relevance to a particular site study. Most cases only demonstrate typical code 
capabilities. They can give a user confidence that selected codes operate 
properly, but seldom can prove applicability or predictive accuracy under other 
conditions. Because ground-water transport modeling is a rapidly evolving 
technology with many technical issues, a user must continually search for 
appropriate test cases. The sections on identified analytical solutions 
(Chapter 4) and experimental data (Chapter 5) further indicate ways of 
application. 

Experimental data sets are the most difficult to use directly, although 
they are the most true process descriptions. Parameters would usually need to 
be estimated for specific input into a code. Moreover, matching of specialized 
experimental data does not constitute a validation for a user•s specific 
problem; i.e., confirmation of simulation capabilities for one particular data 

set does not assure similar results for another. Experimental data sets at 
least indicate what a particular process should look like qualitatively, which 
can be important when conceptually transferred to a particular site • 
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Models are generally used for extrapolation of physical theory from one 

situation to another; i.e., a fundamental assumption of solute transport model
ing is that phenomenological laws such as Darcy•s and Fick•s law are valid at 

any site. A user, therefore, should not have to validate a well-established 

physical principle with site-specific data. That is not the purpose of valida

tion for common applications. The particular numerical implementation of basic 

principles, however, should always be verified. Also, the overall performance 

or predictions of a combined systems model call for validation, before being 

accepted as scientifically credible. 

In summary, evaluation test cases can be employed in many ways: checking 

computational accuracy, defining theoretical limitations, demonstrating 

parameter estimation, providing tools for calibration and history matching, and 

determining parameter sensitivity. 

applied according to rigid rules. 

Evaluation test cases do not need to be 

Those cases should be used mainly as model 

adjustment tools and to gain user confidence and scientific credibility. 

3.3.8 Step 8: Run Site-Specific Simulations 

A successful selection of codes has not been accomplished until it is 

proven that the coupled codes will operate properly on a user•s own computer 
system, while using the actual site-specific data. Properly performed 

evaluations in step 7, using parameters relevant to the site-specific data, 

will save a user from possible failure at this stage. An active code 

evaluation performed prior to this step will confirm that selected codes can 
actually be run on the user•s computer, and a demonstration that each 

fundamental process can be adequately simulated should be accomplished at this 
juncture. 

Preparation of all necessary control parameters based on the site data may 

require a substantial time-consuming effort, when compared to computer run 

time. The availability of software and methods for preparing data input and 

analyzing output results should be considered as part of the code selection 

step. Without adequate auxillary software programs, for generating spatial 

grids, contour maps, plots, etc., running of simulations may be nearly 

impossible. Success at this point will also depend considerably on user 

experience. 
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As a specific example of developing a systems model, a user might consider 

the reports by Kincaid et al. {1984a,b). These reports give detailed accounts 
of selecting and applying codes applicable to the general problem of leachate 

migration from electric-utility-produced wastes • 

The main idea that managers and users should keep in mind during this step 

is that running of site-specific simulations is seldom a one-time effort. A 
number of repetitions of the simulations might be necessary because of 

inevitable data input errors, a need to make refined calibration adjustments of 
control parameters and to perform the associated sensitivity and uncertainty 

analyses. Correction of errors and calibration adjustments are always 
necessary to bring the computer model into conformity with site-specific 

data. These guidelines do not enter into the technical details of making model 
adjustments. A user should read the discussions by Mercer and Fraust (1980a-d) 

for more specific information. The decision that corrections and adjustments 
are satisfactory is made in Step 9. 

3.3.9 Step 9: Compare Results with Study Objectives 

The last step in closing the systems model development loop is demonstrat
ing that simulation results answer the questions associated with the original 

study objectives. The model development cannot be considered successful unless 
the simulation results are pertinent. A user needs to consider the end point 

throughout the steps of systems model development. If the resulting computer 
model cannot provide relevant answers, then it may be necessary to modify 

selected codes or even repeat the code selection step. On the other hand, the 
stated objectives may have been unattainable within current code and computer 
modeling technology. 

Site operators and managers should not expect codes selected for one 
purpose to necessarily be able to give correct answers for another study 
objective that was not indicated at the start. The modeler's experience with 
the chosen codes, however, determines the degree of flexibility in approaching 
any changing objectives as model development proceeds. In any case, systems 

model development and code selection may require iteration to complete all 
steps • 
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Model application reports, which are the most visible outcome of a 
modeling effort, usually emphasize this last step. A user can study such 
reports to gain experience. This is why a number of such reports are first 
cited in Chapter 2. 
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4.0 ANALYTICAL SOLUTIONS FOR EVALUATIONS 

4.1 INTRODUCTION 

This chapter identifies some analytical solutions that can be employed as 
test cases to verify and evaluate the numerical and conceptual accuracy of 
ground-water flow and transport models. The selected analytical solutions 
solve the fundamental water flow and solute transport equations exactly, under 
various simplified physical conditions. 

These guidelines include the analytical solutions as part of the procedure 
for verifying and validating ground-water transport models. Both the model 
developer and user need to perform evaluations in order to assure the accuracy 
and credibility of the flow and transport models applied to waste burial 
problems. 

A model developer needs to provide proof of a model•s representational 
accuracy, as well as confirmation that the claimed physical processes are 
actually adequately described. Evaluation by means of relevant test cases is 
an aspect of good model documentation procedures (Chapter 3). Example test 
cases may also be provided in a model document to assure that a user will 
properly implement a computer code. On the other hand, a model user needs to 
identify appropriate models for site-specific applications. To do this, a 
model user must be familiar with the appropriate physical theory and ground
water modeling technical issues (Chapter 2). The evaluation test cases 
discussed in this chapter can then be applied to screen for transport models 
that describe the relevant (i.e., controlling) physical processes and 
mechanisms. The simulation objectives of a user will usually consist of a list 
of physical processes and mechanisms that should be described in order to 
understand or analyze the behavior of a particular burial site. Model 
screening can be accomplished by a user by either examining a particular 
model•s documentation or by performing the necessary lacking test case 
evaluations. A user may also. need to perform and verify a computer code 
modification for an aspect not originally included or tested in a chosen 
model. By applying additional test cases, a user may then rigorously extend 
the applicability and documentation of a model. 
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The analytical test cases identified in this chapter are organized accord

ing to physical processes and mechanisms associated with either the saturated 
or unsaturated zones of ground-water flow. Test cases for solute transport 

with chemical retention behavior or with coupled transformations such as 
radioactive chain decay are applicable to both zones. A model developer or 

user should select and perform the necessary test cases associated with those 
aspects relevant to a particular model•s design and site application. 

4.2 CONCEPT OF ANALYTICAL SOLUTIONS 

The fundamental equations used to describe water flow and contaminant 

transport in ground-water systems represent a concise statement of our 

understanding of the basic physical laws that govern the behavior of such 

systems. Analytical solutions to the fundamental equations are available for 

many idealized (simplified) ground-water systems. Simplifications generally 
involve assumptions regarding boundary conditions, geometry, equilibration time 

and material properties such as homogeneity, infinite media, horizontal flow, 

instantaneous chemical equilibrium, etc. These idealizations (or 

simplifications) of the ground-water system parameters are necessary to enable 

one to solve those equations analytically. Progress, however, has been made 

through the application of Green•s functions (Yeh 1981}, which allow some of 

the previous idealizations (or simplifications) related to boundary conditions, 

source, and media geometry to be relaxed. 

Analytical solutions are exact solutions of the fundamental water flow and 
solute transport equations used in the formulation and implementation of 
mechanistic, dynamic ground-water transport models. An analytical solution is 
a functional expression composed of well-defined elementary mathematical 
functions and displays the explicit dependence of a physical state variable on 

the system parameters and on the spatial and temporal variables (location and 

time). An analytical solution will satisfy the fundamental partial differen

tial equations for water and solute movement (i.e., the groundwater flow 

equation, Richards• partially saturated flow equation, and the convective

dispersive transport equation), while subject to certain initial and boundary 
conditions. Such solutions may also include the effects of other physical and 
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chemical processes, when appropriate additional terms are included in the 

fundamental equations. Ideally, an analytical solution is a closed-form 
expression: a finite number of mathematical operations on elementary 

functions. But certain quasi-analytical relations consisting of an infinite 
number of operations (e.g., infinite series, integral transforms, etc.) might 

also be considered as analytical solutions. 

Usually, analytical solutions are obtained for special, simplified 
physical conditions, representing the behavior of particular physical processes 

when isolated from other effects. Often physical parameters are taken as 
constant to achieve a simplification. Many single, experimentally identifiable 

processes can be described by an analytical solution, but very few exist for 
multiple, simultaneous, and coupled physical processes (e.g., reactive solute 

transport within three-dimensional flow, non-isothermal unsaturated flow, 
multiphase moisture, and air flow). Thus analytical solutions are often 

similar to ideal controlled experiments, which demonstrate a basic process 
while minimizing influences of other phenomena. 

Because analytical solutions are theoretically exact to any required level 
of numerical accuracy, they are ideal as reference cases for testing and 

verifying the accuracy of general numerical schemes and algorithms employed in 
computer simulation models of transport. However, analytical solutions are not 
limited in their application to just verification of equation-solving numerical 
accuracy. They might also serve as a code that can be developed into an 
appropriate site-specific model, if the conceptual model and the analytical 
code assumptions agree. 

4.3 USES OF ANALYTICAL SOLUTIONS 

Analytical solutions to the fundamental equations for ground-water flow 
and transport and the computer codes used to calculate those solutions play an 
important role in evaluation and documentation of transport models by providing 

the means to: 

• investigate and understand the basic physics by providing more 

• insight into the conceptual-mathematical behavior of a system 
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• verify the computational accuracy of more complex models, which use 
numerical shemes and algorithms 

• estimate parameters from field or laboratory data, because many 
ground-water flow and transport parameters usually cannot be measured 
directly, but must be estimated through inverse methods form 
observable primary data 

• test numerical model sensitivity to time and and spatial 
discretization and other numerical control aspects 

• perform simplified parameter sensitivity analysis to assess the 
influence of experimental measurement error 

• improve experimental data-gathering activities 

• demonstrate the limitations of present theory when compared to actual 
experimental measurements. 

Also, codes that calculate analytical solutions often serve as submodels for 

estimating water and solute movement in generic systems models. 

Thus, analytical solutions and the codes that calculate these solutions 
provide a useful complementary role to numeri~al models. Compared to numerical 
models, codes for analytical models are typically less bulky, cheaper to 
operate and contain fewer parameters than numerical models. It should be 
pointed out, however, that there is also a need to verify analytical codes, 
since problems with numerical roundoff or computer implementation can be 
present. As with numerical codes, analytical codes can also have limited 
ranges of parameters values for which they produce valid solutions. In the 
code selection plan, the emphasis has been placed on identification of 
analytical solutions, which solve problems relevant to shallow-land burial and 
have well-documented and tested codes. 

4.4 THE EVALUATION APPROACH 

This section indicates a selection of analytical solutions available in 
the ground-water and soil physics literature, without providing the explicit 
mathematical details. As much as possible, however, the selected analytical 
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solutions are identified in their computer coded form to facilitate numerical 
comparisons. This chapter is not meant to give an exhaustive list of all 
available solutions, but it should be adequate for testing most flow and/or 
transport models. 

Because the validity of an analytical solution relative to some assumed 
initial and boundary conditions must be rigorously proven and established, 
previously developed and tested codes are emphasized. Well-documented coding 

of the solutions was a major objective in the selection of these test cases. 

The analytical solutions for water flow are grouped according to their 

relevance to either the saturated or unsaturated zones. Solute transport cases 
may apply to either zone, provided that assumed physical conditions can be 
realized. 

An inductive logical approach is taken so that analytical solutions should 

be considered applicable to only the specified processes; i.e., basic physical 
processes not specifically stated in a fundamental equation must be assumed 

excluded in a particular analytical solution. Moreover, secondary physical 
processes such as chemical interaction with the porous medium, heat transfer, 

and air or gas movement must be explicitly included in the primary water flow 
and solute transport equations whenever their contribution is assumed 

significant. This approach avoids the necessity of assuming that an all
encompassing theoretical equation can be defined for which many physical 

parameters must be zeroed-out in order to define a particular test case. 

A ground-water transport model should not have to be able to simulate 
every physical process encompassed by all the identified analytical 
solutions. But a particular model should be verified for those processes 
claimed as represented. Moreover, the test cases should not be imposed as 
absolute requirements--only as reference cases when they are applicable to a 
particular simulation problem. Indeed, the analytical solutions are suggested 
for purposes of establishing representational accuracy and for assuring model 

credibility. A model developer or user, however, may apply any other well
established solutions necessary to attain that same purpose. 
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Emphasis has been placed on verification that selected analytical solu
tions are reproducible, according to the literature source identified. Less 
emphasis has been placed on a re-cataloging and listing of the various 
formulas, which are generally available in the original literature. Thus the 
coded form of an analytical solution and its achievable computational accuracy 
become the basis for test case comparisons, provided as graphs, plots, or 
tables in the cited literature. 

4.5 SATURATED ZONE FLOW 

It is important to realize that any modeling effort requires some 
simplifying assumptions to bridge the gap between reality and current practical 
knowledge or understanding of a system. In most modeling disciplines, certain 
basic simplifying assumptions are routinely accepted, whereas others require 
justification based on data gathered and observations made on the real-world 
system being modeled. For the commonly accepted set of equations used to 
describe ground-water flow and transport, a great deal of conceptual modeling 
effort has already taken place. The averaging concepts and assumptions, which 
take us from the more complex world of microscopic porous media and the 
associated tortuous flow paths to the regime of representative elementary 
volumes and the fluid flow continuum inherent in the accepted equations, are 
discussed adequately in Bear•s book (1972). The basic partial differential 
equation used to describe the flow of a constant density fluid in a saturated 
ground-water system is the mass conservation equation combined with an equation 
of motion (Darcy•s empirical law). This basic equation should be adequate for 
the majority of saturated ground-water flow problems important to shallow-land 
burial. 

A model of a saturated ground-water system must be based on technically 
sound hydrologic information and interpretations. For many applications, the 
basic equation can be simplified further when field data and interpretations 
indicate that some additional assumptions are possible. Typical additional 
simplifications include: 

• reduction in dimensionality from three dimensions to two (x-y), 
(r-z), (x-z) 

4.6 

• 



• 

• 

• confined flow (i.e., no free surface boundary condition) 

• steady-state conditions 

• two-dimensional (x-y) flow with the free surface handled by the 

Dupuit assumption (Boussinesq equation for a phreatic aquifer) • 

The methodology and analytical solutions presented in this section are 

appropriate for verifying the adequacy and limitations of codes that solve the 
basic ground-water flow equation (or simplifications of this equation) by any 

of the various numerical methods. 

It should be realized that it is not necessary, or even desirable, to have 

a code that solves the most complicated formulation of the general ground-water 
flow equation. The selection of a code should be based on a variety of 
technical and non-technical issues. Code selection in all cases should be 
based on the code's ability to model the phenomena observed as important to 
understanding ground-water flow at the site being studied. Field data and 
interpretations of these data by competent hydrologists will dictate the 
necessary dimensionality, types of boundary conditions, and other phenomena 
that must be handled by the selected code. As stated above, the best code for 
modeling a site is not necessarily the most general code, which may handle 

three-dimensions and all the phenomena relevant to any ground-water system. 
Numerical ground-water codes in general can be complicated tools that require 
some skill and experience to operate properly. The experience of the user with 

a tool (code) and its idiosyncrasies, along with model setup and operation 
costs, are important additional considerations in the code selection process. 
Because experience is an important factor, the methodology and analytical 
solutions for verifying numerical codes have also been selected to help a new 
user gain the familiarity and experience needed to become confident in the use 
of such tools. Some of the methodology presented does not require the specific 
use of additional computer codes to evaluate analytical solutions, but it is 
important to the verification and familiarization process. It should be noted 

that many of the analytical solutions for saturated ground-water flow problems 
are borrowed from heat transport and electrical field theory. Carslaw and 

Jaeger's (1959) text on 11 Conduction of Heat in Solids .. is an excellent 

reference. 
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Since the ground-water flow problem is an initial and boundary value 

problem, a code's ability to handle geometry and various kinds of boundary 
conditions is very important. The basic steps required in any ground-water 

modeling effort involve obtaining a complete mathematical statement of the 

ground-water flow problem from the field data and their interpretation. This 

includes: 

• specifying the system geometry 

• determining which form of the basic ground-water equation is adequate 

• specifying initial conditions (for transient problems) 

• specifying the conditions that must be satisfied on the boundaries. 

4.5.1 Line Sources/Sinks 

This section deals with the selected analytical solutions associated with 

line(or plane) sources and sinks. These kind of problems are of great 

importance, since the simulations of shallow-land burial sites will generally 

involve prediction of the arrival of a contaminant plume to rivers or lakes. 

The ability to simulate these kind of sources and sinks may also be of value in 

the design of remediation alternatives involving drains or ditches. 

• Steady flow between a line (plane) source and line (plane) sink is a 
simple boundary condition problem for flow in a finite confined 

aquifer that can be used to check the ability of the code to 
calculate uniform steady flow in the X, Y, or Z directions in a 
confined aquifer or aquifer system. Head and total flow through the 
system, as well as travel times, can be checked. This same problem 
can be used to check the code's ability to handle an abrupt change in 
permeability or transmissivity, to handle both prescribed head as 

well as a combination of prescribed head and prescribed flux, and to 

check both two- and three-dimensional problems. For homogeneous 

systems, heads va~ linearly between the source and the sink, both of 

which can have a prescribed flux or head. It is important to check a 

code's ability to treat abrupt changes in permeability, so that a 

user understands how a code handles this condition. Many finite 

difference codes use the average transmissivity to calculate flow 
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between nodes, and this approach requires that at least two nodes 

must be set at the new transitional permeability in order for the 
effect of a lower permeability zone to be represented. 

• Constant discharge to a fully penetrating line sink, non-steady-state 
flow, no recharge, for a homogeneous, isotropic, semi-infinite 
totally confined aquifer with instantaneous release of water from 
storage in proportion to decline in head (Ferris 1950). This 
solution allows one to test the ability of the model to represent the 
transient change of head in an aquifer in which a drain has been 

installed. This problem is important if remediation at a site 
through a downgradient cutoff wall and drain is to be modeled. The 
solution to this equation involves only evaluation of the drain 
function, which can be obtained from standard tables of the error 
function or a relatively simple computer code. 

• Discharge to a constant head fully penetrating line sink, non-steady
state flow, no recharge, for a homogeneous, isotropic, semi-infinite 
totally confined aquifer with instantaneous release of water from 
storage in proportion to decline in head. This solution is borrowed 
from an analogous heat-flow solution (Ingersol, Zobel and Ingersoll 
1948). The solution involves evaluation of the complementary error 
function that can be obtained from standard tables of the error 
function or a relatively simple computer code. 

• Steady-state, uniform recharge to a water table aquifer with 
homogeneous isotropic properties and bounded by two fully 
penetrating, constant head, parallel streams of infinite length. 
Flow is assumed one-dimensional and a ground-water divide forms 
midway between streams and the ground-water potential is a parabolic 
function dependent on aquifer properties, spacing between streams and 
the rate of recharge. The solution to this problem which is based on 
the Dupuit approximation is given by Jacob (1940, 1943). This 

solution allows numerical codes that solve water table formulations 
of the basic ground-water flow to be investigated. It must be 

cautioned that if a fully three-dimensional code is checked against 
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this solution then the vertical permeability will need to be set to a 

large value, since the assumptions in this solution require that the 

flow is horizontal. 

4.5.2 Point Sources/Sinks (Pumping/Injection Wells) 

In this section the selection of the many available analytical solutions 

involving a pumping well in a single aquifer or aquifer system will be 

presented. Most, if not all, of these solutions have been derived in order to 

determine aquifer parameters such as transmissivity and storage from pumping, 

bailer and slug tests. They were developed for and are commonly used by field 

hydrologists for use in an inverse fashion to interpret field data. Pumping 

wells can be of importance to the shallow-land burial problem from at least two 

aspects. A pumping well in a safety analysis of a shallow-land burial site may 

represent at least one of the biosphere interfaces of concern. In addition 

large-scale pump tests or two well tracer tests at the site may provide one of 

the most relevant data sets for validation of the ground-water flow and 

transport models of the site. In addition pumping and injection wells are 

important components to the design of some remediation alternatives. 

• Constant rate pumping to equilibrium (steady state) drawdown in a 
homogeneous, isotropic, totally confined aquifer of infinite areal 

extent. The well is assumed to be fully penetrating and pumping has 
continued until steady-state drawdown has been reached. The solution 

to this problem has been developed in different forms by a variety of 
researchers such as Dupuit, Slichter, Forchheimer, and Muskat, but it 

is most commonly referred to as the Thiem (1906) formula. This 
formula allows one to assess drawdown as a function of distance from 

the pumped well. Drawdown varies logarithmically as a function of 
distance from the pumped well. 

• Constant rate pumping, noneguilibrium (non-steady state) drawdown for 

a fully penetrating well in a homogeneous, isotropic, totally 

confined aquifer of infinite areal extent. This analytical solution 

was derived by Theis from an analogous heat flow problem and was 

later verified by Jacob (1940) directly from hydrologic concepts. 
Solutions to this problem involve calculation of an exponential 
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integral commonly referred to as the well function, which was 
tabulated by Wenzel (1942). Well function calculation programs are 
available for hand-held programmable calculators as well as main 

frame computers. Comparisons between this solution and a numerical 
code a 11 ow one to assess the ability of a code to predict the 

drawdown versus time at any point in the idealized aquifer system. 

• Constant rate pumping, noneguilibrium (non-steady state) drawdown for 

a fully penetrating well in a homogeneous, isotropic, leaky confined 
aquifer of infinite areal extent, overlain by an infinite constant 

head unconfined aquifer. For this solution it is assumed that no 
water is released from storage in the aquitard separating the 

aquifers. The analytical solution for this idealized system was 
derived by Hantush and Jacob (1955). Evaluation of this solution 
involves modified Bessel functions of the second kind and of zero 
order. Leakage through the aquitard is specified by the ratio of the 
permeability in the aquitard to its thickness. Tables of values for 
the integral function have been prepared and are commonly referred to 

as the well function for leaky artesian aquifers. Comparisons 
against this solution allow one to assess the ability of a numerical 

code to handle leaky artesian aquifers. Comparisons against this 
solution are particularly suited for checking multiple aquifer codes, 

which assume strictly horizontal flow. One must be careful when 
making comparisons against this solution with fully three-dimensional 

codes to ensure that storage in the aquitard, for example, is ignored 
and that the vertical permeability is set to a large value, since 
horizontal flow is assumed. 

• Constant rate pumping, noneguilibrium (non-steady state) drawdown for 
a fully penetrating well in a homogeneous, isotropic, leaky confined 
aquifer of infinite areal extent, overlain by an infinite constant 

head unconfined aquifer. For this solution, water released from 
storage in the aquitard separating the aquifers is accounted for. 

The analytical solution for this idealized system was derived by 
Hantush (1955). Comparisons of a numerical code against this 
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solution allow one to test the codes ability to model a two
dimensional (r-z) system where storage in the aquitards is 
important. 

There are many other analytical·solutions available for both 

steady-state and transient conditions for pumping or injection 
wells. Some are more complex (i.e., Neuman and Witherspoon 1969) 
than selected here and some much simpler. However, the ones selected 
should provide for adequate testing and verification of numerical 
ground-water flow codes used to simulate pumping or injection 
wells. These solutions also allow one to test the abilities of codes 
to properly simulate leakage between aquifers and the effects of 
storage in both the aquifers and aquitards. It should be noted that 
for multiple well systems in a confined or semi-confined aquifer 
(which can be represented by linear ground-water flow equations) the 
principle of superposition is applicable for homogeneous boundary 
conditions and thus drawdowns for multiple well conditions can be 
constructed from the appropriate addition of single-well solutions. 

4.5.3 Multiple Dimension Solutions 

The method of superposition has been utilized by Cleary and Ungs {1978) to 
develop analytical solutions for two-dimensional (x-y) ground-water flow 
systems involving a single anisotropic confined aquifer and pumping wells for: 

• a semi-finite aquifer bounded on one side by a fully penetrating 
constant head stream 

• a finite aquifer bounded on three sides by impermeable material and 
on the fourth side by a fully penetrating constant head stream 

• an infinite totally confined aquifer. 

A computer code has been developed by Cleary and Ungs {1978) and is available 
for evaluating these analytical solutions for arbitrary values of aquifer 

properties, well locations, and pumping rates. Comparisons of a numerical 
code•s results with the solutions from the analytical code can be of great use 
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in further verifying the numerical code, as well as helping a user understand 
the effect of numerical parameters such as grid spacing on the results obtained 
from the numerical code. 

Another computer code, PATHS by Nelson and Schur (1980) also evaluates 
analytical solutions to the ground-water flow problem for a single, totally 
confined, homogeneous, isotropic, semi-infinite aquifer bounded by a fully 
penetrating constant head river for arbitrary values of aquifer properties. 

This code provides solutions for up to 35 constant or time varying pumping or 
injection wells. For time varying pumping it assumes instantaneous release of 
water from storage. PATHS can be used as suggested above for the Cleary and 
Ungs (1978) analytical solutions, but it additionally provides estimates of 

streamline and pathline locations and travel time, useful for comparison to 
numerical codes performing similar calculations. 

4.6 UNSATURATED ZONE FLOW 

Richards' equation describes moisture movement in the unsaturated zone. 
It is a combination of the continuity equation for partially saturated media 

and an extension of Darcy's law for moisture-content-dependent hydraulic 
conductivity. Hydraulic potential in this zone is the sum of the gravitational 

potential and capillary potential (matric suction potential). Capillary 
potential is also a function of moisture content, and that relationship is 
defined by the soil-water characteristic curve. Water moves in the unsaturated 
zone in direct proportion to gradients of the total hydraulic potential. Rate 
of flow (flux) is determined by hydraulic conductivity, which is the propor
tionality factor. Thus the soil-water characteristic curve and hydraulic 
conductivity curve are the main parameters required to model partially 
saturated flow. 

Richards' equation does not include a description of swelling soil, non
isothermal, or multiphase flow processes. Another form of the unsaturated 
flow equation is the nonlinear Fokker-Planck equation. This form requires the 

soil-water diffusivity function instead of the soil-water characteristic 
curve. Richards' equation is better suited for layered profile problems, 
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whereas the Fokker-Planck form is more amenable for extending the theory to 

non-isothermal and multiphase flow conditions. 

Reviews of partially saturated flow theory and modeling have been provided 

by Molz et al. (1979) and Lappala (1980}. Identifications and selections of 

various analytical solutions relevant to certain partially saturated flow 

processes are listed below. 

4.6.1 Infiltration 

Infiltration is the process of water entry into a soil surface. 

Infiltration exemplifies the extreme nonlinear nature of unsaturated flow and 
makes accurate numerical simulation very difficult over long periods. 

Horizontal infiltration, without gravitational influence, is called 
absorption. For absorption, Richards' equation and the nonlinear diffusion 

equation are formally identical and solution methods apply to both. Philip 

(1969) has reviewed infiltration theory, which has remained an active research 

topic to the present. Lappala (1980} reviewed the literature recently, but 
some important contributions have been made since then. 

Presently there are no exact analytical solutions for physically realistic 

hydraulic properties--not even for one-dimensional problems. A variety of 
quasi-analytical techniques, however, have been developed, which are 

satisfactory for accuracy evaluation purposes. A coded selection of such 
methods has not been found and should be developed. Haverkamp et al. (1977} 
provide an outstanding comparison of both numerical and quasi-analytical 
methods. Simulations are further compared with experimental results. Since 
the hydraulic properties are reported as realistic, explicit functional forms, 
these results are ideal for a direct evaluation of any other unsaturated flow 

model. Hayhoe's (1978} comparisons for exponential diffusivity and horizontal 

infiltration are also exemplary. Other recommended references are given below: 

• Philip (1969). A series solution in terms of square root of time is 

derived to arbitrary order. The expansion requires solution of a 

system of ordinary differential equations. Constant surface water 

content is assumed. 
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• Parlange (1972). An approximate integral method is derived and a 
method of iterative improvement is given by Philip and Knight 
(1974). Haverkamp et al. (1977) demonstrated the method. See also 
Perroux et al. (1981) for a newer approach. Constant surface flux is 
the assumed boundary condition. 

• Philip (1974). Exact solutions of Burger's equation (a minimally 
nonlinear form) are given for the special case of constant 
diffusivity and quadratic conductivity. See also Clothier et al. 
(1981). Exact solutions for absorption were found also by Philip 
(1960) for a simple form. 

• Brutsaert (1977). An exact result for the first two terms in 
Philip's series expansion solution is given for a physically 
realistic conductivity (Averjanov-Irmay power function). Philips 
method was improved upon, and an accurate simplified infiltration 
formula was obtained. 

• Warrick et al. (1981). Using the Kirchoff transformation to define a 
new potential function and assuming exponential conductivity 
dependence on hydraulic potential, special two- and three-dimensional 
steady-state and transient-state solutions were derived. A 
collection of programs for various simple water sources are provided 
along with a user's manual. 

Numerous steady-state analytical solutions that exemplify various boundary 
conditions have been found (Lappla 1980), but these do not adequately test a 
dynamic unsaturated. zone model. Essentially, no exact or quasi-analytical 
solutions are available for layered profiles, and most studies assume a homo
geneous medium. A few approximate results, however, exist (e.g., Parlange 
1980). 

All quasi-analytical methods have mathematical convergence difficulties 
and still require use of numerical integration techniques. Thus convergence 
must be demonstrated in each case and accuracy may be uncertain. These 
methods, however, do at least provide alternative results and have contributed 
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to understanding the infiltration processes. A number of codes based on the 

CSMP program language have also been published (e.g., Hillel 1977). 

4.6.2 Drainage 

Drainage is loss of water from the bottom of a soil profile, usually 

entering the saturated zone or a water table. Drainage experiments for 

initially steady-state infiltrated profiles are often used to measure hydraulic 

conductivity under field conditions (e.g., the instantaneous profile method). 

For unit hydraulic gradient conditions, usually occurring deep in a profile, 

approximate analytical drainage equations have been derived (Sisson et al. 

1980) for many different conductivity functions. See also Libardi et al. 

(1980) for other approximate formulas. Such simple approximate formulas can 

provide a useful check on drainage estimation and sensitivity to conduc

tivity. Simplified drainage equations, however, will depend in general on the 

profile lower boundary condition, in particular on the water table location. 

4.6.3 Redistribution 

Redistribution is rearrangement of a profile moisture distribution by 

gravity and surface evaporation, and possibly also by plant transpiration. No 
exact results exist, but approximate and s irnp 1 ifi ed formulas have been found. 

Well established numerical simulation results seem to be the best verification 
of this process. Hysteresis becomes an important effect, since moisture 

content will be both decreasing and increasing at different locations. By 
comparison, infiltration and drainage are simpler processes to simulate, being 

monotonic. The Hillel (1977) examples are recommended as alternative test 
cases. 

4.6.4 Evaporation 

Evaporation is usually removal of water from a soil surface by drying pro

cesses. Steady-state extraction of water by a constant surface flux has simple 

well-known solutions (Lappala 1980). In general, analytical solutions for 

evaporation are as difficult to obtain as those for infiltration. Evaporation 

front experiments are used typically to calculate soil-water diffus i vity for 

very low water content (e.g., Klute 1972). Hammel et al. {1981) describe 

detailed modeling of soil evaporation processes. 
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4.6.5 Hysteresis 

Hysteresis is a multivalued property of the soil-water characteristic 
curve and is often neglected in partially saturated flow simulations because it 
is extremely difficult to represent and to obtain data on. Analytical descrip
tions of scanning curves are essential. Mualem (see Moltz et al. 1979) and 
Parlange (1980) have developed hysteresis physical models. Hillel {1977) 
demonstrates simulations involving this process. 

4.6.6 Plant Water Extraction 

Plant water extraction is plant transpiration through the roots. Solu
tions of Richards' equation including a plant-root sink term are reviewed in 
Iskandar {1981). Analytical solutions for realistic plant sinks have not been 
found. Warricks' (1981) solution for a step function sink, however, could be 
applied for comparison purposes. 

4.6.7 Non-isothermal Moisture Flow 

Non-isothermal moisture flow is the movement of soil-water in both liquid 
and vapor phases as a results of thermal forces. Multiphase flows include air 
or gas movement as well. Most of the original theory is due to Philip (see 
Molz et al. 1979). Childs and Malstaff (1982) have done a recent review of the 
theory, including many graphs of basic properties. Gibbs and Baca {1981) and 
Gibbs (1981) have attempted to obtain useful analytical results for the coupled 
processes of heat and moisture movement. But selection of some relevant test 
cases has not as yet been accomplished. At present, very few non-isothermal 
unsaturated flow models have been developed. Hammel et al. (1981) describe one 
such model, which typically deal with near-surface moisture movement influenced 
by diffusive heat transfer. The heat transfer equation is similar to that of 
solute transport and the same mathematical results can often be applied to both 
processes with suitable parameter definitions. Carslaw and Jaeger's book on 
heat transfer is a standard source of analytical solutions for various boundary 
value problems. 

4.6.8 Hydraulic Conductivity 

Hydraulic conductivity, a basic hydraulic property, must be measured 

indirectly. Analytical descriptions of this parameter facilitate the 
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simulation of unsaturated moisture movement. The same analytical or quasi

analytical solutions of Richards' equation are usually employed to estimate 
hydraulic conductivity from infiltration and drainage experiments (Klute 1972; 
Libardi et al. 1980). This applies also of course to diffusivity. A review of 
measurement techniques is given by Ragab et al. (1981). Mualem (1976) derived 
an alternate approach based on a capillary flow physical model. Analytical 
forms of the soil-water characteristic curve and a saturated conductivity value 
are sufficient to obtain an analytical expression for conductivity dependence 
on water content. A number of well-known functions result (e.g., power 
function dependence on water content or capillary potential). A code is 
available for Mualem's model. 

4.6.9 Runoff 

Runoff is water that does not infiltrate the soil surface. In order to 
obtain accurate water balance estimates, runoff must be either known (from 
direct measurement or from overland surface flow modeling) or estimated as 

excess water not accounted for by an accurate and detailed modeling of infil
tration. Thus there are two ways of describing runoff: as a known boundary 
condition for surface flux or as an amount of water exceeding predicted 
infiltration. Prediction of infiltration and resulting runoff is perhaps the 
more difficult problem. An accurate modeling of the infiltration for both a 
specified surface flux and ponding boundary condition must be achieved. During 
ponded conditions, a saturated zone may be present above the unsaturated zone-
a very physically unstable and dynamic situation. Moreover, the actual ponding 
will depend on surface topography and overland flow processes. Indeed, 
watershed models, which are commonly approximate parametric models, deal with 
this complex coupled surface and subsurface water flow. Lappala (1980) 
includes a review of some parametric models, and Hillel (1977) describes a 
simplified, dynamic one-dimensional model for overland flow with a soil profile 
water balance. Parametric models constructed from analytical solutions for 
various independently represented flow process (i.e., infiltration, redistri
bution, drainage, evapotranspiration, and overland runoff) can be viewed as 
approximate solutions for those coupled flow processes, but are by no means 
exact solutions. For model verification purposes, an achievable approach is to 
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test each process simulation independently with available exact analytical 
solutions. The accuracy of a simplified coupled process model can ultimately 
be verified only against field measurements (validation), however. 

4.6.10 Transition Zone 

The transition zone is a region joining the unsaturated and saturated 
zones. Such an interface with a ground-water table is called the capillary 
fringe. This zone presents modeling difficulties because the mathematical 
nature of the flow equations may change. Models that treat both partially 
saturated and saturated flow simultaneously must describe this zone's 
behavior. An extended form of Richards' equation, based on total hydraulic 
potential and a non-vanishing soil-water capacity function, is usually employed 
to represent both zones together. A general treatment of infiltration and 
runoff also requires simulation of this zone, which may be moving. A recent 
discussion is provided by Prasad and Romkens (1982); they obtain an approximate 
analytical result. Relevant test cases have not been selected as yet for this 
zone. Clearly the bathtub effect for a waste trench is an example of the zones 
importance in conjunction with overland runoff. 

4.7 SOLUTE TRANSPORT 

4.7.1 Concepts 

Solute transport in ground-water systems is governed by the mechanisms of 
convection, dispersion and retention. Additional effects caused by such 
mechanisms as radioactive decay and chemical breakdown, which can cause the 
contaminant of concern to disappear or be transformed, must also be con
sidered. Simulations of solute transport are generally accomplished by solving 
the classical convective-dispersion equation with appropriate modifications for 
describing additional important mechanisms such as radioactive decay. When 
more than one contaminant (or solute) is of concern, a separate convective
dispersion equation must be solved for each chemical species of interest. Pro
blems involving solutes involved in radioactive chain decay or chemical 
transformations require solving coupled sets of these convective-dispersion 
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equations, and solutes that interact with the porous medium may need additional 
equations or source/sink terms to describe the soil/rock and solute 
interactions. 

In ground-water systems, convective flow is generally independent of 
solute distributions, unless the concentrations are large enough to affect the 
density of the ground water. As a result, the spatial and temporal variation 
in convective velocity is generally determined by independent saturated or 
unsaturated zone flow models, which provide these velocity fields as input to 

solute transport models. Flow codes must also provide input to solute 
transport models in the form of the spatial and temporal dependence of 
saturated porosity or partially saturated water content in the ground-water 
system being modeled. 

Dispersion in a ground-water system results from a combination of 
molecular diffusion, which occurs even under conditions of no flow, and 
hydrodynamic dispersion. Hydrodynamic dispersion represents the effect of 
variation in the local water velocity within the medium with respect to its 
average value as described by convection. This variation in velocity exists at 
any scale, from microscopic {in the pores) to macroscopic {caused by 
uncharacterized heterogeneity of the medium) and even megascopic {caused by 
large-scale variations in medium properties like fractures). Dispersion is 
important because it causes mixing and spreading both longitudinally and 
transversely with respect to the flow direction of the transported solutes. 
Estimation and measurement of hydrodynamic dispersion (a tensor) for field 
conditions is presently a topic of active research and scientific inconclusive
ness. The technical problems in dealing with spatial variability of hydrologic 
properties and field-scale dispersion processes have resulted in questions 
about the adequacy of the classical convective-dispersive transport equation 
with its inherent assumptions regarding dispersion. However, as long as the 

appropriate effective dispersion coefficients {one for each direction) can be 
defined, the convective-dispersion equation is considered applicable. 

4.20 

• 



.. 

• 

The last important mechanism is retention. Retention is a general term 
covering all kinds of chemical and physical interactions that can take place 
between the transported solute and the porous medium. Retention includes such 
mechanisms as: 

• filtration 

• molecular diffusion of solute into immobile water (e.g., dead-end 
pore space or fractures) 

• ion exchange 

• chemical reactions between contaminants, other transported elements 
and the porous medium; these processes may be time dependent 
(kinetics of the chemical reaction) 

• precipitation/dissolution 

• flocculation. 

Some of these physical mechanisms (filtration, diffusion) can be treated 
separately for each contaminant, since there is no interaction or competition 
between these mechanisms. Other processes, generally of a chemical nature 
(e.g., ion exchange reactions, precipitation) must be modeled simultaneously 
for all solutes present in the water, as these mechanisms can interact and 

compete with each other. The detailed relationships between the transport 
mathematical formulation and the mechanisms of chemical reaction were discussed 

recently by Rubin (1983). 

To date, the basic retentive phenomena are generally not specifically 
distinguished in most transport models, as can be seen in the review of current 
transport simulation models by Grove and Kipp (1980). The total effect of 
retention is empirically represented by a constant ratio between the amount of 
solute retained on the porous medium and the amount in solution. Kd 1 S are 
defined either per unit mass of porous medium or per unit area of fractures. 
They are supported by tracer tests in the field or from batch or column experi
ments in the laboratory. The use of Kd 1 S implies that each element migrates 

independently of the others in a unique chemical form (e.g., ion of a given 
valence, or complex molecule electrically neutral) and that retention is 
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instantaneous and reversible. Because of the importance of retention in miti
gating environmental consequences associated with disposal of wastes, it is 
important to include the changes in geochemical properties that occur along the 
predicted path of contaminant migration and to account for possible inter
actions between migrating contaminants, as well as any other unmodeled 

mechanisms or effects when using this simpler Kd approach. For this reason it 
is important to realize that some form of marriage between existing transport 

codes and geochemistry codes will eventually be required to assess the con
taminant transport pathway with more certainty and that research directed 

toward that end is currently in progress. 

4.7.2 Analytical Solutions 

Explicit analytical solutions for the classical convective-dispersion 
equation exist mainly for constant velocity and constant dispersion cases. 
These solutions can usually be extended to include time-dependent parameters, 
but cases with realistic spatially dependent parameters do not yield simple 
closed-form solutions. 

4.7.2.1 Boundary Value Problems. For constant velocities and dispersion 
coefficients, many one-, two-, and three-dimensional initial and boundary value 
problems have been solved analytically. Solutions are usually obtained for 
either specified initial solute distribution or a constant flux boundary 
condition. The following references provide many analytical solutions and 
computer codes useful for evaluations: 

• van Genuchten and Alves (1982). A collection of one-dimensional 
cases for many different entry and exit boundary conditions along 
with a FORTRAN computer code for evaluation of these analytical 
solutions is provided. 

• Cleary and Ungs (1978). One- and two-dimensional analytical 
solutions are provided for both transport and saturated flow along 
with a FORTRAN computer code· for their evaluation. 

• Yeh (1981). Yeh describes his AT123D FORTRAN computer code for 
the evaluation of multidimensional analytical solutions of 
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contaminant transport in an aquifer. This code allows a variety of 
source configurations to be described. 

• Gupta et al. (1982). In the verification of the numerical model 
described by Gupta et al., a FORTRAN computer code for evaluation of 
a collection of one-dimensional analytical solutions for solute and 
heat transport was developed. This report also illustrates how 
comparisons between analytical and numerical models can be used in 
the verification process. 

4.7.2.2 Transport With Chemical Transformation (or Chain Decay). van 
Genuchten (1981) has developed a computer program based on analytical solutions 
for estimating non-equilibrium reactive transport parameters. This program 
provides a means for fitting certain analytical solutions to experimental data 
in order to determine chemical-media reaction rates and mobile-immobile water 
fractions. 

Another computer program called CHAIN developed by van Genuchten (1982) 

provides solutions for both chemical transformations or radioactive decay 
chains. These are analytical solutions for up to four coupled species 
transport in one dimension. Pigford et al. (1980) have also derived an 
extensive set of solutions for radionuclide migration through sorbing media. 
Many different release patterns have been described along with some 
multidimensional solutions. 

4.7.2.3 Solute Transport During Infiltration. In the unsaturated zone, 
solute transport occurs mainly during wetting front advance when flow velocity 
is greatest. Simulation of this coupled nonlinear process may require a 
special evaluation of accuracy. Elrich (1980) has combined Philips approach 
with the transport equation to obtain a coupled quasi-analytical method for 
this process. Elrich found that the solute concentration essentially follows 
behind the water infiltration profile, but with a more diffusive-like front. 
On the other hand, Wierenga (see Lappala 1980} found that a concentration 
distribution's movement for variable infiltration could be described by a 
steady-state flow based on an average. These apparently contradictory views 
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probably reflect the different simulation temporal scales involved. Thus 
different analytical solutions may be applicable, depending on observational 
scale. 
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5.0 EXPERIMENTAL DATA SETS FOR EVALUATIONS 

5.1 INTRODUCTION 

This chapter identifies a selection of experimental data sets that can be 
employed to test the conceptual accuracy of ground-water flow and transport 
models. The experimental data cited in well-established studies represent fun

damental physical processes, as actually observed in laboratory and field 
measurements. The cited examples are to be used in conjunction with the 
guidelines for model selection. When selecting appropriate codes for a 
specific modeling objective, a user will need to verify that the relevant 

physical processes can be simulated appropriately. A user can confirm a 
selected code's capabilities by simply comparing computed results with 

experimental observations. In addition to the analytical solutions, the 
expecimental data sets can thus be used to verify predictive accuracy of 
codes. Moreover, by obtaining similar data for a particular site, a model for 
that site can be validated. 

Generally speaking, aquifer (saturated zone) and vadose (unsaturated) zone 
modeling have attained different levels of technical sophistication. Aquifer 
ground-water modeling follows reasonably well-accepted methodology, with fewer 
questions (issues) about the limitations of theoretical understanding. How
ever, there are disagreements on the best mathematical methods. The vadose 
zone includes many incompletely understood physical phenomena, and conse
quently, there is a greater variety of different modeling viewpoints associated 
with various emphasis on physical processes. Thus this chapter was divided to 
reflect that technological distinction for these two ground-water zones. 

The experimental data sets are identified mainly to address the various 
modeling technical issues, which were outlined in Chapter 2. Aquifer modeling 
tends to be self contained in that calibration and history matching to field 
data is a self-validating process. This means that aquifer flow models are 

adjusted to conform with the appropriate level of known information about a 
system. Of course, additional data can always be obtained to evaluate predic

tive consistence, but the theoretical basis of saturated flow modeling is 
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already established and adequately validated under field testing conditions. 

There are, however, many technical issues regarding proper application of 
mathematical technology and proper system conceptualization. 

Modeling of unsaturated zone flow typically requires extrapolation into 
uncertain and unmeasured physical domains; i.e., measurements of unsaturated 
hydrology at a particular site may be incomplete and insufficient to perform a 
rigorous model validation without implementing a complex and costly field 

study. Indeed, one main purpose of unsaturated zone modeling is prediction of 
site behavior from a minimum of monitoring. Another important purpose is 

further scientific understanding. For these reasons, established experimental 
results, which exemplify typical qualitative physical behavior, have been 

identified for test cases. The experimental examples could be employed to test 
a model for adequate representation of fundamental physical processes. 

Commonly, analytical solutions to the fundamental flow and transport equa
tions are applied to estimate model parameters from experimental information. 

Parameters that control simulations are usually not obtained directly through 
physical measurements. Data interpretation and inverse estimation procedures 

are required to obtain parameters. Many of the referenced experimenta 1 
examples also demonstrate parameter identification. When the parameters are 

known and their uncertainties estimated, analytical solutions can then be 
compared with numerical simulation results to test the accuracy of codes 

employed in a model. 

A major technical issue raised recently in hydrologic science is the 
adequacy of current deterministic equations for describing behavior of 
naturally variable (random) ground-water systems. This is the problem of 
material heterogeneity and its influence on water flow and transport behavior 
within a natural ground-water environment. The issue has greatest impact on 

the predictive accuracy of solute transport simulation methodology. Various 
references are cited to help a model user become aware of this critical issue 

and its possible resolutions. 

Complete field-scale transport examples cannot be suggested as simple test 
cases. Most case studies including contaminant concentration measurements have 
a hydrology (flow velocity field) that is too complex for an easy test of 
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reproducibility. Instead, well-known regional contaminant transport studies 

are best employed as qualitative examples. A well-known case study, however, 
may eventually require development as a standard, benchmark example. Pres
ently, only small-scale field tracer experiments can be recommended as test 
cases • 

Finally, various kinds of chemical adsorption models and multiple species 
transport models are briefly discussed. Confirming experimental data is 
usually provided for only the laboratory-scale. Such experimental data are 
usually found along with the various analytical solutions, which were cited in 
Chapter 4. 

5.2 ROLE OF EXPERIMENTAL TEST CASES 

The role of the experimental data test cases is to inform and instruct a 
model user about what constitutes the 11 true 11 physical behavior of processes in 
an actual ground-water system. The experimental data test cases are only 
identified as basic reference cases, described in terms of graphs or plots of 
relationships between various measured physical state variables, and specific 
data files or lists of experimental measurements are not compiled or provided 
as part of the guidelines. Experimental results identified here are not meant 
to represent any specific low-level waste burial site. Other projects within 
the National Low-Level Waste Management Program are undertaking the collection 
of site-specific physical data as described by Large et al. (1982}. Such site
specific data will ultimately determine the adequacy of any contaminant 
transport models developed to analyze a particular burial site. Thus, these 
model selection guidelines are of a hypothetical nature and do not address 
specific burial site performance questions. 

Another main purpose of the experimental data test cases is to 
demonstrate, by example, how basic physical parameters for certain physical 
processes should be obtained. Physical parameters, which generally constitute 
a synthesis of experimental observations, control the relationships between 
physical variables, as determined by the fundamental equations for water flow 
and solute transport. Computer simulation models seldom use experimental data 
directly. Generally, data must be converted into parameter values in order to 
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apply a model. Parameter values then have meaning only in the context of the 

fundamental equations that defined them in the first place. Validity and 

adequacy of particular parameter values can then be assessed by comparing the 
''fit" of model-predicted physical state variables with those actually mea

sured. Ideally, physical parameters are constants, which are independent of a 

system's particular physical state; they may then be called coefficients. 

However, some physical parameters may be functions of spatial location, time 
and certain physical state variables (e.g., saturated zone hydraulic con

ductivity depends on location through local geologic media properties and 
depends on water content in the unsaturated zone). Physical parameters should 
remain applicable and descriptive of a ground-water system through many dif
ferent physical conditions or states. That is to say, physical parameters 
determine the extrapolative and predictive abilities of a computer simulation 
model, while being based on specific and restricted experimental measure

ments. Moreover, most model parameters are site specific and do not generally 
apply to other hydrologic sites. 

Equation parameters are commonly called the experimental input data for 
simulation models, although they are not usually the directly measured 

quantities in an experiment. When such input data are used to run a code based 
on related fundamental equations, the trend of the original experimental 
measurements should be reproduced. At least, the reproduction should fall 
within specified error limits, which reflect a user's particular accuracy 
requirements. 

5.3 RELATIONSHIP TO ANALYTICAL SOLUTIONS 

The analytical solutions cited in the Chapter 4 may be used as a 
substitute for actual experimental measurements when the appropriate parameters 
are known. A model user may evaluate the accuracy of a code's numerical 
algorithms, relative to an analytical solution. That may be necessary for 
selecting a code as part of a transport model. The analytical solution test 

cases may be used to help confirm accuracy and perhaps even to help adjust the 
simulation model accuracy. Thus, the analytical solutions can help determine a 

code's ability to simulate relevant physical and chemical phenomena. 
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Analytical solutions, when obtainable, can also be used to determine the 
basic physical parameters from experiments. This means that basic parameters 
are most easily estimated by fitting an appropriate analytical solution to 
measurements obtained from an experiment performed under related and restricted 
(controlled) physical conditions. Under less-ideal circumstances, the param
eters may require estimation by directly calibrating a simulation model to mea
surements. For these reasons, many analytical solutions previously referenced 
also include appropriately compatible experimental data, which confirms the 
theoretical validity. 

5.4 IDEAL TEST CASE 

An ideal evaluation test case would consist of an analytical solution and 
confirming experimental data associated with some fundamental physical 
process. Parameters for the associated fundamental equations would also be 
known. The fundamental processes are the building blocks of a systems model, 
and an evaluation is often needed to ensure that those blocks are solid and 
reliable. The ideal test case should depict as much as possible the behavior 
of a single process, independent of others. 

5.5 TEST CASE LIMITATIONS 

Most of the experimental data sets identified here could not be provided 

in a form that could be immediately 11 plugged 11 into a particular model for vali
dation purposes. This is because experimental data must be converted into 
parameters that are relevant to a particular model's formulation. Parameter 
estimation methodology is part of a well-developed systems model, and it is the 
responsibility of a user to identify and estimate appropriate parameter values. 

The cited examples represent expectations of what could be achieved by a 
model application. They are meant to demonstrate common usage and to help a 
user understand limitations. Experimental test cases, when studied, build 
confidence in the predictive accuracy of models. 

Provided that the computer codes for a model have been programmed and 
numerically tested, parameter preparation will usually comprise the most costly 
and time-consuming part of an application. The practical limitations are, 
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then, that a particular model cannot be directly applied to another extensive 

data set, as would be found in some particular journal article demonstrating 
model validation. At best, only the qualitative conclusions reported in a test 

case from a journal article, which demonstrates certain theoretical validity, 
can be applied to another model•s similar application. Moreover, a newly 

developed model is unlikely to be identical to that employed in a cited test 
case, and an exact quantitative comparison, therefore, may not be relevant. 

Therefore, the experimental data test cases are meant mainly to demon
strate proper simulation behavior and to build confidence in the applicability 

of certain mathematical theory. They cannot be simply plugged into another 
model to test its performance. Considerable data preparation would usually be 

necessary to accomplish an explicit numerical comparison. In other words, 
experimental test cases are mainly qualitative checks on a model, and precise 

model justification is mainly achieved through the comparison of common mathe
matical theory embodied in the equations and algorithms of distinct models. 

On the other hand, when an experimental test case represents a single, 
simple fundamental process and appropriate parameters are available, two models 

may be compared relative to the actual measurements of state variables. 

5.6 AQUIFERS AND SATURATED ZONE FLOW 

Experimental data sets for saturated zone ground-water flow do not play 
the same role as they do for the unsaturated zone. Saturated zone modeling 
methodology is more developed as a result of its long history of use in 
addressing ground-water supply problems. In addition, the dominant processes 
controlling saturated zone flow are much simpler than those for the unsaturated 
zone. Nevertheless, an actual experimental data set for the saturated zone 
that could test the validity of a numerical code would be quite difficult to 

use. One cannot truly characterize a saturated system sufficiently for 
validation purposes. Aquifer data sets usually consist of point observations, 
which have been extrapolated over large regions. The point observations are 
commonly deduced from local pump tests. Moreover, an extensive data set 
sufficient to characterize an aquifer on a fine spatial scale would be too 
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complex to use in a practical sense for code evaluation purposes. A data set 
commonly used for testing codes, however, is the Musquodoboit Harbor data set 
{Pinder and Bredehoeft 1968}. 

For the saturated zone, data sets on pump tests are perhaps the most 

relevant for conceptual modeling, model selection, and model evaluation 
purposes. Pump tests represent the fundamental processes and phenomena in an 

aquifer. Such tests illustrate the effects of leakage, fractures, hydrologic 
boundaries, and anisotropy. Data sets of this type are given in many standard 

hydrology texts and reference papers. Excellent sources include Kruseman and 
Ridder 1976; Walton 1970; Prickett et al. 1964; and Lohman 1972. 

5.7 UNSATURATED ZONE FLOW 

This section mainly identifies some example data and associated 
methodology for unsaturated zone modeling. Concepts and processes related to 

unsaturated zone moisture movement were outlined in a Chapter 4. 

5.7.1 Soil-Water Properties 

Most basic methods for determination of hydraulic conductivity were 
reviewed by Klute (1972}. A more recent review is given by Ragab et al. 
(1981}. Those authors compare the various methods for a sand soil. Both 

direct experimental methods and theoretical capillary pore models were com
pared. A complete set of data on soil-water characteristics and hydraulic 

conductivity is given. Those authors went on to use estimated hydraulic 
properties to predict vertical infiltration, and this constitutes a complete 

demonstration of unsaturated flow theory (Ragab et al. 1982). 

Capillary flow models of hydraulic conductivity are discussed by Mualem 

(1976} and van Genuchten (1980). Programs are available for both of these 
methods, which require only the saturated conductivity and water retention 

curve. Mualem has cataloged properties for many different soils. 

Simplified field methods are discussed by Ahuja and El-Swaify (1976} and 

Libardi et al. (1980), including example data • 
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The paper by Vachaud and Thony (1971) appears as a classical example of 
1 aboratory measurement of hydraulic properties. These data were used to 
demonstrate infiltration with the test code INFIL1D (Simmons and McKeon 
1984). 

Measurements of soil-water characteristic curves (water retention rela

tionships) can be found in nearly every unsaturated zone study, but it is still 
important to understand the special devices used to determine these curves 

(Jones 1983). Hysteresis and its representation is the major modeling 
technical issue, along with field variability. 

5.7.2 Infiltration Wetting Fronts 

Haverkamp et al. (1977) provided a summary of an infiltration experiment 

into two soil types: sand (Vachaud and Thony 1971) and Yolo light clay. The 
soil-water properties were given simple functional representations suitable for 
use in numerical simulation models. Comparisons of actual wetting front move
ment and simulated results are made. These same properties were used to test 

the INFIL1D test code, which is based on a quasi-analytical solution method 
(Perroux et al. 1981). 

Perroux et al. (1981) also provide comparative data for Bungendore fine 

sand and Krasnozem silty clay loam soils. Infiltration fronts under constant 
surface flux conditions were measured, and the soil-water properties are 
explicitly described (hydraulic conductivity and diffusivity are given from 
which capacity can also be found). Test code INFIL1D was also applied again. 
In addition, the paper by White et al. (1979) provides information on 
diffusivity determination for Bungendore fine sand. 

Infiltration into Bungendore fine sand was also studied by Clothier et al. 
{1981) with regards to the Burgers' equation analytical solution, which assumes 

a constant diffusivity description. In this context, conductivity is repre
sented by a simple quadratic function. This is in contrast to the Warrick 

(1981) analytical solutions which assume a linear hydraulic conductivity and 
water content relationship. The modeling of infiltration relative to the 

particular employed functional forms is the important issue. 
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Additional experimental work of Smiles et al. (1982) indicates that 
methods used in INFIL1D can be extended to include infiltration through a soil 
surface crust, which would impede water flow under typical field conditions. 

5.7.3. Layered Soil 

A rather unique data set for horizontal infiltration in layered soil was 
obtained by Reichardt et al. (1972). The data test boundary conditions and 
theory of unsaturated moisture transfer between dissimilar media. Nearly every 
natural soil profile exhibits this kind of heterogeneity. The data, therefore, 
have fundamental importance. 

5.7.4 Multidimensional Infiltration 

An experimental data set for infiltration from a hemispherical cavity was 
recently developed by Clothier and Scatter (1982). Wetting front movement for 
constant-flux water supply conditions is described, and associated soil water 
properties are given. The results demonstrated limitations in Warrick's 

linearized infiltration equation, based on a constant diffusivity assumption. 
Thus, although Warrick's analytical solutions are adequate to test a numerical 
code, they are not necessarily correct for an actual transient wetting front. 
Indeed, deviation between simplified linearized theory and actual measurements 
is quite drastic. At issue is the difficulty of finding physically correct 
analytical solutions for unsaturated zone flow. 

A paper by Thomas et al. (1976) shows measured potential contours for 
buried line sources associated with a trickle irrigation system. The data are 
adequate to test an unsaturated zone code for such a basic water input 
source. The rarity of complete multidimensional infiltration data, adequate 
for validation purposes, is the issue here. 

A complete set of validating data for trickle source infiltration was 
reported by Bresler et al. (1971). Mathematical modeling was also performed. 

Typical comparison with a simplified steady-state analytical solution was 
demonstrated. A CSMP model of infiltration was later compared with the same 

data (Vander Ploeg and Benecke 1974) • 
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5.7.5 Drainage 

Drainage from an unsaturated zone cannot be directly measured; i.e., the 

drainage flux through the bottom of a field soil profile must be indirectly 

inferred from water balance modeling, since there is no device which can 

directly measure moisture fluxes. Estimation of drainage flux is central to 

unsaturated zone transport modeling because it determines potential solute 

leaching into an aquifer. 

In many situations deep drainage (seepage) occurs under unit hydraulic 

conditions (Nielsen et al. 1973), so that local downward flux equals hydraulic 

conductivity. This condition allows for a simple field method for estimating 

conductivity in in situ and areal drainage (e.g., Libardi et al. 1980). The 

studies demonstrate the importance of spatial variability and provide a sub

stantial field data replication. An important conclusion of spatial variabil

ity research is that single representative values for hydraulic parameters are 

not usually adequate to estimate a water balance. In particular, areal infil

tration and drainage should be treated as stochastic processes in order to 

obtain relevant predictions of solute leaching under field conditions. This 

critical technical issue was recently discussed by Philip (1980). 

Three-dimensional modeling methods cannot alone overcome the predictive 

limitations imposed by spatial variability. This issue represents an inherent 

limitation on modeling, when based on some average set of parameter values. 

Researchers, however, have begun to confront this difficulty with stochastic 
transport modeling technology (e.g., Bresler and Dagan 1982; Jury and Collins 
1982). This issue is simply that physical processes have different field-scale 
manifestation than when observed under controlled laboratory conditions. 

5.7.6 Profile Water Balance 

A profile water balance, which is an ultimate objective of most predictive 

unsaturated zone simulations, includes simultaneously all fundamental pro

cesses: infiltration, redistribution, drainage, evapotranspiration, and 

runoff. Drainage flux and local solute concentrations of contaminants 
determine the leaching quantity. Thus checks on water balance calculations are 

essential for accurate unsaturated zone transport modeling. In the general 
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field situation, when plants are present and climatic effects are complex 
(i.e., nonisothermal moisture flow occurs near soil surface), a complete and 
tested mathematical theory has not been generally accepted. An approximate 
approach is inevitably required. 

Even a theoretically exact one-dimensional simulation (which is of limited 
usefulness for predicting areal leaching when based on single parameter values) 
is difficult to perform accurately because of uncertainties in the controlling 
surface boundary conditions. Such simulations are perhaps more useful for 
making design comparisons of infiltration barriers (e.g., Simmons and Gee 
1981). 

The major technical issue in water balance modeling is the description of 
surface boundary conditions. Codes that perform even a three-dimension solu
tion of Richard•s flow equation do not by themselves constitute an unsaturated 
zone model. Adequate description of surface fluxes is necessary as well. 
Beese et al. (1977} give a notable example of field data testing Richards• 
equation applied to field conditions without growing plants. In order to 
perform that simulation of water balance as determined by the Penman equation 
description of potential evaporation, a considerable quantity of specific daily 
climatic data was required. Such data, however, is typically obtainable from 
standard National Weather Service records. 

The approach of Beese et al. (1977} would be reasonable for a small field 
plot or a single surface location. However, an areal water balance problem 
would need to account for spatial variability, as done by Sharma and Luxmore 
(1979), for instance. 

5.7.7 Runoff 

The scope of the ground-water selection and evaluation guidelines does not 
permit much consideration of the subject of runoff, which belongs mainly to 
surface water hydrology. However, the review by Vander Ploeg and Benecke 
(1981} describes the modeling of a simple coupling between a small region and 
stream runoff. 
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5.7.8 Hysteresis 

The paper by Vachaud and Thony (1971) provides measurements of hysteresis. 
The influence on infiltration and redistribution is also discussed. Dane and 
Wierenga (1975) give simulation examples compared with field measurements. The 
issue, however, is that mathematical models for scanning curves are not abso
lutely established as physical theories. (See the review by Molz et al. 1979). 

5.7.9 Redistribution 

Experimental results cited under hysteresis also address redistribution. 
When redistribution occurs, wetting and drying in a soil profile take place 
simultaneously, so that the multivalued nature of the soil-water retention 
relation may need to be accounted for. 

5.7.10 Evapotranspiration 

Evapotranspiration consideration calls for modeling both soil surface 

evaporation and plant-water extraction as transpiration. These water removal 
processes are both very complicated and depend on nonisothermal moisture flow 
mechanisms. When growing plants are present, it becomes very difficult to 
separate evaporation from transpiration processes, and so they are often 
treated as a single process. Both processes depend on complicated mechanisms 
of water vapor transfer driven by thermal and relative humidity gradients. 

Mathematical theory for plant-water extraction is at best phenomenological 
and empirical. Molz (1982) recently reviewed the modeling of plant root 
extraction sink models. The current understanding is such that the guidelines 
cannot recommend a particular data set for validation purposes. Plant water 
extraction behavior would need to be examined for each plant species, soil 
profile type, and climatic condition associated with a particular waste burial 
site. Detailed mechanistic modeling of plants is, at best, in the first stages 
of scientific inquiry. Long-term plant transpiration modeling might best be 
based on simplified descriptions of (i.e., matching of certain simple formula 
to) direct lysimeter measurements. However, the kind of model development as 
reviewed by Molz {1982) is needed to unify theoretical understanding of 
interactions between growing plants and a partially saturated soil environment. 
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Evaporation from a bare soil surface is probably adequately described 
theoretically by the coupled movement of heat and water vapor. Recent reports 
have reviewed nonisothermal moisture flow (e.g., Childs and Malstaff 1982; Cass 
et al. 1981). Modeling of evaporation from unvegetated soil surfaces may be 
adequate for most low-level waste burial site studies. Few models, however, 

have been developed to describe this complicated simultaneous movement of both 
heat and soil moisture. Two examples, however, were discussed by Sophocleous 
(1979) and Hammel et al. (1981). With regard to soluble contaminant transport, 
moisture vapor flow near soil surface is likely to be most important through 
its influence on profile water balance. 

The difficulty of obtaining parameters for nonisothermal flow models has 
restricted their practical application to field problems. Moreover, the 
complication of numerical implementation has restricted general use of such 
models. That is, the detailed mechanistic calculations performed by such 
models makes them rather impractical for long-term simulations involving many 
climatic years. These complex models may best be applied to calibrate more 
simplified phenomenological and approximate evaporation models, as are now more 
commonly employed. 

Practical modeling of evaporation is usually accomplished through use of 
some form of Penman•s equation, which represents the potential evaporation from 
a wet surface. When plants are present, Penman•s equation represents potential 
evapotranspiration, which must be partitioned according to some empirical rule 
in order to identify the evaporation and transpiration components. This must 
be done so that transpiration can be modeled as water removed from the regions 
of active plant roots. 

Vander Ploeg and Benecke (1981) review the use of Penman•s equation to 
predict actual evaporation. The paper by Beese et al. (1977} provides a good 
example of evaporation estimation using Penman•s equation and a related water 
balance modeling. 

When performing simplified modeling of evaporation, three basic stages of 
the process related to a detailed balance between climatic evaporative demand 
and soil-water availability need to be accounted for (e.g;, see Hillel 1977). 

These stages reflect the fact that soil-water is less available near surface as 
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drying proceeds; i.e., the potential evaporation determined by the Penman•s 

equation cannot actually be withdrawn from a dry soil. Simplified modeling of 
these stages based on actual daily climatic measurements has been demonstrated 

by Simmons and Gee (1981). 

Jackson et al. (1974) have provided good experimental evidence for 

specific modeling of evaporation. The research of these authors has been 
outstanding in this area. More recently a method based on soil temperature 
measurements was suggested (ldso et al. 1979). 

5.7.11 Plant Water Extraction 

No experimental data are recommended to describe this process. Field

calibrated, hypothetical sink models are probably adequate, considering the 
present theoretical understanding. 

5.7.12 Nonisothermal Moisture Flow 

The subject is mainly important for prediction of surface evaporation and 

is discussed under evapotranspiration. Considering present field validation 
data, two- and three-dimensional simulations involving nonisothermal moisture 
flow occurring over long periods would seem premature. One-dimensional 
modeling of near-surface evaporation processes appears adequate when coupled 
with a standard Richards• equation code for deeper depths. It would not seem 
prudent or justified at this time to perform large-scale areal simulation of 
nonisothermal moisture flow. Use of this technology to calibrate simplified 
surface evaporation formulas would be the recommended approach. 

5.7.13 Transition Zone 

The importance of this intermediate zone was recently discussed by Gillham 
(1982). Movement of a water table is a well-established phenomenon, although 
its simulation may present numerical difficulties and require special solution 

capabilities. A model for combined saturated/partially saturated flow is 
required for this zone. 
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5.8 SOLUTE TRANSPORT 

• The basic concepts of solute transport were introduced in the previous 

• 

.. 

chapter on analytical solutions. Most modeling technology discussed here is 
applicable to both aquifer and unsaturated zone modeling. Proper field-scale 

modeling of macro-dispersion and chemical reactions in ground-water systems are 
the central technical issues. Reviews of ground-water transport modeling were 
done by Grove and Kipp (1980) and by Lappala (1982). The technical issues 
regarding conceptual and mathematical methodology were also discussed in those 
reviews. 

The adequacy of transport models applied to field-scale problems remains 
uncertain, as a consequence of a lack of sufficiently complete validating field 
data. Certain successes with history matching of field measurements have 
contributed to and maintained a misconception that modeling methods based on 
the conventional convection-dispersion equation are predictively accurate 
[i.e., see review by Anderson (1979)]. Successes of laboratory tests of 
classical transport theory, which is founded on diffusion concepts, have also 
reinforced that misconception, because the influences of heterogeneity were 
usually not manifested {de Mars i ly 1982). Indeed, 1 aboratory experiments are 
commonly devised to demonstrate the deterministic physical mechanisms 
controlling transport, by means of controlled eliminations of interfering 

effects; i.e., porous media samples are usually homogenized for laboratory
scale experiments, and this negates the relevance to field-scale transport. 
Lately, however, greater emphasis is being placed on undisturbed media samples 
and in situ measurements. 

Thus, classical transport modeling has probably been adequately validated 
at laboratory scale, and specific experimental column breakthrough data need 
not be recommended, since there appears to be no technical issue for nonreac
tive solute transport at small length scales. Comparisons with analytical 
solutions, therefore, would seem to constitute a sufficient test of modeling 

when small-scale behavior can be assumed. 

Exceptions to the latter statements may occur in cases of unsaturated zone 

transport, however. Concepts of mobile and immobile soil-water may be 
important {Wierenga 1982) at all length scales. Experimental evidence has been 
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well-demonstrated by Wierenga (1982) and van Genuchten {1981). Analytical 
solutions developed by van Genuchten (1981) account for this phenornenon. 

An excellent data set for testing unsaturated zone transport models was 

developed by Gaudet et al. (1977). Breakthrough curves at different depths a 
times were obtained in a long soil column. Few data sets are as complete, an 

the need to introduce concepts of mobile and stagnated water is demonstrated. 

5.8.1 Field-Scale Transport 

The CFB Borden Landfill Study (MacFarlane et al. 1980) stands out as an 

extensive example of contaminant plume monitoring for a shallow sandy 
aquifer. Both ground-water flow and multiple chemical species transport were 
studied. Modeling of the plume has also been accomplished (Sykes et al. 
1982). Most descriptions of the transport, however, were provided as two

dimensional profiles within a vertical plane. Generally, a horizontal view is 
more relevant for environmental impact assessment purposes, since regional 

dispersal is better emphasized. A profile view, however, can be useful for 
testing two-dimensional capabilities of a general transport code. The site, 
which displays infiltration leaching of various salts from shallow-land buried 
wastes, would have behavior similar to a low-level waste burial site in a wet 
climate if contaminant escape did occur. This case study exemplifies a large
scale contaminant transport problem, but which is not yet of regional scale. 
This is also an example for which steady-state conditions may be adequate for 
modeling the solute plume, even though the ground-water flow direction changes 
yearly. 

Modeling of solute transport in an aquifer (saturated zone) and in the 
unsaturated zone is now following two distinct conceptual paths with regard to 
field-scale heterogeneity effects. That is, field-scale dispersion caused by 
random (inherently unknown) heterogeneities is being modeled with two 
conceptually different stochastic viewpoints. Aquifer transport is viewed as a 

parameter identification problem, usually based on history matching of known 
potential measurements. On the other hand, distributions of random, local 

parameter values are emphasized for the unsaturated zone. These viewpoints are 
discussed further under the processes of dispersive transport. 
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5.8.2 Dispersive Solute Transport 

Dispersive solute transport in a saturated aquifer is conceptually a 

horizontal migration problem, whereas it is mainly a vertical movement problem 
in an unsaturated zone. At least these are the perspectives most emphasized in 

transport studies. Solute transport in both an aquifer and the unsaturated 
zone (also called vadose) are governed by the same fundamental physical 
processes of diffusion, hydrodynamic dispersiont and mass convection by moving 
water. But the geologic configurations and dominant flow velocity directions 

present in these two ground-water zones usually call for different modeling 
representational emphasis. The unsaturated zone requires modeling the areal 

distributions of infiltration fluxes and seepage caused by surface climatic 
effects (i.e., rainfall, runoff, evapotranspiration). An aquifer typically 
requires modeling of flow through a complex layered hydrologic structure. 
Moreover, the relevant spatial and temporal scales of those two zones will 

commonly be quite different. 

Transport in both ground-water zones is commonly based on solving the 
convection-dispersion equation under system-specific initial and boundary 
conditions. A flow velocity field and spatially dependent dispersion 

coefficient tensor are required by that equation as basic input parameters in 
order to describe mathematically the evolution of a contaminant plume. 

Today, a major technical issue is the adequate description of field-scale 
dispersion (spreading) caused by natural macroscopic heterogeneities (hydraulic 

conductivity variations) encountered in a ground-water system, which cannot be 
described by dispersion coefficients obtained in a laboratory tracer experi
ment; i.e., fundamental transport parameters must be determined in situ in 
order to make accurate field predictions. 

An excellent account of dispersion parameter measurement methodology for 
an aquifer is given by Pickens and Grisak (1981). Their paper is recommended 
as a source of experimental test cases. Data for dispersion coefficient 

estimation from single- and double-well injection-withdrawal tracer tests are 
given. The connection with hydraulic conductivity variability is also 

discussed, and the scale-dependent dispersion effect for which dispersivity 
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increases proportional to travel distance is explained. A good tabulation of 
dispersivity values for most well-known transport simulation case studies is 
also provided. 

Most large-scale or regional transport studies cannot be easily applied to 
test a transport code. The velocity fields are usually far too complicated to 
implement; i.e., it would be too costly to reproduce the original simulation in 
order to test another code. Such well-known transport cases are best studied 
qualitatively as methodology examples. . . 

A good small-scale field tracer experiment was performed by Sudicky et al. 
(1980) at the Borden landfill site in Waterloo, Canada. Chloride concentration 
data from this three-dimensional tracer experiment was prepared as a test case, 
representing dispersion in an apparently nearly uniform flow system. The 
concentration plume, however, exhibited unusual and unexpected behavior. The 
experiment is rather unique because it was an intensive data collection 
effluent under natural flow conditions. A chloride tracer (salt) was injected 
over a rectangular region defined by five screened pipes penetrating a shallow 
sandy aquifer, and the tracer migration was monitored by suction sampling an 
extensive three-dimensional array. Conditions of the experiment are very close 
to an analytical solution of Cleary and Ungs (1978). The influences of both 
small- and larger-scale (but not regional) velocity variation were observed in 
this apparently homogeneous aquifer. The experiment has been extensively 
analyzed (Sudicky et al. 1980; Pickens and Grisak 1981; Simmons 1982) as a 
dispersion example. Moreover, a similar experiment (Leland and Hillel 1982) 
further confirmed similar transport behavior at another site. 

For the unsaturated zone, the approach for dealing with areal leaching of 
a solute is described by many authors (Bresler and Dagan 1981; Amoozegar-Fard 
et al. 1982; Jury et al. 1982). A review of current unsaturated zone transport 
methodology was provided by a recent symposium (Arnold et al. 1982). The need 
to approach solute transport as a stochastic infiltration process was 
emphasized by both Bresler and Dagan (1981) and Jury et al. (1982), and even 
more earlier by Biggar and Nielsen (1976). Published data of those authors are 
adequate to constitute test cases for similar transport simulation objectives. 
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A key technical aspect indicated by those studies is the importance of 

accounting for randomness, as opposed to a detailed dynamical description of 

transport at a single hypothetical location, at least when modeling is per

formed in a one-dimensional (vertical) way. However, it is known that the 

fundamental problem of dealing with spatial variability cannot be simply over

come by resorting to three-dimensional modeling. Variability is an inherent 

part in every natural hydrologic system and must be accounted for in a 

statistical manner. That is, only a properly averaged solute flux determines 

actual leaching into the ground water. 

5.8.3 Solute Transport During Infiltration 

Mechanisms of solute transport during unsaturated zone infiltration are 

currently of theoretical interest, even at laboratory scale. Most references 
involving numerical modeling of this process include laboratory column 

experimental confirmation (e.g., Elrick 1980; Bond et al. 1982; Watson and 

Jones 1982). Two different boundary conditions were compared by Watson and 

Jones: constant surface water content and constant infiltration flux. These 

data are useful for testing simulation of boundary conditions and dependent 

infiltration behavior. 

An entirely different view is taken by Bresler and Dagan {1982) for field

scale areal infiltration prediction. For such application detailed mechanistic 

simulation is of minor importance. Simplified piston-like water input is 

adequate for an areal average. On an average basis, however, concentration 
breakthrough curves are not like those observed in a single laboratory column 

experiment. The issue here is that different simulation objectives call for 
possibly different modeling approaches. 

5.8.4 Solute Transport with Adsorption 

Proper and adequate modeling of solute transport, including processes of 
chemical interaction with the porous medium, is an open and important technical 

issue. Reversible equilibrium-controlled adsorption is usually described in 
terms of a retardation coefficient, which is related to the distribution 

coefficient; i.e., Kd of the concentration isotherm for a particular chemical 

species. A retardation coefficient represents the effective reduction of 
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solute travel velocity with respect to ground-water flow velocity, so that an 

adsorbed solute migrates more slowly, but without being permanently affixed to 

the medium. Generally, the distribution coefficient will depend on local 

chemical conditions of the ground water and medium and may vary spatially. 

The estimation and fundamental meaning of those parameters is currently a 

controversial issue. Measurements of distribution coefficients under static 

laboratory conditions may not be comparable to those obtained from a dynamic 

field experiment. This disparity brings into question transferability of 

laboratory measurements to field conditions. Usually the discrepancies can be 

explained in terms of violation of chemical equilibrium assumptions. However, 
retardation coefficients may have well-defined phenomenological meaning when 

estimated inversely to match a field-scale tracer test, even though values may 
not conform to laboratory conditions. Spatial variability in the adsorption 

properties of the porous medium, may indeed be a contributary factor in the 

disparity between laboratory and field measurements. 

Distribution coefficient measurement under field conditions is discussed 

by Pickens et al. (1981). A radial injection dual-tracer test was described. 

Some nonequil i bri urn behavior for stront i um-85 adsorption was found by those 

authors. Also some related laboratory studies of strontium adsorption were 

described by Patterson and Spoe 1 (1981) and by Cauchat et a 1. (1980). loni c 
exchange is the primary chemical mechanism usually identified as responsible 

for reversible adsorption, but other chemical mechanisms can produce similar 
behavior. 

A good review of adsorption models is provided by Travis (1978). The 

Freundlich and Langmuir equilibrium isotherms are commonly employed in soil 

physics studies to describe more complicated nonlinear adsorption processes. 
Travis (1978) cites many experimental papers justifying use of these other 

isotherm types. 

When chemical reaction with a porous medium is relatively slow (with 

respect to water flow rate) so that instantaneous equilibrium cannot be 

assumed, a first-order kinetic description of adsorption may be required to 

model transport. Such models are also reviewed by Travis (1978). These types 

of models may also include irreversible chemical reaction behavior. 
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van Genuchten (1981) has introduced the concept of mobile-immobile water 
fractions for unsaturated zone transport and has derived many analytical 
solutions useful for estimating parameters directly from column breakthrough 
experiments. Of course, the estimated dispersion coefficients would be at 
issue with regards to field prediction. Actual data are used to evaluate each 
adsorption model. Gee and Campbell (1980) applied the analytical solutions of 
van Genuchten to obtain transport parameters by curve fitting for various 
radionuclide species (e.g., tritium, iodine, technetium, strontium, cesium, and 
Co-EDTA). Two soil types were studied with differing soil-water chemical 
compositions. An issue is that the estimated parameters cannot be simply 
applied to other soil and chemical conditions; i.e., the parameters may not be 
fundamental or independent of soil-water conditions. Column experimental 
methodology was also discussed, including comparisons with batch measurements 
of Kd. 

5.8.5 Solute Transport with Chemical Transformation 

Transport modeling of multiple solute species undergoing mutual chemical 
reactions, including radionuclide chain decay for instance, presents the most 
formidable task for simulation. Two main simulation approaches are now 
employed. One approach is based on solving a coupled set of transport 
equations, with one equation for each chemical species. Radionuclide transport 
is treated in this way. The fate of nitrogen in the soil environment is also 
treated with a coupled equation approach. van Genuchten (1982) has described 
the similarity between transport involving either radionuclide chain decay or 
nitrification. This approach is required when the rates of transformation are 
slow compared with the movements of ground water. Valocchi et al. (1981} 
provide an example of the coupled equation modeling approach, while assuming a 
local chemical equilibrium for ion exchange reactions. Rubin (1983} discusses 
the mathematical formulation of transport for different kinds of chemical 
reactions. 

The other modeling approach is often called a plate model and is based on 
a sequence of chemical equilibrium states occurring at each location with 
transport for each species simulated independently. Equilibrium states are 
assumed to be established rapidly with respect to ground-water flow. Models 
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involving the simultaneous transport of many ionic species of soil salts are 

often designed this way. A field evaluation of a hydrosalinity model (Bureau 

of Reclamation model) is discussed in (Iskandar 1981). Another example of an 

evaluation of such a model is given by Dudley et al. (1981). 

Simulation models for coupled species transport are probably the most 

uncommon and incompletely field-validated technology. Such models, perhaps, 

represent the most tenuous and unproven extension of laboratory scientific 

knowledge into uncertain and uncontrolled domains. The natural heterogeneity 

of ground-water systems easily confounds the interpretation of experimental 

data when many chemical species are reacting with each other and the medium. 

In many cases the actual chemical reactions taking place in situ may be 

uncertain or at least do not match the supposed laboratory reactions. Indeed, 

development and proof of these models is now an active research topic of 

transport methodology. The issue of adequate multi-species transport modeling 

is not presently resolved. 

5.8.6 Special Transport Behavior 

Two chemical phenomena of special interest to transport modeling are the 

snowplow effect and the precursor effect. The snow plow effect is caused by 

flushing out of an initially adsorbed species by a change in water salts 

concentrations (Gee et al. 1981). An absorbed chemical species is released and 

transported more rapidly than predicted based on the initial retardation 

coefficient. 

In the precursor effect, a species is less absorbed than predicted as a 

result of initially adsorbed quantities of the same species (i.e., adsorption 
sites are already occupied). Starr et al. (1982) provide a specific example. 

Simple modifications of existing transport methods allow description of 

these effects. Both effects demonstrate that Kd values are not independent of 

changing local chemical conditions, and modeling can be done if the change is 

taken into account. 
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