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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.

This executive summary, published separately, gives managers and site
operators an overview of the main guideline report. The guidelines are
published in two volumes designed to support the needs of users having differ-
ent technical backgrounds. Volume 1, titled "Guideline Approach," consists of
Chapters 1 through 5 and a glossary. The introductory chapter, which is
essentially a repetition of this summary, includes specific recommendations for
decision-making managers and site operators on how to use these guidelines.
Chapters 2 through 5 provide the more detailed discussions about the code
selection approach. Volume 2, "Special Test Cases," is a set of appendices on
the technical evaluation test cases designed to help verify the accuracy of
ground-water transport codes.
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BACKGROUND

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 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 lTow-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 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
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.

Some specific advice for managers and site operators on how to direct a
modeling exercise is based on the following five steps:

. Identify specific questions and study objectives.
. Establish costs and schedules for achieving answers.

1

2

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.

These five steps for managers/site operators are discussed in detail following
an explanation of the nine systems model development steps, which are presented
first to clarify what code selection entails.



CONCLUSTONS AND RECOMMENDATIONS

Some general conclusions related to the use of these guidelines are

No single code covers all problems. This means that no single code
currently available includes all processes and subsystems required to
describe a low-level waste burial site. A number of codes need to be
joined (coupled) to form a systems model for a burial site. An
adequate generic code to cover all low-level waste management needs
is not currently feasible. A generic code approach forces the
representation of processes and subsystems to be over simplified and
is not scientifically defensible.

Code selection is site specific. These guidelines emphasize that
code selection must be site specific to meet varying study objectives
and to make appropriate use of available site characterizing data.

Code use is modeler dependent. This means that predictions will be
modeler dependent, even when the same codes are used. Different
users will apply the same codes in different ways, depending on how a
simulation problem is conceptualized. Conceptual models of a system
will differ depending on how users address the technical issues.
Technical issues will arise at each decision point out of questions
as to what modeling approach is appropriate. Technical issues stem
from every attempt to simplify the conceptual picture of a real
burial system; therefore, modeling results depend on how the

technical issues are addressed by a particular user.

Code selection may be iterative. This means that code selection may
have to be repeated for each new, changing study objective or to
accommodate modifications of the conceptual model as additional site
characterizing data are incorporated. The best way to implement an
iterative selection may be to modify or extend available and familiar
codes, rather than reselect entirely new and unproven ones.

Code selection demands technical evaluations. A successful code
selection demands that presumed simulation capabilities (modeled



processes) be proven to work properly. At least every capability to
be applied in a particular study should be tested. Technical evalu-
ation involves rigorous testing of codes. Testing is accomplished
through comparison with analytical solutions of the governing equa-
tions or actual experimental data. Testing is necessary because
codes often do not operate as claimed.

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 consis-
tency in making site-specific management judgments on the safety of opera-
tion. 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, 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 should 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 essential
common measure of comparability.



MODELING NEEDS

Computer simulation models are needed to organize and analyze site
characterization information in order to make decisions about the operational
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 environ-
mental pathway (Jacobs et al. 1980), this report 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 sub-
systems and their associated physical and chemical processes. No single com-
puter 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 mechanistic



systems models may be required to predict contaminant concentrations 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.



PURPOSE OF GUIDELINES

This report provides guidance for the selection and evaluation of ground-
water transport models to be used to assess the safety of a waste burial
site. 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
responsibility 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 con-
nected with lTow-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 Tow-level waste
management problem. Instead, the guidelines deal in general terms with ground-
water transport modeling methodology; they do not give specific advice on what
constitutes the "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 mathematical subject is beyond the scope of this report. Moreover, this
report will identify certain technological weaknesses in ground-water transport
theory, but it does not recommend specific future research directions.



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 out-
lined in the following ideal development steps:

Define site study objectives.

Collect and analyze site characterizing data.

Formulate the conceptual model.

Identify process descriptive equations.
Select the computer codes.
Couple/interface the selected codes.

Evaluate code performance.

Run site-specific simulations.

W 00 N O O & W N =
L] L]

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 to produce a well-rounded and
balanced wheel. These nine steps are each explained briefly below. The steps
and their relationship to ground-water transport modeling are discussed in
greater detail in Volume 1 of this document.



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

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 lTow-level waste management are
listed below:

e preliminary screening of potential geohydrologic sites for locating a
burial facility

e site safety assessment for confinement of radioactive wastes: a
potential biosphere impact analysis

e site performance assessment based on existing burial system design



e assessment of actual environmental impact: prediction of contaminant

migration and dose modeling

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

system: design of a mitigation strategy
e 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 1l 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.

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 hydrologic 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. The guidelines

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-Tand burial
site would incorporate all of those process models in order to account for an
accurate water balance.

The collection of site characterization data does not have to be abso-
lutely complete before proceeding with further steps in the model development

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

General Geochemical
Waste-site interface Ion exchange capacity
Limit of extended site Soil pH
Point positions Soil solubles
Material zone boundaries Surface water chemistry
Geologic characteristics Ground-water chemistry
Hydrological Geotechnical
Hydraulic conductivity Classification
Anisotropy Compaction relation
Porosity Grain-size distribution
Hydraulic potential Density
Flow direction Strength

Hydrodynamic dispersion
Water-holding parameters
Water content
Precipitation

11



Input

v '

Precipitation Waste Burial

— ‘,

Infiltration Runoff > Waste Leachate
Formation
Evaporation Storage

Redistribution

l
v 4 '

Solubihty Leach
Rate Control

Plant Uptake Drainage <
Transpiration |

—_——f———d

Radioactive
—
Decay

Sorption
Precipitation

Dispersion —

A\ 4 \ 4

Surface Ground-Water
Output u .
Contaminant P Output Contamination

\ 4

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

plan. In fact, the data base may need to be continually supplemented as the
model development steps are applied. Formation of the conceptual model,
identification of process descriptive equations, and the selection of computer
codes will usually point out specific data deficiencies that must be filled in
to accomplish simulation runs consistent with the study objectives.

STEP 3. FORMULATE THE CONCEPTUAL MODEL

The conceptual model is a picture of a burial system (e.g., see Figures 4
and 5), but it does not remain static. Basic site characterization 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 planning

12
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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 available code
technology is not adequate to simulate the initially perceived system's
complexity. On the other hand, the study objectives and the conceptual model
believed most appropriate may dictate the further collection of site character-

ization data or even the development of improved computer codes.

For purposes of systems simulation, the conceptual model is a simplified,
yet rigorously technical, picture of the burial system. That picture must be
technical enough in terms of fundamental processes (e.g., Figure 2), initial
and boundary conditions, external hydrologic and climatic influences, and
contaminant 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.
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Figure 4, for example, is a picture of a hypothetical near-field concep-
tual model of a shallow-land burial system. The viewpoint is cross sec-
tional. 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 migra-
tion was modeled (Ahlstrom et al. 1977; Arnett et al. 1977). These reports
together 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 the guidelines, 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 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,

16



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 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 and user's guide when identify-
ing the relevant basic descriptive equations. For such a user, the matching of
fundamental 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.
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STEP 5. SELECT THE COMPUTER CODES

This step is the primary purpose of the guidelines. Codes are simply the
computer language algorithms for obtaining numerical solutions to the process
descriptive equations, when site characterization data (Table 1) have been

converted into the required input parameters.
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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 guidelines 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 needs only 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 mode
preparation effort may result. A user should avoid such modeling overkill as
much as possible, especially when site information does not justify a
complicated analysis. Application of a complicated code may demand further
collection of site data and refinement of the conceptual model. The study
objectives, however, may not warrant the extra effort.

The key aspect that a user should keep in mind when selecting a code is
whether relevant evaluations of code capabilities have already been per-
formed. 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 in a documentation report. Evaluation test cases 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 how much confidence a user has in a code's ability to achieve its
intended purpose. A more advanced code, which has not been sufficiently
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.
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Proper code selection, therefore, depends critically on a careful
evaluation of needed capabilities. An evaluation of the unified systems model
being developed for treating a particular problem, however, cannot be accom-
plished 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 together 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.

STEP 6, COUPLE/INTERFACE THE SELECTED CODES

When more than one code is required, the selection step 5 must actually
take into account a plan for how the needed codes will be joined together
(coupled) to solve the entire systems simulation problem. Codes that pass
numerical information as control data are said to be coupled. Codes that
require coupling to form an entire systems model generally represent groups of
processes that influence each other directly in some mechanistic way. Coupled
codes may represent the relationship between parts of a systems model at either
the fundamental process level or at the level of environmental pathways con-
necting subsystems. The coupling of processes is shown in Figure 2, whereas a
pathway coupiing plan is shown in Figure 6.

As an example of process coupling, a solute transport code must often be
coupled with a ground-water flow code to perform a transport simulation. The
prior computed ground-water flow is passed on to a solute transport code, which
then calculates concentration and migration pattern.

A user may be able to find codes that already have the required coupling,
but separation (decoupling) of the component codes that comprise the 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. How strongly codes must be
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coupled depends on the interdependence of the involved processes. Codes des-
cribing processes that are linked in a reciprocal way may not allow decoupl-
ing. For instance, a strongly coupled relationship may be required to model
spatial and temporal variation of chemical reactions occurring in conjunction
with flowing ground water. In this case, a code that computes transport for
each chemical species in a unified way may be needed, and decoupling may not be
possible.

The decoupling of codes also allows for an efficient and flexible,
sequential approach to simulating contaminant transfer along a system's pathway
connections, as shown in Figure 6. Each code can then represent an identified
part of a 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. Such calculations give an
estimation of final human dose as a consequence of a specific radioactive waste
input.

To reach an objective of assessing health effects, the generic systems
model described by Hung et al. (1983) seems to allow a user a way of circum-
venting the rigors of these first six modeling steps. However, without a
careful evaluation as discussed under step 7, there is no assurance that model

predictions would be relevant or accurate for a specific burial site.

The main technical difficulty a user will face in achieving coupling is
ensuring that the variables of interconnected codes are compatible. Spatial
and temporal resolutions (scales) used in each chosen code must also be taken
into account. In brief, code coupling is a very technical problem demanding
careful treatment, and a specific reason why modeling professionals should be
involved, rather than relegating coupling to a generic code.

STEP 7. EVALUATE CODE PERFORMANCE

This is the critical step of systems model development, during which
presumed code simulation capabilities are tested. Code capabilities are the
processes that a simulation model can describe. The purpose of this step is to
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confirm that selected codes will actually work as intended. Moreover, code
capabilities must be evaluated for their relevance to the system's conceptual
model.

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
or experimental data sets obtained for validation purposes. 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 the guidelines, as are relevant to the
conceptual model.

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
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 well as prerequisite capabilities.

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,
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modification 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.

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 auxiliary software and methods for preparing data as input and
analyzing program output are also important parts of running the simulations.
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
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 the guidelines.

STEP 9. COMPARE RESULTS WITH STUDY OBJECTIVES

This is the lTast 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
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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 seen in Figure 1. The
guidelines provide a more detailed discussion of these steps and a discussion

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

This section summarizes the role of certain concepts presented in the
guidelines. Also, the entire viewpoint of the guideline is briefly reviewed.
The approach of the guidelines puts the emphasis on a very general guidance--
not just a sequence of steps exclusively relevant to only ground-water
transport modeling.

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
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.

The guidelines presume that an applications-oriented user is familiar with
the scientific aspects of contaminant transport in ground-water systems, but
nevertheless, recommends certain technical background for a user; a number of

documented computer codes for ground-water flow and solute transport are
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pointed out, too. The kinds of computer codes that a user could choose range
from simplified, generic to complex, mechanistic ones, as discussed in the
guidelines.

CONCEPTUAL MODEL

The central element of a systems simulation model, as pointed out in
step 3, 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. 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 the guidelines.) Then a user should follow the nine systems model
development steps.

CODE EVALUATION

The main idea emphasized in the 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 1ow-
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 most of the guideline stresses 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 requirad to

select codes to model Tow-level waste burial sites.
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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 the guidelines is proper modeling of the
relevant physical and chemical processes. Therefore, a user will notice that
the 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
cases, is acceptable. Computational efficiency and computer resource require-
ments are seen here as the user's responsibility, and the 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.
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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 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 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
"models 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
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 "best" 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. Qutstanding 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.
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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.

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
communication between managers and technical professionals. That discussion is
very germane to low-level waste management, as well as to ground-water resource

management.

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
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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
establish error bounds on modeling results. Such additional efforts, however,
may be necessary to establish the credibility of results for subsequent

management decisions.

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
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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-to-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 Timitations. 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 mbde]ing
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
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
Timitations, 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
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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.

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
enivironmental dose calculation that will be performed in conjunction with the
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.
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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.

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 inodeling 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
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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 the guidelines. There are
many hydrologic transport modeling aspects, such as incompletely described
processes (e.g., field-scale dispersion, chemical-media interactions) and the
Timited 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.

A RECOMMENDATION FOR RELIABILITY

Presently available hydrologic transport codes do not incorporate an
estimation of uncertainty bounds. Estimation of uncertainty bounds for
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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