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Preface

The U.S. Army Engineer Waterways Experiment Station (WES); the Direc-
torate of Military Programs% Headquarters, U.S. Army Corps of Erginccrs
(HOUSACE); and the U.S. Army Environmental Center (AEC; formcrly the
U.S. Army Toxic and Hazardous Materials Agency) cosponsored the workshop
that resulted in this report. The workshop, held in Denver, CO, on 30 March-
I April 1992, included a technical tour of Installation Restoration (IR) activi-
tics at the Rocky Mountain Arsenal (RMA). USACE gratefully acknowledges
the support of the Commander, RMA, and his staff throughout the course of
this workshop.

Thc workshop objectives were to determine the following: (a) the extent
and specific nature of groundwater flow and contaminant transport models in
Army hazardous and toxic waste site remediation wojt.; (b) requirements for
enhanced transfer of groundwater modeling technc. gy within the Army; and
(c) necdcd research and development in groundwater modeling systems. As in
Imy short-duration workshop of practitioners, the focus of the individuals
atttcndirg was on how to improve the state of practice and do the most pro-
fessional job possible. The attendees concentrated on making things better,
and not much time was spent on recognizing what is already being done well.
Thus the tone of the meeting and of this repor', which attempts to be faithful
to what took place at the workshop. leaves the reader with an incomplete and
perhaps bia.wd picture. Problems were identified but no time was taken to
celebrate successes.

The report of the workshop was written by Mr. Ira May of AEC;
Ms. Tomiann McDaniel of HOUSACE, and Drs. P. F. Hadala and D. K.
Butler, Geotcchnical Laboratory, WES; J. Cullinane, Environmental Labora-
tory, WES; and J. P. Holland, Hydraulics Laboratory, WES. In addition to
these individuals, the following contributed to the planning and organization of
the workshop: Mr. Tony Dardeau, Ms. Cheryl Lloyd, Dr. Paul R. Schroeder,
Mr. Mark E. Zappi, Mr. Christian J. McGrath, and Dr. Carlos Ruiz, Environ-
mental Lail-hratory; and Ms. Dorothy L. Stacr and Dr. James H. May,
Geotechnical Laboratory.

The workshop was conducted as a part of the Installation Restoration
Research Program under HQUSACE-sponorcd RDTE Work Unit Ground-
water Mtvcl Assessment AF25-GW-(JO0l. The preconference questionnaire
and its analysis were sponsored by the Directorate of Military Programs. The
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AEC technical monitor was Mr. Ira May; the USACE technical monitor was
Ms. Tomiann McDanicl.

At the time of publication of this report, Director of WES was
Dr. Robert W. Whalin. Commander was COL L.onard G. Hassell, EN.
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Summary

The findings of this investigation arc based upon two major activities: a
groundwater model users needs questionnaire sent from the U.S. Army Engi-
neer Waterways Experiment Station (WES) to the Corps of Engineers ele-
ments, certain installations, and the U.S. Army Environmental Center
(USAEC) major elements involved in the Army's environmental restoration
programs in February 1992; and a workshop sponsored by WES; the Director-
ate of Military Programs, Headquarters. US Army Corps of Engineers; and
USAEC on 30 March-1 April 1992 in Denver, CO. Of interest is that
although the responders to the questionnaire and the attendees at the workshop
were not identical, the outcomes of both exercises were quite similar. This
summary, which reviews the results of the questionnaire and the workshop, is
diidcd into two areas: summary of the activities, and recommendations for
future research and development needs for the US Army Corps of Engineers.

The questionnaire was developed to solicit Army needs for, use of, and
experience with groundwater flow and contaminant transport modeling tools in
support of contaminated site characterization and remediation. Responses were
received from 77 individuals representing installations, USAEC, and 17 dif-
ferent Corps of Engineers districts and divisions. These responses suggested
the following:

a. The primary contaminants of concern at Army study sites are organic
solvents, petroleum hydrocarbons, and ,:xplosivcs. Heavy metals were
also cite .is a concern at many sites.

b. Limited in-house Army expertise is available in groundwater modeling.

c. A dramatic increase in the amount of groundwater modeling is expected
in the next 5 years.

d. Training and guidance in the use, applicability, and limitations of
groundwater models were almost universally stressed.

e. In-house technical assistance in the Army is needed, although the exact
form of that assistance was not recommended.

The workshop gathered together the individuals involved in the use of
groundwater models in support of Army environmental programs. Major
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objectives of the workshop were to determine the extent and specific nature of
the use of groundwater flow and contaminant transport models in hazardous
and toxic waste site identification and romediation efforts% and to provide
Army researchers with user recomnmendations for required research and devel-
opment in groundwater modeling systems. Ninety individuals attended the
workshop. representing USAEC, various Corps of Engineers offices. universi-
tics, consultants, and other Federal government entities. The workshop
participants suggested the following (though not necessarily in order of
importance):

a. Complexity of the modeling effort should be a reflection of the
complexity of the problem and the objective of the modeling effort.

b. The absence of adequate data for modeling is not a good reason for
refusing to attempt the modeling process. Adequate data that are needed
for a model arc generally also needed to define the problem and the
geologic system being studied. The need for mtdlcling and the data to
support the modeling effort should be based on the degree to which the
modeling effort can improve the ability to make decisions about the
project.

c. Groundwater modeling is the best possible mechanism to synthesize and
analyze laige amouunts of geologic, geochemical, and hydrogeologic data
available, and therefore should be used throughout the remedial
investigation/feasibility study process. A state-of-the-art modeling-based
approach to the site characierization and cleanup will result in predict-
able and d.creased remediation costs and verifiable results.

d. In-house institutional knowledge is essential. The Army needs an
in-house capability to evaluate and assess groundwater model results and
their use., and to provide technical assistance to individual practitioners.

e. Training and guidance in the use of groundwater models is the users'
most pressing need. This guidance is needed for all levels of potential
model users, from the field level practitioners to upper level
management.

f Gcostatistics represents the best methodology currently available to
rationally account for uncertainty and geologic heterogeneity.

g. Many problems with groundwater modeling studies are not technical in
nature, but rather involve initial constraints, miscommunications,
regulatory requirements. etc.

h. A formal mechanism is needed to provide technology transfer to the
practitioners in the field. These mechanisms could include future
workshops, newsletters, etc.

i. Many good modlcling studies have been conducted during the course of

the Army environmental restoration program. The state of practice of
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Army modeling is. in general, the same as that in all Superfund related
work. However, the state of practice is not close to the state of the art
in groundwater modeling in academia and Federal research and
development agencies.

Research and development needs as identified by the workshop and the
questionnaire (again, in no particular order of importance) included the
following:

a. Optimization methods for design of remedial actions need development
and should employ sensitivity analysis of site parameters.

b. Better understanding of contaminant transport mechanisms and proc-
esses. especially of Army specific compounds, is needed in order to
improve modeling capabilities.

c. Procedures for parametcr sensitivity analyses and for understanding and
quantifying uncertainties need to be developed.

d. New procedures to make use of fundamenta! geology in site
conceptualization are needed.

e. Research needs to be conducted in muttiphase flow in groundwater
systems, in the vadose zone, and in fractured systems, and in flow in
frozen soils.

f Capability needs to be increased to evaluate a variety of transport
processes including diffusion, sorption, biodegradation, etc.

g. Existing models need to be improved, with orientation toward input
requirements and output displays. Graphical User Interfaces should be
developed for the models.

h. Interfaces between groundwater models and geographic information
systems and environmental databases are needed.
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1 Introduction

Background

The U.S. Army has sigrificant responsibilities and nume.ous actions
,.uderway to define the extent of and then remediate groundwater comamina-
tion by haza.-dous, toxic, and radiological wastes in its (a) Installation Restora-
tion (IR) Program. (b) Formerly Used Defense Sites (FUDS) Program. (c) Base
Realignment and Closure (BRAC) process, (d) Superfund work undertaken in
support of the U.S. Environmental Protection Agency (EPA). and (e) incidental
support to some Civil Works (CW) projects.

The scope of the groundwater contamination problem is large and the
contaminants present are numerous (see Appendix A). There are 97 Depart-
ment of Defense (DOD) sites on the EPA's National Priorities List (NPL).
The top ten of the Army's NPL sites have contaminated groundwat:r as their
major problem.' The estimated cost of groundwater cleanup is $246 billion.
The Army's focus is contaminated site cleanup as a means of reducing the risk
of harm to human health and the environment. Groundwater modeling is used
by the Army as a tool to help meet this goal by helping to reduce remediation.
cos, increase its speed. and assess potential risks.

The correction of a groundwater contamination problem begins with its
definition. This definition process is called site ct.aracterizatlon or. mom coin-
monly, remedial investigation (RI). as shown in Figure 1. With respect to
groundwater, thc objectives of an RI are to define the sources and currewnt state
of contamination, and predict the future movement of and changes in the con-
tamination, especially off installation. The direction, rate of movement, and
concentration of contaminants are argely controlled by the direction and rate
of movement of the groundwater, which is, in turn, largely controlled by the
regional and site geologic profiles. the regional h,,hrology, the biochemistry of
the aquifer, and the inherent chemical makeup of the contaminant(s). Much
effort is expended in the RI phase on geologic rmconmaisesanc, geologic map-
ping, borings. geophysics, observadon wells, water quality sampling wells, data
collection, and chemical and data analvv,-s to understand the subsurface condi-
tions and model concepa.ally (and oftentimeb numerically) the flow of

Report w Congress on dth Ddefw EmwoFmunmta Resoration Pmlgrm Febnay 1991.
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groundwater at a site. Groundwater flow and transport modeling is used to
as.•,ss the risk of future contaminant arrival at critical locations under known
or postulated hydrologic conditions.

The feasibility study (FS) phase compares proposed contaminant contain-
ment and rcmediation alternativcs for effectiveness, timeliness. cost, and reli-
ability. Since amll of these are possible future event%. prediction is required; and
prediction of effectiveness as a function of time inherently requires mtoeling
of groundwater flow and contaminant transport in one fashion or another. In
the implementation or remediation phase, the design of the remediation
requires evaluation of the effectiveness of a variety of physical treatments
(liners, slurry walls cap%, pumping scenarios, etc.) and biochemical treatment
options. Groundwater modeling can assist with these determinations. During
the opcration.,l phas.., time-dcp•ndcnt owner-controlled activities such as rates
and durations of pumping and evaluations of data taken to assess effectiveness
of -cmcdial measures can benefit from groundwatcr modeling to predict, albeit
imperfectly. the course of future events should certain alternatives be adopted.

Purpose

The U.S. Army Engincer Waterways Experiment Station (WES), in con-
junction w'ith the Directorate of Military Pnigrams, Headquarters, US Army
Corps of Engineers, and the U.S. Army Environmental Center (USAEC), spon-
,ored a workshop on 31 March-I April 192 in Denver, CO, to determine the
fottowing: (a) the extent and T.ecific nature of use o- groundwater flow and
contaminant transport models in Army hazardous and toxic waste site
remediation work; (b) requirements for enhanced transfer of modeling
technology to Army users; and (c) user recommendations for research and
development in groundwater modeling systems. As the title of this report and
the workshop indicates, the sponsors were interestcd in detcrmining future
needs in order to identify deficiencies and the research to overcome them. The
workshop succeeded in this purpose, and as subscquent parts will indicate, also
defined a necd for immediate significant technology transfer effort to bring the
current state of practice closer to the current state of the art.

Scope and Format

This report is intended to be a record of the workshop. This record is
backed up by a nearly verbatim transcript taken by a court reporter and copics
of all Vugraphs and slides presented, which are on file at WES. AbstracLts of
all presentations arc included in Appendix A. The workshop was organi/ed -)
that the experts from Government agencies, academia, and industry and users
at LUSAEC, U.S. Army Engineer districts, and Army installations held the floor
for most of the meeting. The Corps of Engineers research and development
laboratories concerned (i.e., WES and Cold Regions Research and Engineering
Liborator,) were represented but were primarily in a listening and facilitator
capacity. The workshop was deliberately planned as a users meeting. The

Chaptlr I inloduCdn 3



agenda of the meeting is gricn in Appendix B. In the fir.t •,,ion. after an
ol,crvew of the subject and purpoe.% by reprcentalives of the %,,nsoring
agcnce,,, the result ofta preworkhop survey (Appendix C') on Army ground-
%.iatr mrodl uIs4 wa,. presented (Chaptcr 2 ol this r.'l'rt).

In the rcmilning s,,sion%. lout panel, discussed the following subjt'L%:

=Pn.e Topic .Ts Report

I G1oundwater Problems, Users Needs and Model Uses 3

2 Moel Use in Rere<:,a; invesilgehlons 4

3a Model Use vi Remed,abon. Pari 1 5

3b Mode4 Use -n Rlemed&abv Part 2 6

Each panel had one to tnrec invited speakcrs and scveral other members repre-
senting a mix of Army users and non-Army experts and users. The panel
(.i) discussed questions poscd by a moderator, Nb) reacted to the pancl !peak-

ers. and (c) fielded questions from the flxor. Planning materials from each
pancl furnih.d to cach attendee. given in Appendix D. hblter desrihbe the
,cope ol the panel's a.itivties and list the panel members.

Rocky Mountain Arsecnal (RMIA) sponsored a field trip for workshop allen-
decs to their intall.ition %here the sco•p of (heir invcstig.alion and rcmcdiation
of groundwater conlamination wa.s presented and the workshop attend',:s saw
pump and treat operations in action.

Ninety individual,.s, of which 60 were Corps of Engineers employces,

r;.rticipat;d in the workshop. The complcle list (of attendees is given in
r\ppcndix E.

4
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2 Summary of Responses to
Questionnaire on Army
Use of Groundwater
Models

In early February 1992 a questionnaire (Appendix C) was developed at
WES that solicited information on Army use of and experience with ground-
water flow and contaminant transport modecling tools in support of contami-
nated site charactcrizition and rcmediation. The questionnaire also sought user
input on the icscarch and development requirements for future model devclop-
ment The questionnaire was mailed to 22 Corps of Engineers district and/or
division offices, generally ,to specific individuals designated by Directorate of
Military Programs. Headquarters. US Army Corps of Engineers, personnel.
Forty-scven relones from 17 Corps of Engineers offices were received.
Responses were obtained from 28 users at USAEC, representing .seven USAEC
elements, and from two Army installations (Aberdeen Proving Grounds, MD,
and Fort Richardson, AK). While only two installations were polled directly,
USAEC representatives provided input for all other known wes of ground-
water modcls at Army installations. Thus, it is believed that a significant
majority of potcntial Army groundwater model users doing modeling in sup-
port of contaminated site cleanups received questionnaires.

Analysis of Questionnaire Responses

An analysis of the questionnaire responses is presented in the following
paragraphs. The rcsults of this analysis are presented in the forms of graphs,
table.%, and simple statistics (such as percentages) for each question posed.
This document seeks to present a snapshot of where the Army finds itself
relative to groundwatcr modeling at this time.

This part of the report is arranged by section for each survey question.
Following these sections, additional analysis of the global survey is provided,
along with a summary.

OChtw 2 SuwYma o Rofpgs lo Ouvomt 3an A" Use of Groundwa W % Mols 5



Question 1. What percentage of the hazardous and toxic wastes
0111W) problems you amr ecwouatering at military or SuperfUnd sites Is
amiocated with

Petroleum Hydrocarbons
- Organic Solvent Liquids

Explosives
-Metals

Other (please specify)

The responses to this question are given in Figure 2, with an overall response
(Figure 2a), and a breakdown for the Corps and USAEC/installation responses
(Figures 2b and 2c, respectively). The designation of "high," "medium," or
"low" was developed based on these criteria:

a. High: response greater than 33 percent

b. Medium- response between 10 percent and 33 percent

c. Low: response less than 10 percent

As shown, the Army is most strongly concerned about hydrocarbons,
organic solvents, and explosives cleanup. A concern with mctals appears to be
growing as well, given the elevated "medium" vote cast for this class of con-
tanr.cnL The "other" category contained several things including pesticides,
polychlorinatcd biphenyls (PCB's). radionuclides, and herbicides. Note also
that, other than a slight change of order of priority, very little difference was
found between the Corps responses (Figure 2b) and the USAEC/installation
responses (Figure 2c).

Question 2. For the sites referred to alvve, how many of them are, or
are projected to be, involved with the cleanup of contaminated ground-
water resources for both saturated and unsaturated conditions? __(mili-
tary) _(Superfund) What percentage of the total number of your HI7W
sites is this number? __(military) __(Superfund) The responses to this
question were very difficult to analyze due to relative incompletoness of the
responses. Of the information that could be analyzed, over 60 percent of the
respondents said their HTW sites had contaminated groundwater as a principal
concern, with military and Superfund sites both receiving significant represen-
tation. This number, however, is probably low. CGmmunication with multiple
USAEC personnel and several Corps offices indicated that over 85 percent of
-il Army RI sites investigated to date have groundwater contamination as a
point o( prime concern (given that a concern is registered at all).

Question 3. How many of your groundwater-related cleanup studies
(over the last ten years) contained, or are projected (over the next five
years) to contain, a groundwater modeling eflort? __ If this number is
zero, %kip to Question 10. Respondents listed 127 groundwater modeling
studies that had been conducted in the last 10 years, or were projected over the
next 5 years. Additional analysis of the information provided in Table 2 of

6 Chptw 2 Sumnary of Responanto Ouestmmre oun Army Us. of Gromundwat Mdel
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the questionnaire (Appendix C) revealed that 61 of these studies were ongoing
or completed. with the remainder planped. Note also that 11 of the respon-
dents to the questionnaire had no ongoing, completed, or planned groundwater
modeling studies at thi- time. Six of these respondents were from USAEC and
five were from the (Corps.

Question 4. For each groundwater modeling study planned or exe-
cuted, please provide the information requeted in the attached Table 1.
Please reproduce additional sheets as needed. (Sec Table I in Appendix C.)
An enormous amount of information was derived from Table 1. The analysis
of this information was constrained to those responses for which the model
studies weie either ongoing or completed (based on information provided in
Table 2 of Appendix C). This was deemed most appropriatc given the types
of information requested in Tables I and 2. As stated previously, this
amountcd to analyis of 61 ongoing/completed studies.

As shown in Figurc 3, 36 of these studies (59.0 percent) were for military
installations; 10 (16.4 percent) were for combined military'Superfund sites; 7
(11.5 perccn!) were for Supcrfund sites; 6 (9.8 percent) :were FUDS; and 2
(3.3 perccnt) were of the "other" category (1 civil works protlect and I "no
response").

Figure 4 provides the models employed for the ongoing/completed model
studies. The model cited with the greatest number of applications is the

8 Chapter 2 Summaer of Reoonses to Ouestannaire on Army Use of Groundwater Models
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Military (59.00%)
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51 Completed Studies
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Figure 3. Distribution of sites with completed/ongoing modeling studies
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Figure 4. Number of uses of cited models in Army groundwater cleanups
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MODFLOW model, with 24 of (11 total responses. This is of little surprise,
given that the model is currently among the best models available that is
executable on multiplc (personal computer to supercomputer) computing
platforms.

As shown in Figure 5, most of the Army's modcl studies to date have been
two-dimcnsional (2D) or three-dimensional (3D). These studies have been for
both steady-state and transient conditions (Figure 6) in generally saturated
environments (Figure 7). This latter point is of importance because, to date,
most of the cleanup conccrns requiring modeling have been related to whether
or how fast a contaminant will travel through the saturated zone to a domestic
water supply (given present or possible future hydrologic conditions) as part of
a risk assessment. This also explains the multidimensionality of a significant
majority of studies, given the basic heterogeneous nature of the soil matrix and
the potential for movement along multiple axes.

Figure 8 provides responses for the phases of study during which the Army
has conducted the ongoing/completed groundwater modeling. Note that the
majority of these modeling efforts have been conducted in association with RI,
followed by remedial treatment, design/operation (RE), and FS.

As illustrated in Figure 9, the majority of ongoing/completed groundwater
model studies have entailed the execution of both flow and transport models
(in either a coupled or uncoupled mode). Forty-two of the 61 respondents gave
this response, followed by 18 "flow-only" responses. These results point
toward the often nonconscrvativc nature of the contaminants simulated
numerically in Army-sponsored studies, which require the more rigorous
modeling associated with transport simulation. However, most of the
18 studies citing "flow-only" responses listed a variety of nonconservative
contaminants as those of concern in connection with the modeling. This is,
hopefully, an artilact of the requirement often expressed by regulatory agencies
that the Army simulate "worst case" conditions. These conditions usually
entail simulation of flow only as an expression of conservativei contaminants
that neither iag behind the flow of water, Nccome attached to or trapped by
soil particles, nor biodegrade. This achieves, in theory, the strongest contami-
nant concentration that reaches a location of concern the fastest. If this result
is not an artifact of regulatory conservatism, it represents a misunderstanding
of the kinetics of the contaminants being modeled. Note, also, that this result
again poinLs toward the idea that the majority of Army modeling has probably
been in support of a risk analysis, with the use of modeling as part of a
remedial design being a secondary factor (as shown in Figure 8).

Figure 10 provides one last snapshot of the modeling the Army is doing.
As shown, the Army has been simulating a number of contaminant classes.
most notably solvents. The lack of modeling emphasis on explosives and
hydrocarbons is in contrast with the prevalence of these materials in

1 ('Comrvative c'oniaminants arm biochemically noneactivc. Nonconservalive amnlaminants

are chemically and/or hiologically reactive.
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No Response (13.1%)-\

2D (45.9%)

30(39.3%)

61 Total Responses

Figure 5. Cited dimensionality of model applications

No Response (1 3.1 %h�

Steady-State (31.1%)

Transent (44 30/o)

61 Total Responses

Figure 6. Steady-state versus transient applications
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Figure 7. Type of application cited: saturated or unsaturated conditions
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61 Total Responses

Figure 8. Phase of study employing groundwater models
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No Response (1 .6*/*)-1

Flow Only (29.5%/)

F~ow+Tra...r..(68.90

Fgr9.Flow oranswad rasort moeld6o8ngig.omlte%)de

O~ther

Pesticide

E~pboshes

Hydrocarbons

Number of Reported Model Applications
61 Studies

Figure 10. Contaminant types being evaluated with groundwater models
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groundwater at Army installations shown in Figure 2. Alternatively, the result
most likely represents a lack of experience or confidence with the modeling of
explosives and hydrocarbon transport by either the Army, its contractors, the
regulatory agencies, or all three.

A final piece of information requested in Table 1 had to do with the types
of computing hardware on Which groundwater models were being run. A
significant majority of those who did respond to this question listed the per-
sonal computer environment as the one they were currently operating within.

Question 5. For each groundwater modeling study listed in Table 1,
please provide the information requested in the attached Table 2 on a

sheet per study basis. Please reproduce additional sheets as needed. (See
Appendix C for additional detail.) Figure 11 shows that, of the 61 studies
listed as ongoing or cmpleted, only about one-half of them were felt to be
successful. The remaining studies were listed a:; a combination of marginal,
unsuc" ;sful, and no-response. Approximately 80 percent of these 61 studies
were )ntracted. Figure 12 shows the ielationship among successful, unsuc-
cessful, and marginal studies and whether said studies were contracted, done
in-house, or done as a combinatioi of the two. As shown in the figure, there
is no bias associated with who does the studies; all study agents succeed or fail
with equal ease.

Figure 13 provides some insight into why respondents thought their model-
ing studies were marginal or unsuccessful. Eieven of 39 respondents
(28.2 percent) listed poor or incomplete site chairacterization as the prime rea-

son for less-than-successful modeling applications. The additional answers are

noteworthy as well. Seven respondents said that technical gaps in the state of

modeling precluded their successful use in their applications. Five responses
listed poor study documentation as proof of a marginal or unsuccessful study.
Coupled with four responses each that listed a lack of contractor expertise and

a lack of in-house analysis expertise as prime contributors to lessened study

success, this strongly suggests the need for increased in-house expertise
(through training, technical assistance, and hiring). Such expertise should
greatly reduce the likelihood of poor contractor selection, and would improve
study monitorship through heightened technical interaction, statement of
in-house expectation of contractor products, and in-house review of contractor
results.

Question 6. Are groundwater models overly expensive or dificult to
use for your applications? __ If the answer is no, please continue to
Question 7. If the answer is yes, please check the following that supports
your answer.

Models typically require more cost or effort than the
information gained from them IL worth.

User manuals or other instructions for .,sing the individual
models are inaccurate, incomplete, and/or out of date.
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No Response (16.4%1/

Fully Sucoessfui (50o.8)

Marginally Succ. (23.0%

61 Studiies

Figure 11. Evaluation of relative success of ongoing or completed studies

25-
80% of all studies contracted

0 .... ... ...... ......... ................................................ ............

.20 ......

515

51 0o ........................ ................................................-.....

E
z

Successful Marginal Unsuccssful!

Contractor In-House Combination

Figure 12. Relative success of modeling as a function of who performs
the modeling
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Mode Tec Gap (179%)Contractor E~qpertse (10.30/)
Model Tch Gaps(17.9% Conttract Specs (2.61/)

-n4-kxuse Analysis (10.31/6)

Nonirnproved RE (7.7/%

Inadequate Tuirev (7.7%) Study Doc,. (12.8%0/)

V-DA Tech Support (2.6%)

Site Character. (28.2%/)

39 Responses

Figure 13. Reasons for marginal or unsuccessful studies

Too much labor and/or time is required to compile the field
data needed to define the problem to be modeled.

Too much labor and time is required to put results or
model analysex in a ronii that Is userul ror making
engineering decision%.

__ Other. please explain.________________

There wcrc a total of 47 resjs'nsc,% to this qucstiofl. their distribution is given
in Figure 14. RcspiondcntLs were split tin this question.

As shown in Fig~ure 15, those respionding yes to Question 6fc tel thait the
cosis oif getting the data required to execute a groundwater modcl e~ltetiv clv
we6,re excessive. This is of some concern because the same dauti required to
execute a model are, in general, those required it) conduct a thorough site
ch~arawctri/ation. Additional respoindents cited the cttort to conduct the model-
ing a% a contributing reason for their answcr. Presumably, the inien*.it% ot this
W~on~. including data collection. Parameter estimation. model calibratioin. and
analyst% was deemed too high by the respoindents. When coupled with con-
ccrns about analysis costs. be they as'iciatcd with time or labor usaige. orf
concerns about pitir modcl Jocumenitation. the reasons respiondents% thought
groundwater models were too ditlicult or tloo expensive to opecrate suggest a
fcw ideas: (a) the time model user% have in the RI FS process to conduct anv

16
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NO REPLY (31.9%
i ~ NO (383%/)

YES (29.80'/-H

Figure 14. Are groundwater models too difficult or expensive to use?

Anayss Costs

DataCosts mw

Poor Manuals. . . .

Modeling 2foul i s f f i i S
0 1 2 3, 4 5 6 7 8 9 10

Figure 15. Reasons why groundwater models are flet to be too difficult/expensnce
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rrm'dcl studivs, whether elatiorate tir simpler, is short, (h) the groups preseCntly
doing %itc charaoctertiation consider ditAW collection to support numerical modecls
tA) be ot~uside the %,.ope ilt da.ta thev norniallv collect for adequate site con-
ctptu.dli..tion-. and (0) the difficulties preentI users have in implementing
inodt Is. is exemphlifid bh' model kidt, urinta tion concerns, when coupled with
the tither twko concern-, may be great eniough ito diseAouragc more extensive use
of groundwater models in thc Army,

It i% interesting that nearly one-third of the respondent~s to Question 6 gave
not respoinsc to the question. An anal~sisi ot the overall que~stionnaire responses
from this group is shown in Figure lb. All of the respiondent in this group
cited, in one way ort another (i.e.. the group had only five ongoing or comn-
pleted studies, and thcse were all contracted), a lack of in-house groundwater
modeling experience is the ptimarv' rvastin lor thvir lack oif resptinse: to Ques-
tion 6. As %kill be discussed in a laitcr section. th.s binding is extremely
inlipi'rt.knt because: of its potential impact on luture studies. and on the qualit%
of in-house review of future contractor studies.

Contracted Studies Only (67.)-1~

Planned Studies Only (26.7611- ~

- Experience As Ye (66.7%)

Figure 16. Reasons for nonresponse to quest'on on model difficulty/expense

Que-.tion 7. Wits %our answ~er lo Quvstion 6 based on your ownl expe-

rJ~ence. discussio)ns -4th contractors., or both? ______Cosntinuing wsith

cliamin;.tion ol1 the eiixprience: base oll the Army modeling community, the
rt-ults to Question 7 are rrovidt-d in F~i!gure 17. The "minimal expe~rience
i'roup (that is. the 'group' thait gave no respo~nse to Question h) has been dis-
icussed in the preceding pair.i ' raph. Now the three other groups listed in
1-igurc 17 % ill be examined.

In an elfort ito an.iIl ,e the Fi ' ure 17 re'.ponses, a set oll criteria-were
establ-ished relaitive to the ov'eraill extperien.ce base oll Army model users.

is
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M inim l • •" ii~~i!!!i~ii.. ......... ..
Mi~naim Eiqpenence (31.9%'k

--Contractor (12-80/)

-Both (36.2%)

Figure 17. Experience basis for answer to question on model expense/difficulty

Required in this analysis was that the respondent have ongoing or completed
modeling studies rather than just pl-inned studies alone. This resulted in the
size of thc *experienced" group being reduced from 32 (those answering yes or
no to Question 6) to 21. Any trends in responses based on the respondent's
answer to Question 7 were then investigated. Analysis of an additional vari-
able, whether the model studies to date have hccn done in-house, by contract.
or as a combination of both, failed to produce any obvious trends.

Nine 'experienced" Army modelers said that groundwater models were
overly difficult or overly expensive to usc (Question 6). Twelve said no. Of
the "yes" gru'p, all cited their own experience. or a combination of their own
and contractors, as the basis for their response to Question 6. One of the
"no's" cited their own experience; the remaining I I cited a combination of
their own and contractors', or just contractors', as their experience basis.

Now return to the group of 32 original rcspondcnts to Question 7, removing
for a moment the experience criterion. Analyzing these data further, of the
nine respondents who listed the basis for their answer to Question 6 as their
own experience, seven said that models were overly difficult or overly expen-
sive to use. One said no, and one had no rcsponse to Question 6. Eight of the
nine in this group were listed an4ig the "experienced" modelers as discussed
in this section. Conversely, of th. six modclcrs who listed contractor experi-
encc as their basis for answering Question 6. all six responded that models
were not overly diflicult or expensive to use. This group had only seven stud-
ics planned or executed among the six of them, and four of the six were listed
among the "expcrienced" group.
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Finally, 17 respondents to Question 7 listed both contractor and in-house
experience as the basis for their answer to Question 6. Ten of the 17 said that
moJcls were not overly difficult or expensive to use.

From this analysis, it would appear that those modelers having in-house
cxpericnce in modeling generally thought that groundwater models were overly
difficult or expensive to use. Further, those thinking the converse were
generally using solely contractor, or a combination of their awn and contractor,
experience to justify their answer. While this is a bit of a mixed bag, the
result does again support the need for additional in-house training and
expertise in groundwater modeling tools. It is obvious that the level of Army
in-house experience is greatly impacting the answers given to Question 6.

Question S. In your experience, are groundwater models comprehen-
sive enough to account ror the major details of real field problems? __

Alternatively, do you believe your organization generally collects data sets
comprehensive enough for groundwater model use? - Figure 18 illus-
trates the responses to this question. Again, there is no clear trend in these
answers. It is interesting that eight of ten Corps district/division respondents
to this question said models were comprchcnsive enough; two-thirds of
USAEC respondent% said no. The responses to the data set question were

16-

14 t . ...... "... ------ ..... . • ..... "............. "............ .° . ......... °......... .......

12- .................... ..........

10 -.------------------------- - .............

8- - ------.. .. I ....... . ......... .o........ ........ ...

I-I

6 6 ---- - ............." ...... . ... . ........ --..

E i
Z 4 -.-.-----------------..................... ,- .....-----...........

2" . ' . ............ ................. .-.--......°°-o...........

0-
Models Comphensrve Data Sets Comprehensive

Yes ~N

Figure 18. Are groundwater models and data sets comprehensive enough?
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mixed. Additionally, 12 "experienced" modelers said models were comprehcn-
sivc cnough, cight maid -to (one did not respond). It is not clear what this
trend suggests. It is entirely possible that many of the questions the Army is
currently facing, especially in Corps district/division offices, can be answered

wihbetter packaging of existing technology. However, the results also
suggest that the need is recogni;icd by a siieable portion of the user
community for improvements to both models and data gathering techniques.

Question 9. Rank the following items by assigning them a High (HW,
Miedium (NI), or Low (L) importance In making groundwater models more
useful tools for your site applications. Note that the abbreviation for each
item appears at the end of said Item.

softwamre or persnal computers (PCs) or work stations
with a grnphical user Interface that encbles easier input of
data to groundwater models (PCGUI)

software for PCs or work stations with a graphical user
Interface to nid in visualizing groundwater model results
(PC Visuals)

softwalre that would aid in extracting inrarmation from
model results in the form of tables and plots similar to
those now used to evaluate field data (Extraction)

interfaces that would couple groundwater models to CADD
and GIS software (interfa~ces)

a data base of typical geophysical and biochemical param-
eter values for specific soil types and contaminants (Par.
D base)

a data base that would provide citations to pertinent
published information on groundwater models (Cit. Dbase)

- a probabilistic modeling capability that includes measures
of uncertainty in geologic conditions, aid in parameter
estimation, and theoretical limits of modeling reliability
(Prob. Model)

- guidance on the use and limItations of existing groundwater
models for site characterization, feasibility studies, and
remediatlon operation (Guidance)

- an expert system to aid users In the selection of appiropriate
groundwater models. The system would also provide users
with lrecommendatlons For model parameter selection
(Expert Sys.)
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The of Army technical support per'~onnel to assist in model choiceand application (Tech Supp.)

again illustratethusr'dsrsfripoemehdfr hueofxsin
models, as illustrated by thc high marks for personal computer-based graphical
user intrl aces fr existing motels, and by the call for visualination and
guidance oin model use, From these three items. a second group, made up (t
extraction methods, expert systems, probabilistic models, general interface% it)
a Geographic Information System (GIS), and standardized modeling tools, was
hunched together in importance. These items point toward a combination of
development for existing tools and the creation of new research product%.
Army technical support, integrated rsmediation simulation tools, parametric
databases. and a citation database were the lesser desired products of those
mentioned in the survey, in that order. It is interesting that the Army technical
support item scored below the median line for all items in contrast to the
general tone of responses to que-stions elsewhere in the questionnaire, which
were quite positive on this point. Additionally, it may be possible that the
ordering of all but the three items in the highest grouping reflect%, again, the
level of experience of the users at this time. The responses may more accu-
rately reflect the field's Overriding desires to do better with existing tools than
any focused priority for the development of improved tools.

Question 10. ir you are not using groundwater models for your
groundwater cleanup studies, please indicate why (check each that is
appropriate):

Generally insufticient time ror model usage within normal
protect schedules

Insuorcient fulnding or time to learn the use in-house or
most groundwater models

lnsuf•ucient ilnhouse manpower to apply groundwater
models

Gnsufmicient time to contract groundwater modeling efforts

Insufficient funds to pay for contracted modeling efforts

Current groundwater models have lnsuMcient levels or
credibility for decision making
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Figure 19. User ranking of potential modeling R&D activities
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- Typically an insuMclent amount or site data exists to
warrant groundwater model ume

- No groundwater modeling was deemed necessary. Please
explain the rationale for this decision _________

Other", please explain. _______________

The most frequent responses for this question arc given in Figure 20. mnade-
quatc site data was the reason for not using modeling in remediation and site
characterization studies. This is quite disconcerting, for it seems a complete
site characterization or remediation sAheme design would, in general. require
the sime data, or nearly so, as a modeling investigation.

Not Yet Ready (7.6%)-l

/-No rawine Sci dedule (182%)
No Modle"mNecessary (10.6%_

~ \.-NoResoureslo Leawn(152%)

Inadequate See Data (242%,

Poor Model Credibi~y (9 1 % ~ No rwWt~ to Contrac (7.6%)

66 Total Responses

Figure 20. Reasons for groundwater model nonuse

The remaining responses illustrated in Figure 20) can he divided into two
basic groups: (a) "Our schedules are so light that we do not have the time,
manpower. or funds to do an adequate job of modeling'., and (b) "We are not
ready for modeling yet, or modeling is not ready for us." The lack of in-house
experience discussed in many previous sections again comes into play in these
answers. However. a second concern appears. Several respoindents seem to be
"saying that the site characterization/remediation process itself, either through
regulatory or Army rigidity, does not provide for ample time to do a
concerted, complete modeling study. One must wonder, if this is indeed the
case, how a concerted, complete site characterization or remediation design is
effected.

24Ch~apter 2 Summary of Responses to Ouestionnare ont Army Use of Ground~water Models



Question I1. Would you employ models more often if the Items above
in Question 9 were available? __ If the answer is yes, please be sure you
ranked the items in Question 9. Of the 47 responses to this question, 19 said
yes. 15 gave no response, and 13 said no. This leads one to ask what these
results really suggest, given the distribution of the responses. The intent of the
question was to a.certain if the conduct of the research and development
discussed in Question 9 would induce morc effective use of groundwater
modeling tools. Taken at face value, it appears that some of the respondents
to Question II would not make more effective use of groundwater models
regardless of the development proposed. However, it may be that the question
was framed tot) ambiguously to provide really usable results. For example,
some of those answering no to Question 11 might believe that they were then
using, or had already planned to use, groundwater models effectively prior to
any proposed research and development. On the other hand, those answering
no could be averse to groundwater models under any circumstances. Given
the plausibility of each of these postulates. it may be advisable to discount the
overall worth of the responses to Question 11.

Question 12. Do you have any access in-house to additional ground-
water models that are not listed in Table 1? [See Appendix C.] Ifso,
please provide the names of those models below and whether they are run
on personal computers (designate PC and class of PC; i.e., 286, 386, etc.),
workstations (designate WS with workstation name) or mainframes (NI
with machine name):

MODEL NAME COMPUTER

Tcn models, or direct variations thereof (usually associated with graphical
interface extensions to the original model), were listed. The MODFLOW
model (McDonald and Harbaugh 1984) led the way by far, followed by
PLASM (Prickctt and Lonnquist 1971), RANDOMWALK (Prickett, Naymik.
and Lonnquist 1981), and SUTRA (Voss 1984). Several additional models
were mentioned in individual responses. None of the in-house models were
being housed on a supercomputer by the Army user community. In fact, all of
the respondents stated that their models were operating on pcr.Snal computers
or workstations except two, who listed VAX hardware as their computing
platform. The models listed, and the computing platforms mentioned, are very
important in that they indicite a general requirement for personal computer
modeling tools in the near future. The questions of what level of personal
computer on which to conduct development (i.e., 286, 386, 486), and what
level of development is appropriate given the changing hardware world will
require additional review and discussion between Army model users and
developers. However, there can be ro question that the current computing
platform of choice of the Army user community is the personal computer.
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Question 13. When evaluating groundwater modeling proposals pre-
sented by contractors, which of the following is generally the de.Jini
factor in contractor selection? (Check one please)

Quality or proposal based on in-house technical review

Quality of proposal based on external technical review.

Who generaily conducts this review?

Known reputation of contractor

Other, please explain

Thirty-six responses were provided to this question as shown in Figure 21.
The importance of this question, and the next one, is tied directly to the level
of in-house experience the Army has in groundwater modeling. Recall that
80 percent of all ongoing or completed Army groundwater model studies have
been contracted. Further, recall that one-third of respondents to this

Reputation (16.7%)-\

External Review (5.6%)

In-House Review (77.8%)

36 Total Responses

Figure 21. Methods used in evaluation of contractors' proposals for modeling

questionnaire have said that they feel they lack 'he expcrience to comment on
whether groundwater models are overly expensive or difficult to use. With
that, note that of the people who responded to Question 13, over three-fourths
said they conduct in-house review only in the assessment of contractors'
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proposals. Note also that 6 of 36 respondents said they go primarily on con-
tractors' reputations when assessing the worth of contractors' proposals.

Question 14. When groundwater modeling results are presented, which
of the following is generally the primary means of assessing the reliability
of those results? (Check one please)

In-house technical review

External technical review. Who generally conducts this
review?

- Other, please explain

The results of responses to Question 14 are shown in Figure 22. Note that
in-house review is used almost exclusively to evaluate groundwater modeling
results. Coupled with the results from Question 13, and recalling the overall
experience level of Army modelers, it is imperative that steps be taken quickly
to improve in-house groundwater modeling expertise. The ramifications of
these results relative to the quality control of contractors' studies are
unquantifiable from the results of this questionnaire.

Extemai (8.3%)

In.Iouse (91.7%/6)

36 Total Responses

Figure 22. Methods used in review of groundwater modeling results
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Question 15. Please provide any additional comments you have
including your projected future needs for groundwater models.

A variety of comments were provided in this section. The most common
rcsponse was an explanation for the respondents' failure to complete the
questionnaire. The usual reason for this failure, or reticence, was a cited lack
of modeling expertise required to complete the text.

Question 16. Please provide (reproductions or originals) of either cover
pages or references to any contractor and in-house reports dealing with
the modeling of groundwater flow and/or transport at Army sites. Refer-
cnce materials were provided by several respondentsL. These materials arc
being used in-house.

Summary

In early February 1992 WES developed a questionnaire that solicited Army
use of and experience with groundwater flow and contaminant transport model-
ing tools in support of contaminated site characterization and remediation. The
questionnaire also sought user input on the research ind development require-
ments for future model development. The questionnaire was mailed to
22 Corps district and/or division officc,. Forty-seven (47) responses from
17 Corps offices were received. Additionally, questionnaire responses were
obtained from 28 users at USAEC, representing seven USAEC elements, and
from two Army installations (Aberdeen Proving Grounds, Maryland, and
Fort Richardion, AK). While only two installations were polled directly,
USAEC rcpresentatives provided input for all other known uses of ground-
water models at Army installations.

These responses were analyied for trends and content as presented in this
Chapter. From these analyses, certain points have appeared:

a. The Army is presently investigating organic solvents, hydrocarbons, and
explosives as their primary contaminants of concern. Heavy metals
were listed as of medium concern.

h. The Army is performing modeling primarily for military installation
restoration, followed by Superfund activities.

c. Army groundwater model users have limited in-house experience in
modeling. To date, approximately 80 percent of all ongoing or
completed modeling efforts have been contracted. Several questionnaire
respondenL% cxpressied a lack of sufficient modeling experience to
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complete the questionnaire. There are organizations within the Army,
however, that bave acquired significant levels of modeling experience.

d. A sizeable portion of the experience base employed by Army model
users for decision making regarding modeling results is derived directly
from contractors' expediences and comments.

e. Users expect an increase in requirements for groundwater modeling over
the next 5 years. Questionnaire respondents cited 67 expected modeling
studies in the next 5 years, in contrast to the 61 ongoing or completed
studies (over the last 10 years) reported.

f The needs for all levels of training and guidance on the use,
applicability, and limitations of groundwater modeling tools were
stressed in users' responses.

g. The need to make much improved use of existing modeling tools
through interface and visualization extensions to current models,
modification of existing technology, etc., was stressed in users'
responses.

h. Additional research and development needs, ranging from probabilistic
model development to parameter database creation, were ranked by
questionnaire respondents.

i. The need for Army in-house technical assistance was suggested by the
overall tenor of users' responses. The form for this assistance was not
recommended by users.

j. Most experienced Army groundwater model users felt existing models
were overly expensive or difficult to use.

k. A variety of reasons for nonuse of groundwater models was reported.
Chief among them were inadeauatc site data and resource limitations
regarding model training, upkeep, execution, and analysis.
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3 Panel 1: Groundwater
Problems, Users Needs
and Model Use

Objective/Scope of Panel

The sc.ope of this panel was to provide the Army groundwater model user
community with the opportunity to present their generail insights into modcling
experiences and more importantly their insights Into requirement-. for future
activities. The responses to the prcworkshop, user% survey provide an overview
of thc user community's needs, but the panel discussion %%as able to amplify
based on individual experiences past Army efforts. in thc modeling arena.
Successes and failures oif previous modeling cffort:s at IR sites were aiddressed.
Suggestions were offered oin the Army groundwater modeling user corn-
munity's greatest needs. including their perception of future reseairch needs in
the field of groundwater modeling. Three staite-of-the-art paper.% were
presented. and a panel discussion with audience participation followed. Panel
members and their affiliations follow; additionail panel information is provided
in Appendix D: Moderator, Mr. Ira Maiy, USAEC, Nir. Brian AnderM- n. Pro-
gram Manager, Rocky Mountain Arsenal. Mr. Khal Masoud, U.S. Army Engi-
neer District, Baltimore; Dr. Fred Baker. Baker and Associaites. and Mr.* Sam
Bass, U.S. Army Engineer Division, Misstiuri River.

Key Lessons from Papers Presented

"Description of Ground Water Modeliaig Experience for the RI/FS
Process at the Rocky Mountain Arsenal," Brian Anderson, Program
Manager, Rocky Mountain Arsenal

Rocky Mountain Arsenal (RMA) is both oine of the most contaminated and
most stuJicd sites in the Army s IR Program (Figure 23). Some of the cailiest
groundwater model studies in this country to track and understand poillutant
transport were done by the U.S. Geological Survey (USGS) in the l'97t)* at
RMA. Perhatps the most famous wa% the oine by Konikow (1977) using
chloride as a tracer for modeling contaminant transport. While these early
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models can be ttrined crude by present-day. standards, they helped Prov.ide an
understainding ill ihe h'.droigetwltw oit the RNIA region. Since those earliesit
moidcling 0l orts, .1ppro'%1m.1tei' 3o models have been applied at RIA lor
difftering rtnitdi.ii inivesilgation purptsvs. design and operation of individual
interim remeirhil ict1ions, vne0;invvrtnefli and risk .i essments. and most
recent!'. 'ka .cr cqu.ih1 mi a ninagenlent.

Much ot the i~iri'. modding ci tori at RNIA. in hindsight, \%as wasted. One
ol the milqor reasisns It'r these lailurcs \%;i% the use of proprietary codes hy
ditiercrnt or ' .ini',ationii. The coides and models% became unusable upoin the
completion tit the indii, dual study. There is no wa o(if running or updaiting
these particular models wvith new data or \%iih new ss-cenariosii that might have
dl.,c~ lored tictr the miodel wast completed. Niodeling ctlort:% \%crC olten under-
t~cike \\ thout in uindtersiinding of the datai requiremnirts of the model. Models
\% et at: iso d'c\ L' lopd vA i ttott a ear c-cut object:Ii c bor the modeling vi tort.

in~illN, there \%.t is aL~iA of in-house Armyý expertise and resources to under-
siind the results o4 indi' idual modelsi and how to use the intormation from oInc
modeling etvt~ort ito guide either the work bcing done at RMA or the next
modeling ci tort.

Nlian' of the-se major probcms% ha'.ec been addreossed by% the formation oif a
pcer rc'.iw~ b~ord lor 'groundwater niodeinrz ellorts at RMIA. This paniel is
mide uip tit Arms\ represcnt.iti\ves. other governmental organi/ation rcprcsent.i-

It\,"e, and modeling contractors (both academic and industrial). Formal
presentat~ions ire maie before this group oin all Ftroposaols for modellng efforts
and the re'sults ol ill miodeling elorts. This procce, has been a great help in
ens~iring t :hat[ abct'.e re cleciri understood. reloa .ni past ci loris are
conside-reod and the latest modeling, e~loto \%ill be u'ct ul to the overall cleaknup

oll RMA In 0ci ict, this board. %%.ith its blend oit staic-ot-thc-art persoinal
e\pericmnc. overcomesi l~r th is one installation the technology tran ster problem
soi stronc!'. esprcssed in the user %ur\cv. While it is noi certain that such a

lormil pu %.,s.cn be set uip at e\very installation doing ground'Aatcr modeling.
it is tcrtirn th.t guidaince ot this t'.pe is desperately needed to ensure th~it
moidelint. 0i orts are eonducted clii mcenilv.

"Overview of Major Remedial Investigation, Feasibili-ty Study Work
in Edgewood Area of Aberdeen Proving Ground, MD, as Related to
Groundwater Modeling and Its Needs," Khal Masoud, U.S. Army
Engineer District, Baltimore

Sinc 11) 1i7. the Fdge'.'.ooid Area oit the Abe:rdeen Plro'.ing Ground h~ims been
ihe priin.ir'. cht-nii cal m-arirtcr rese~arch ind &deeopmenrt center aind A chemic~al
atgent production .irc.i for the In ned States. This tong histor'. of chcini ial
productlion. rcsevrch and detvi.lopmeni. and disposal has- led to the desi!nition
of [digt-%%4ood Are.i as% an \1P1. site %% ith the identi ca'tion oft 0'. r
1') 5vI oienii.ill% co ntiainin tekd subsit- 'icsThese inri\' iduiil sublsites ha\. v been
grouiped into 55 ~t Lisir% ;r 'nkit. .k r m'dclnnt! ci tortsi under the directihon of
the C.S( S h~i'. hici ben oing oin since the- middle I'nisin the Camii ('rek and
o Field aireas. Daita collection has been challenging bvcausc tol the largev
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amount of unexploded ordnance (hoth chemical and convcntional) in the study
areas. Thec special risks have led to the development ol rcmotc drilling and
s.impling techniqucs, which, while sale for the workers, arc very cxpensivc and
time-consuming. Much effort in the future is to he cxpended on dcvcloping
less expensive data collection altcrnatives to the present mcthodologies.

To date, the majority of the groundwater modeling efforts have bcen con-
ductcd by the USGS using the USGS MODFLOW model. This three-
dimensional model has been used to model a two-aquilcr system with
boundary conditions for the rivcrs and the Chesapeake Bay, which ring thc
site. This and future modeling el[orLs have the objectives of (a) characterizing
the contaminant plumcs; (h) determining migration pathways to potcntial
receptor piopulations; and (c) simulating remediation activities. Modeling
throughout the course of the field data collection cllorts has proven fruitful,
c,pccially that done early in the process. in determining data requirement% and
study needs. These ellorts have led to the conclusion that there is a need to
further use and integrate state-of-the-art geostatistical and probability tools in
the pro:css. They will help in reducing the uncertainties in understanding the
hydrogceological parametcrs that arc critical for reliable groundwater modeling
and arc, of course, the hardest data to gather reliably.

"Development of Groundwater Modeling Objectives and
Performance Criteria," Dr. Fred G. Baker, Baker Consultants

A common prohlem with modeling clorts seems to he the failur, of the
model to meet the expectation, of the end user. This failure can be traced to
several causcs, which often lead to the end user feeling uncomfortable and
burned by the modeling process. The major causes of this disappointment are
(a) communication failures between the enid user and the modeler; (b) a
misundcrstanding of the problem that the model is being created to address;
and (c) a lack of understanding of the modeling oh.jectives or the project
ohlbctivcs in icncr;l. Thcrclore in many ways, the moist important activity of
any modcling elfort is the csta;blishmcnt of modeling critcria and objectives
(Figure 24). The first step involves cslallishing project objectives and
c'aluating mnodcling nceds. This step is basically a go/no-go decision on the
modeling efMort and in gencral defines the required level of modeling ,,phisti-
cation. Alter the modeling need is established, the specific project modeling
oblectivcs are determined. These objectives should include a definition of the
major attributes or assumptions being made about the hdrogeologic system.
the calibration criteria that will be used to cvaluatlc the model it the end of the
eff ort, and most importantly the expected limitalions of the modeling effort.

Selected Questions and Answers
Question from Dr. Paul Hadala, WES, to Brian Anderson and the

Panel

"Docs y(ur pcer review p.ncl look at Just the plans for groundwater
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models? Or does the panel also look at the modeling rcsulLts?" Mr. Anderson
rcsponded that the peer review panl looked at the modeling cttirt at all.
staIge.s from start to finish. This answer started a panel discussion as to the
availability and practicality of pccr review panels at cvery installation for every
propoised groundwater model. Mr. Anderson resporndcd that historically RMA
had never had the internal resources to really identify what their true objectives
were. Groundwater modeling was understood internally as a tool, but no,
undcrstood as to what the tool was ;,,complishing. Because of this !ack of
internal guid.nce and understan"; ,, of the modeling process. the resulLs werc
often unsatislactory. Often RMA had dilficultics in just writing a good con-
tract for modeling efforts. Thcrefoire without good in-house modeling under-
standing or guidance. a peer review panel fiom outside the Army was thc best
possible mechanism for RMA. It would not necessarily be the best for other
installations or situations.

Question from Dr. Robert Oswald, Headquarters, U.S. Army Corps
of Engineers, to Panel

"It has been stated that a groundwater model would he useful from the
beginning of the investigation process. 11 this is so. can I use the same model
throughout the entire process, through the teasibility study and remedial
design? Or do the changing conditions and level of data make that impos-
sible?" Mr. Anderson answered that this was vcry difficult, especially because
of the lack of in-house understanding of the modeling processes, and that the
lack of institutional knowledge made such a long-term approach practically
imp•ssible. Iowever. he further sugg,,ested that if proprictary codes were
avoided, perhaps a Corps laboratory or the USGS wou!d be in the position to
help the installation make such long-term inslitutional arrangement% ,ossiblc.
tic r,:cmphasi/cd a point made by several panelists that modeling had to be
looked at as an iterative process and that only institutional knowledge would
prevent modelers from constantly reinventing the whcel.

Question from Dr. Oswald to Panel

"Have any of the models predicted the end of the necessity of remedial
actions at RMA'?" Mr. Andcrson responded that thi. models prcdictLd very
long time ncritods, but that the early predictions had predicted quicker clean-
ups. This led to a general panel discussion of the changing technology of
groundwater modeling in the last 15 years and if it ws appropriate to compare
recent predictions with predictions made It) or 15 years ago. The panel also
di.cus,,scd that it w\as hard to go back and hsk at 5- or Itt-year-old modeling
eltorts, both becau.c of changing technologies and because organi/ations rarely
want to look at those older predictions. Orgiani/ations would rather move
ahead, and it has been dilficult to get rcesurces for post-mortem type studies.
hlowcvr, the pancl agreed that modeling studies and codes needed to be
archived to allow such rctrospective looks, and that much could be learned
from post-mortem studies ol past modcling ellorts.
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Question from Dr. Steve Grant, Cold Regions Research and
Engineering Laboratory, to Panel

"The survey of end users identified that there was a large cost component
in dcveloping thc data necessary to run a good groundwater model and that
this was a maior impediment. If this is the case, should resarch efforts bc

placed on developing models that require less data?" Ira May, USAEC,
responded that from his perspe%'tive that would be an inappropriatc use or
research reurces as he felt that the: data needed to construct a good ground-
water model were uata on the parameLcrs necessary to have any understanding
of groundwater flow. After all it Kid model is far worse than no model at all.
The problem was not the types o." data needed for models, but rather that these
types of data were not routinely gathered at all sites. While these data can
often be expensive to coliect, knowledge of these parameters is necessary with
or without mathematical groundwater modeling. He suggested that research
efforts would he hetter %pent on better data collection technology for these
parameters than on trying to make groundwater models run with less data.
This led to a general panel discussion on research needs to better understand
the chcmistry and physics of the subsurface, the transport of particular organic
chemicals, and aquifer properties.

Comment from Sam Bass, U.S. Army Engineer Division, Missouri
River

"One of the reasons we got together was to gather the end users together to
give advice to the R&D community on what the users need. It appears to me
that a majority of the users are reporting that models arc too expensive and too
difficult. The users did not identify a need for additional or new computer
codes, rather help in using and understanding the existing codes. We do not
need to spend our timc and money developing new codes to reflect subsurface
conditions, rather we need to spend that time on learning the existing tools and
trying to get training on understanding the application of those tools."
Mr. Baker hacked up that idea that what was required was better application of
the existing models and the better understanding of the proper utili~ation oif
those tAiols. Since much cf the proper usage of models has to do with the
integration of the existing data from a site to a coherent form, cookbooks on
how to apply a model are impossible to write effectively. That judgment
comes through experience and training, and there is no rcasnable alternativc
to that.

Summary

The panel discussed the specific models and installations that had been
presented during the short papers. The exchange of le..•ns learned and
cxperiences between installation projcets proved quite valuable to many ue.rs
in the audience. Some of the general ideas shared include the following:
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a. Inadequate data for modeling is not an adequate excuse. The data will
be needed to define the problem, not just the model.

b. Complexity of the modeling effort should be a reflection of the
complexity of the problem.

c. Model capabilities and modeling efforts should never drive project
objectives.

d. An established group of people to develop institutional knowledge of a
site and to peer-review modeling efforts is a good idea.

e. The competitive contracting system creates problems for long-term
modeling efforts. The only solution is in-house institutional knowledge
of the program and of modeling processes.

f. The calibration process should not involve simply manipulating the
hydrogcologic parameters to match the observations. Calibration should
be more scientifically based by improving if possible the site conceptual
model and understanding.

g. Future modeling should include optimization methods for design and
should employ sensitivity analyses on site parameters prior to model
application.

h. Save all previous models and data at a site. They will be useful for
long-term comparisons as model capabilities and site characterization
improve. More post-mortem analy.s are needed as much can be
learned from such studies.

i. Do not use proprietary codes.

j. Most problems with modeling efforts are miscommunication and
misapplication.

k. Training in the use of and understanding of existing models is the users'
most pressing need.
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4 Panel 2: Model Use in
Remedial Investigations
(RI)

Background

The RI aspects of the overall RI/FS process at hazardous, toxic, and
radiological waste (HTRW) sites involve field and laboratory studies com-
monly referred to as site characterization or site assessment. RI activities are
inherently interdisciplinary, involving geology, hydrogeology, geophysics, and
contaminant geochemistry. Groundwater modeling is or should be used before,
during, and after the RI activities.

Objective/Scope of Panel

The Panel 2 presentations and discussion addressed a subject area that is
commonly recognized as the most important and yet most difficult problem
encountered in a groundwater modeling effort: defining the problem to be
modeled. While the previous statement is true, it may contribute to a miscon-
ception that views groundwater modeling as a separate entity from the RI
activities. The primary purpose of the RI is to define a site, in terms of
geology, hydrogeology, contaminant sources, and contaminant transport pro-
cesses and properties, to the extent necessary to support FS and remediation
activities. Groundwater modeling plays an important role in the FS and
remediation activities by evaluating remediation alternatives and assessing
remediation effectiveness. However, groundwater modeling can also play a
key role in conceptualizing site processes and planning the RI. Groundwater
modeling during the RI is effectively used to enhance understanding of the site
during data acquisition and to modify the R1 strategy to more effectively
address data gaps and uncertainties. Panel 2 emphasized the synergism
between groundwater modeling and the RI process. This modeling/RI
synergism is suggested in Figure 25, where a feedback loop, which includes
groundwater modeling, remains active until rcmediation decisions can be made
with "acceptable risk."
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Among numerical groundwater modeling concerns arc uncertainties related
to the validity of the defining equations, accuracy of the numerical approxima-
tions to the defining equations, and accuracy of the computational algorithms.
However, accuracy and uncertainty related to numerical groundwater modeling
;ire at lea.-t second order in significance when compared to uncertainties related
to delinition of the geologic model, hydrogeologic model, and contaminant
transport processes. Although the numerical models require definition of
properties at all points in the domain of the model (the subsurface), this can
never be achicvcd in practice. Field data must be intcrpolated and extrapolated
in a statistically and geologically meaningful and rational manner to account
for the geologic hcterogencity.variability and resulting parameter uncertainty
that will inevitably exist after any site characterization, RI. The cost of reduc-
ing site charactcri/ation uncertainty by acquiring additional data must he
balanced against the results of acccptable risk analyses.

The site characteriation requirements addressed in the RI include definition
of(a) geologic structure, stratigraphy and lithology; (b) hydrogeologic
properties; (c) flow boundaries; (d) surface hydrology; (e) contaminant types,
sources. properties and mechanisms; and (f) transport and transformation proc-
esses in the subsurface environment. The techniques used to obtain inlorma-
tion for these definition requiremenLt are diverse: geologic mapping; surface

geophysical surveying; borehole drilling, sampling, and logging; borehole geo-
phvlical logging; borehole pumping tests,,; dye tracing; laboratory testing,
including physical and chemical properties; and others. A large and/'or
complicated site will involve a significant data management effort and require
a quality control and assessment program. The factors, considerations, and
parameters th;at must be considered and determined in the RI arc summarized
in Figure 26.

The panel format consisted of (a) two synopsis presentations on
hydrozco!oyv 'groundwater modeling and contaminant transport processes/
groundwatcr modeling, (b) a case history presentation emphasi/ing the role of
gcostatistics in site char;icteri/ation. (c) an interactive discussion (questions and
;inswcrs,) with Workshop attendcc, and (d) ;i concluding statement by each
panel member. Members of Panel 2 are listed as follow; additional informa-
tion on this panel is provided in Appcndix D: Moderator, Dr. Dwain Butler,
WES; Mr. Carlos Tamay'o-Lira, Colorado State University; Dr. Frank
Schwartz, Ohio State University; Dr. Carl Enfield, U.S. Environmental Protec-
tion Agency Kerr Environmental Research Laboratory; Dr. James May, WES;
Mr. Gregory lIcmpen, U.S. Army Engineer District, St. Louis; Mr. Dennis
i,,.,ýwser, USAEC; Dr. James Brannon. WES; and Dr. Jesse Yow, Liwrencc
Livermore National Laboratory.

Key Points from Panel 2 Presentations

"Groundwater Models and Remedial Investigation," Dr. Franklin W.
Schwartz, Ohio State University

There .ire two appro;iches to groundwater modeling: (a) a conventional
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Project Type

"* DERA (Defense Environmental Restoration Act Program)
"* IR (Installation Restoration)
"* NPL (National Priority List)
"* Formerly Used Federal Properties
"* Other Hazardous Wastes

"* Superfund Site
"* Contamination Remediation
"• Unexploded Ordnance
"* Site/Remediation Monitoring

Geologic Environment

"* Fractured Rock/Porous Media
"* Consolidated/Unconsolidated Materials
"* Aquifers/Aquitards (Permeable/impermeable)
* Structure, Stratigraphy and Lithology
"* Heterogeneity
"* Geometry and Scale
"* Parameter Uncertainties

Hydrogeologic Environment

"* Boundary Conditions
"• Hydraulic Head Distribution
"* Unsaturated/Saturated Flow
"* Steady State/Transient
"* Hydraulic Conductivity Distribution in Three Dimensions
"* Porosity Distribution in Three Dimensions
"* Saturated Thickness Distributions in Three Dimensions
"* Contaminant Source Locations
"* Initial Conditions
"* Parameter Uncertainties

Contaminant Properties and Transport Mechanisms

"* Single/Multiple Species
"* Soluble/Insoluble
"* Density (Relative to Water)
"* Conservative/Nonconservetive
"* Advective Transport
"* Dispersion/Diffusion
"* Chemical and Biological Reactions/Transformations
"* Retardation/Decay
"* Radionuclides
"* Parameter Uncertainties

Data Management and Quality Assurance/Quallty Control of Field Surveys
and Laboratory Measurements

RI and Groundwater Modeling Synergism

Figure 26. Factors and considerations in Rl's
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approach and (b) a state-of-the-science approach. The conventional approach

is the norm, and the same general strategy is followed at all sites, regardless of

site-specific details. The cornventional approach has some important
advantages:

a. It requires little technical sophistication, and the same standard tests are

performed according to more or less standard procedures by the same
personnel at all sites.

b. It is relative easy to manage, since there is little deviation from one
project to the next.

c. It is simple from the perspective of regulators, since proposals, scopes of
work, and final RI reports all look very similar from site to site.

d. The standardization leads to a homogeneity and simplification of
management and execution and is the least expensive approach.

There are, however, some serious disadvantages to the conventional approach:

a. In many cases, the site is not adequately characterized to support
groundwater modeling, FS, and ultimately the decisions which must be

made.

b. It results in a very unpredictable cost of remediation.

c. It gives few clues regarding the time required to remediate and the
effectiveness of remediation.

The conventional approach typically uses state-of-the-practice methodology,

which in many cases is not equivalent to the state of the art. A state-of-the-

science approach requires "cutting edge" technology and the best available
personnel. The state-of-the-science approach discussed here is a model-based,

mass transport approach to RI, where the ideas and procedures of a modeler

are applied to RI. Procedures and techniques used in the mass transport

approach will vary from site to site. Generally the model-based, state-of-the-
science approach will involve a general methodology that requires the geo-
scientist to (a) identify the contaminants and their distribution at the site,
(b) identify the transport processes and the key parameters that describe/

quantify the processes, and (c) develop a measurement strategy that will enable

the determination of the key transport parameters. The advantages of the

model-based approach arc as follows:

a. Sites are much better characterized and problems are better defined; data
gaps are less likely.

b. The results are presented in forms which directly support groundwater

modeling and FS.

c. Remediation/cleanup :osts are more predictable.
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d. It is easier to predict compliance as a result of remediation.

The disadvantages of the modcl-hased approach are as follows:

a. Better trained, specialized personnel are required.

b. Field and laboratory measure.nent programs and interpretation tools are
more exotic.

c. RI planning, management, and regulatory oversight become more diffi-
cult, since each site/project will have an individualized RI.

d. The RI will be more expensive than for the conventional approach.

In summary, the model-bascd, state-of-the-science approach will result in a
better site characterization and a greater chance for successful remediation.

Groundwater modeling is important early in the RI process as an aid in
conceptualizing the site geology, hydrogeology, and contaminant transport.
Early site modeling has tangible benefits that include (a) an awareness of the
key processes and parameters, (b) a feel for the sensitivity to changes in
parameter values, (c) identification of deficiencies in background data, and
(d) a valuable aid in designing the RI. Inverse groundwater modeling is used
during the RI to determine hydrogeological and transport parameters from field
measurements. An expert system-based inverse groundwater modeling
program called Expert ROKEY (McClymont and Schwartz 1987) was
described, and an example presented of its use with varying amounts of input
data. The program has embedded knowledge to guide the user through data
input, and can be a valuable aid for problem conceptualization and for
parameter determination from field mcasurements.

"Contaminant Transport Processes, Determination of Important
Processes for a Given Site," Dr. Carl G. Enfield, U.S. Environmental
Protection Agency

Three areas relevant to contaminant transport processes were briefly dis-
cussed: (a) hydrogeological factors contribu g to significant differences
between contaminant transporn model calculations and field measured values;
(b) chemical transport processes; and (c) transformations. In situ, hydraulic
conductivity can vary by orders of magnitude over short distances (microscale
variability) depending on the geologic environment of deposition (Figure 27).
This hydraulic conductivity variation has the effect of allowing rapid flow and
transport in some regions and much slower flow and transport in nearby
regions. Commonly, based on a very limited number of hydraulic conductivity
measurements, this is modeled by some "average or typical" hydraulic condic-
tivity value, when in actuality there is no typical value, and a large dispersion
coefficient is used in an attempt to account for observations. This practice
applies a theory to the wrong problem, for only if the hydraulic conductivity
distribution is completely random (very small correlation distance) will
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~E~I~ E ~ Proccsscs that act to7ý delay chemical transport,
.-. ~.-relative to the flow. arc

commonly decLrihe-d bv
pattition cociticicntV.. which

__1M to mainy people mav sc-cm
As like. "stskdo~o magic.'

Pairtition i.ctfwricfts van
vaiy sig.nilicantly from one

pow" panf of a site to another, and
can vary significantly along
the p.ath of transport of a
c .ontaminant, as the
c.ontaiminant concentration

Z- ~-~ - ari-s. Partition coelticicrnt'
- *~in the lictraturc assume onl%.

-. water and tine cont~aminantl
compound, where the con-
Liminant is a-n organic.
neutral. nonpolar materiAl
and the partitioning (%orp-
tion) is to the organic carbon

5 in the soil. If all thi.
- assumptions are valid at the

sitc. he theoirv works fairly

Figue 2. Vaiaton n gelogc eviromen ofwell as long as the contami-
Fdgre 27. Va iation in g oo i n io m n f nant concentration is %-cry

depostionlow (dilute). However. at
many sites, the concentration

is rot low. Also at many sites. there will he a mixture of chemicals,
nonaqueous phase liquids (NAPL's) as well as densec nonaqueous phase liquids
(DNAPUs), aind there may he more than one solvent, such as alcohol.

("osolvents. such as alcohols, and additive surfacLintUs have the effecct of
speeding up contaminant transport. With surfacLinis. there is a critical concen-
tration. Below the critical concentration. the surlactant can he treated as a
cosolvent with water; a;iNvc the critical concentration, the surlactant and water
must bc considered is a multiplc-phast system. Other factors,. such as residual
saturation of an organic compound in a soil, can delay contaminant transport
relative ito predictions using a simple partitioning model bor transpriti through a
".pristine" still The residual saturation will not only slow contaminant trans-
port hut will act ais a contaminant soAurce for many .-cars (pos~sihll centuries).

Transformations involve chemical or biological interactions that change the
nature oif the contaminanLs heing transported through the gcologiLe media.
Mot contaminant transport models a~ssume lhrst-ordt r kinetics for describing~
transformations. I lowever, transformation rates are not firs.t order for all
chemical interactions, for ;ill gtolo gic mcdia,i nd for all concentrations of the
chen~icals. Gener~iclly. two chemicals must he in intimate contact. i.e., at the
same place at the same time, for major transformation to otxur', this implies
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trainsforrnktitons. I lo" 45cr, transformation rates are not first order for aill
chivrik.-aI interaction%. for all geologca media. and for all Lncentralions of the
chvniacal%. Gcnc r.ill%, Iwo chemicals inust be in inltimate contact. i.e.. .al thc

%mepl.wce at thLt sxiic tame, bor majaor transformation it) occur; this implies
that milting uT11,1 0% f.rti For caw&s wlherc oine Lcont~amanant displaces another in

%41 Ai~lcs tr contaivn' int ssil.transliorifation niav oc~cur in a narrow /oneL
on either sidc of the conatad surface. but inixing and hcncc transformation may
not oc.cur tin a l~argeca.

"Geostatistical Characterization and Stochastic Ground Water
Modeling, Offtpost Operable Unit, Rocky Mountain Arsenal,*
Mr. Carlos Tamayo-Lara. Colorado State University

Thu key rc.iAn Io r groundwkater modeling problems ;and Liaulures is pxir site
characteri/.ation The success or failuare ofl groundwater modeling depends oin
how %A01 the site is charactcwcid. Likewise, the success or failure tit activities
kicding to the design. Cornmniction, and opucration of remedial mcasurLns is
dependent on the underst~anding (charactcri/ation) of the site geology. Two
I.ItL'rs that must be addressed in all RI and groundwater modeling efforts irc
untcrr~i aty and aquaicur hecterogenecity. Any groundwater modeling effort that
tch~aracier tics an aquifer with a single value of' hydr~aulic conductivity, single
vailue of saturated Ihicknc~s. ctc.. can give. at bt.only a crude .1pproximation
tit flow and transport through the aquifer, although this type modeling is useful
before and during the RI. Thu fan~a elgjua l hdoelaia~r s tpruc-e
css, model that pro% adcs the input data to ground%%ater modeling for FS and
rernedtatton shiould inc~lude account tor aquilTr c s'net and parameter
u nccrLaant v.

T1he *applic~ation oft geosLatistiu~s ;and stod;astic process theory to characterize
geologic heterotecnea t:. and par~ameter tanceriainiv is illustrated by a site charac-
tcri/ation ci otot at an Al post arca north ofl R \IA. Thiree statistical technique-v/
proi.-cdujrcs scrc dc-4ribcd for charactcri/ing huturogcneity and parameiter
uracc'rt.mil art pararnutur sumisaraoeCrar for dctcrinination (if variances, and
%Pataal correlation disýtances; kraazing for parameter estimation in areas where
thcre airc no mcasurcinenits. and co-kriuzing for parametcer estimation in ;arcas
,,%here thcur are no mevasuremncrts of a given paramtentr. but where there are
muiasuremuntrs of ano.thcr paraincter that is correlated (to the given parameter
(such a% transmassivaty and %aitmarctd thickness). The parameter scrmiv~arior~ram
is ;an;&* led to it acid a correl~ation distance th~at dcscrihus the distance from a
gas e~n measuremenrt position at which the parameter values are correlated or
%patiailly continuous. Kraging is a technique for estimating parameter vailues
,a4.%.v fro'm muias-uremnirt pioints that have the samec variance: and spatial correla-
taon struc.ture as the mc~asurcd data. In many c~ases, only a lew v~alucs o~f
h15drmaaafic condaictas ity (usually the most undcrsampled variaible) will be avail-
"Mc'I in .an area. I o%%c%-cr. there will agencrally bie saabstanti~allR more values of

s~ta~tdthicknvs, and hvdraualic conductivitv and smatuatd lhicknesNs will
liktels be correlated (as they sscrc: br the casec presentecd) ('o-krigi.ng improves
(fth: estanitis ol fith uindcrsampled variabfle, bi.iA-J on the correlation. The
krigcd and co-kri ' gd cutaiaates are used in stcatcprowcess modelingi for
reined a at i4n at turn at ave evalIuat io n and preidict io ns.
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Selected Questions and Answers and Panelist

Comments

Question to Dr. Enfield by unidentified speaker

"Can you %cc a use for a nmdel such that it could justify a 'no-action" at a
particular site?" Two cases were identified by Dr. Enfield that might justify a
"no-action": (a) where the natural chemical and biological processes that are
:aking place will reduce the plume concentration to below regulatory criteria
beforc leaving site boundaries; (b) where there is sufficient dilution from
natural water input to reduce the concentration at the points of control to
below rcgulatory criteria. ."No-action" could be justified by nmxeling in these
cases if the procc--cs and input parameters arc carefully documented and the
modeling procedure is demonstrated to he rcalistic for the site.

Question to Dr. Schwartz by Mr. Stephen White, U.S. Army
Engineer District, Omaha

"Many times the Districts are assigned 'modeling tasks' with very little
data; often another party has acquired the data and there is no option to obtain
additional data. There is a great need for basic modeling tools with "low
learning curves,* such as Expert ROKEY, that can be used as learning tools
themselves and can help conceptualize flow and transponr, particularly at sites
with limited data. With respect to doing the more complex RI Imodcl-based
approachI up front, we have a lot of trouble getting architect-engineers IA.E'sI
to go through and manage and carry out the more simple...or more standard
task Iconventional approachl .... What do we do tol get them capable to dko this,
and what parameters, in specific, arc you talking about getting up front in that
more model-oricntcd Ri?" Dr. chwart; slated that the problem of cncourag-
ing more proactivc -ciencc-Arientcd RI is a difficult one, because the level of
education of the responsible parties is the limiting factor. More sophisticated
RI will come only through education. The parameters that are missing most
frequently in the convcntional approach. that arc needed in the sltc-tof-thc-
science approach, are all the critical mass transport parameters. Personnel
conducting RI arc more accustomed to determining groundwater flow
parameters than the mass transport parameters, and the transport parameters arc
neglected.

Comment, Mr. Mat Johansen, U.S. Army Engineer District, Walla
Walla

"On my wish list of the ultimate modcl is a model that helps the user
effectively link the input uncertainty with the variability and the output
uncertainty. I think we may deceive bosses, regulators, and the public when
we give single Isimplel answers to complex problems. I look forward to any
rescarch and development of modeling that helps us deal with that
[uncertainty]."
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Comment, Mr. Greg Hempen, Panel Member, U.S. Army Engineer
District, St Louis

"I would like to met~tion a pet area, that I think there is reason to save
considerable amount% of money on site invcstigation....And that is the classical
geologic input of deprositional information lenvironment of depositionj. If you
know the depositional environment before you go to a site, all your site
samples mean much more than they would in a stark scn•...Thc new field of
geostatistics and the classic geologic depositional history will give m~tuch better
answ,, much sooncr."

Comment, Dr. James May, Panel Member, WES

Dr. May recmphasiied the importance of understanding and quantifying
geologic heterogencity and parameter uncertainty. Dr. May stated "...regard-
less of what model is ultimately used [for groundwater modelingj, you have to
have the correct conceptual model and input parameters and get a handle on
geologic uncertainty."

Comment, Dr. James Brannon, Panel Member, WES

"...I can't overemphasi7e the impxortance of really understanding the
gcohemistry and the chemistry of the contaminant which you arc dealing
with, in addition to understanding geological properties of tlhe site and the
formation and the way that the water moves, beau~si if you don't understand
all the other proccsscs that arc occurring, that are contaminant specific, then I
don't think you will do a very good job of modeling or being able to predict
what's going to happen at the site."

Comment, Dr. Jesse Yow, Panel Member, Lawrence Livermore
National Laboratories, Department of Energy

"The DOE jDcpartment of Encrgyj faces environmental restoration
problems similar in magnitude to the DOD. There are differences in emphasis,
but al.o) some common ground. The four areas of primary interest to the DOE
are as follows:

a. Subsurface contamination; solventL, (DOE has TCE Itrichlorocthylenej
contamination on virtually all its properties).

b. Petroleum products; DOE has it% share of hydrocarbon spills.

c. Heavy metals and radionuclides (a departure from DOD concerns).

d. Energetic materials, explosives, and propellants (the magnitude of this
problem is less for DOE than for DOD)."

Chapter 4 Panel 2: MWodel Use on Remrneial Inveutgatons (RI) 47



Miscellaneous comments and suggestionsi from workshop
attendees

PcrAnnxl in Corps districts and at military installations frequently dho not
have the training and experience to enable thenm to adequately review the
prngress and results ofl groundwater modeling and site characteri/atio~n input to
the modeling process. Also) the perso~nnel are often not equipped it) make in-
f-ormed decisions regarding when toi mo~del, when not tw model, and the level!
extent tit ggroundwater modeling appropriate: to given situatioins. The Army
needs a unified strategy and guidelines for appificaition oif gro~undwater moldel-
ing. An Army in-house capability l'Or evaluatioin, asessment, verification, and
validatioin tif groundwater modeling results is needed. An Army-wide
methodology for quality control and quality assurance oif site char~acterilmion
a.nd groundwater modeling would greaitly enhance (he role and success of
groundwater moddling iw the RI'TS process.

Written Comments on the Tenets of Good or Usable Groundwater
Models, Mr. Hector Magallanes, White Sands Missile Range

Mr. Magallanes pro~vided the following comments:

a. Easy to input variables, hopefully fromn database.

h. Easy to use, i.e., user friendly, with protmpts askiiig for data and "!Iclp"
function.

c. Clearly specifies limitations and what kinds ofl geo~logic and hvdro-
geologic coinditions that it can represent well (twot-dimencrsional flow.
constant head, plug flow, homogeneo)us. im~tropic, etc.).

d. Not unncessa,;rily complex to use.

e. Allows for easy sensitivity analysis ofl results.

f. lcsignud fotr the novice who has the capacity to learn.

g. Microcomputer (PC) based.

hi. Taike:; In'to consideration retardation due to organic carbon, vapo~r phase
transpoirt, mass transfer. aquiker thicknecss.

i. Ability toi do inverse calculations for hydrogeological parameters.
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Summari and Research and Development
Requirements

Summary

The following poinLs summarize thc key facts relevant to the subject of
Panel 2 that were presented and disicussed during thc workshop:

a. A state-of-thc-sicincc, groundwater modclirng-based approach to
remedial investigations will result in predictable and decreased
remediation costs and verifiable results.

b. Groundwater modeling should be used early and throughout RI for con-
ccpt•il model formulation and program planning/modification.

c. The RI should be planned and conducted with the objective of support-
ing groundwater modeling, FS, and remediation, and not just to develop
a database of facts about the site.

d. Geostatistics is currently the best way to rationally account for
uncertainty and heterogeneity.

e. The Army needs an in-house capability to evaluate/assess/vcrify/validate
groundwater modeling results.

f. There is need for an Army-wide quality assurancc/quality control
methodology.

g. The Army needs a unified strategy for application of groundwater
modeling.

h. Many problems that arc being encountered in practice arc not technical,
but caused by regulatory requirements, timcliness, budget, etc.

i. An increased emphasis on fundamental geology is needed, e.g.,
environment of deposition, characterization of types, and scale of
heterogeneity, etc.

j. Many fundamental contaminant transport processes that are contaminant
specific arc poorly undcrstoxod; the Army needs an enhanced understand-
ing of fundamental transport process, particularly [or solvents, hydro-
carbons, and explosives.

Research and development requirements

The following research and development needs and requirements were
identified:
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a. Bcttcr guidelines and new procedures to make use of fundamental
geology in RI planning and cxecution and site conceptualization.

b. Better understanding, new measurement techniques, and new/better
modcling capability for contaminant transport mechanisms and
proCce.,cs.

c. Development of groundwater models or proccdurcs for parameter sensi-
tivity analyses and for linking input uncertainties to model output
uncertainties.

d. Valid procedures for modeling transport at high contaminant
concentration levels.

e. Development of procedures for identifying numerical transport (con-
trasted to physical transport) when it occurs during groundwater
modeling.

f. Development of guidance on the appropriate level of analysis/modeling
versus problem type/complexity and on personnel/time/cost to
accomplish the objective.

g. Development of better, more effective mechanisms for groundwater
modeling technology transfer.

h. Development of mechanisms for transitioning statc-of-the-science
approaches to RI to actual application and practice.
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5 Panel 3a: Model Use in
Remediation, Part 1

Background

The primary purpose of remcdiation activities is to protect human health
and the environment. This overall objective is accomplished, where necessary,
through implementation of passive and/or active remedial action alternatives.
Once the site is characterized in the RI and the risk assessments establish
approprialc remcdiation goals, numerous altcriatives for attaining the
established cleanup requirements may be evaluated during the FS process.

Panel 3 addresses one of the main reasons for developing an Army
groundwater modeling system, i.e., the need to integrate the capability to eval-
uate the cffccts of rcmediation into groundwater flow and contaminant trans-
port mcdels. Panel 3 is divided into two subpancls. The objectives of
Panel ý. are twofold:

a. lnve•iory modeling applications in the remedial alternative evaluation
and implementation process.

b. Identify research and development issues related to the technically
effective and cost-cfficient use of groundwater modeling during the FS
process.

As an increasing number of large complex contaminated sites move toward
rcmcdiation, it is becoming increasingly important to develop methods to •
predict the performance of various subsurface remediation options. Thes,,
performance models are critical to predict the potential cost effectiveness of
remedial a!ternatives and to determine whether a particular technology is likely
to achieve risk-driven remedialion goals.

One state-of-the-art paper was presented and a panel discussion with
questions from the audience followed. Panel 3 members (made up of sub-
panels 3a and 3b) arc listed as follow; additional panel information is provided
in Appendix D: Panel 3a Moderator, Dr. John Cullinane, WES; Mr. Jack
Gencrcaux, U.S. Army Engineer District, Kansas City; Mr. Jim Zeltinger, U.S.
Army Engineer District, Omaha; Mr. Don Koch, Engineering Technical
Associates; and Dr. Gaylcn Brubaker, Remediation Technologies, Inc.; and
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Panel 3b Moderator, Ms. Tomiann McDaniel, HQUSACE; Dr. James Warner,
Colorado State University; Dr. Randall Ross, U.S. Environmental Protection
Agency Kerr Environmental Research Laboratory; Dr. C. Y. Chiang, Shell
Development Company; and Ms. Carol McKinney, U.S. Army Engineer
District, Kansas City.

Key Lessons from Paper Presented

Dr. Gaylen Brubaker, Remcdiation Technologies, Inc., presented a paper,
"Process Options for In Situ Subsurface Remediation." This paper, using a
case history approach, describes typical subsurface remedial action alternatives
considered during the FS process. Two sites were described: a petrochemical
facility on the Gulf Coast and a Superfund site in the Midwest. The subsur-
face remedial action alternativcs considered at these sites included the
following:

a. NAPL recovery.

b. Pump and treat.

c. In situ bioremediation.

d. Vapor extraction techniques.

Nonaqueous phase liquid recovery

In cases where a large release of material occurs, solubility limitations may
result in the formation of NAPL'S. Depending on density, NAPL's are
classified as light (LNAPL) and dense (DNAPL). NAPL recovery incorporates
the removal of "product" from the ground. Product recovery may result in a
recyclable material or a concentrated waste material. A simple NAPL recovery
system is shown in Figure 28. Multiphase models are required for evaluation
of NAPL removal alternatives. Rules of thumb for evaluating NAPL removal
alternatives arc also being generated by the EPA. Parameters of interest in
evaluating NAPL removal alternatives include viscosity, density, interfacial
tension, and relative permeability.

Several techniques are available to enhance NAPL recovery. These range
from merely increasing the head in the aquifer system to rather elaborate sys-
tems incorporating surfactant addition or hot water flushing (Figure 29). Hot
water or steam processes are particularly significant for removal of DNAPI's.
Raising the temperature of most DNAPL's reduces their viscositv an,. results
in improved product recovery. From a modeling perspective, there is a need to
model the effects of temperature and the chemical interactions of various
additives with the NAPL's.
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Pump and treat

Pump and treat is the grandfather of subsurface remedial alternatives
(Figure 30). Pump and treat systems employ extraction wells to simply pump
the water to the surface for treatment. A variant of traditional pump and treat
systems is the use of interceptor trenches for shallow groundwater systems.
Enhanced pump and treatment systems (Figure 31) are also being developed.

Limitations of pump and treat systems include the following:

a. Contaminants may be insoluble.

b. Contaminants may be retained in unsaturated soils.

c. Geology may be complex and poorly defined.

d. Pumping can create dead zones.

e. Groundwater flow is limited in low permeability zones.

Original models for pump and treat systems were rather simplistic
groundwater flow models. More sophisticated models, incorporating
contaminant transport, are being developed. These models are beginning to
account for such phenomena as advection, diffusion, partitioning, adsorption/
desorption, biological degradation, etc. The sophistication of the model
selected for use on a specific site should be appropriate to the complexities of
the site. Different models may be appropriate at different stages of alternative
development and evaluation.

In situ bioremediation

In situ bioremediation is an extremely popular concept (Figure 32). Very
simple models of biorcmediation process are currently used. Factors of inter-
est in modeling the bioremediation process include the following:

a. Microbial versatility and diversity.

b. Microbial environment (pH, oxygen supply, temperature, nutrients).

c. Bioavailability of organic contaminant (thermodynamics, accessibility to
enzyme systems, solubility).

Vapor systems

Vapor recovery systems arc used primarily in the unsaturated zone; how-
ever, they have some application to remediation of the saturated zone. Vapor
recovery systems, which are essentially in situ air stripping, incorporate the
movement of air through the porous media. A variation on the vapor recovery
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sy%tcm is aquiakr aeratitin. Hlenry's law and partitioning c~lects from the
aqueti)u to the air pha%c arc imix'rtant ctin~iderataon%. Imixortant modeling

ton-.tdvratw~n% include the tollo~wing:

ai Vapoir premure.

h Vapoxr density.

C. Dilfusivity.

d. Aquetous stluhility.

Selected Questions and Answers

Question to Dr. Brubaker from unidentified speaker

1'hc use tit Nil water flushing to) convert I)NAPIUs to I.NAPI.* was an
interesting pros~pet b. ut can~t you create a much larger ione o)f residual sa.-tura-
tion that way?." D~r. Birubaker replied that design and o~peration consideratioin%
L.in he used to minimi/c the possibility tif this oc-curring. This is a technology
that is use-d in the oil industry. *Iwi piloit studies that evaluate this ltechnolo4gy
for the recovery oft lNAPIAL ire currently underway.

Question to Dr. Brubaker from unidentified speaker

"Where are we in the use oit genetic bacteria for remediatioin?" Aitiording
to) Dr. Biruhaker. there are am variety 44 thoughts oin this issue. Within the in s
Rto hioireanedition coimmunity, there is a sitrog preference fort using the
natural hatIcrterrarither than trying to) inict Itifreign bacteria. lie thinks the
injc tioin of guntetic~alvy engineered hao lena is a lo~ng way (M1.

Question to pa nel/partici pants from Dr. John Cullinane, WES

"1% modeling u--ed. to justify the flo-;cictinf alternativc?" Accoirding to)
%t% 'ni-m anr M l);inae, H e~adquairter%. IVJS Army ( i rps uil Fngineers, the na r-
aejimn aItern;;tivo: has been justifiedl and selected btr a varity oif %ites.

Ctimmoni~n reim in i(Injtfired spciiker. "I ami working ton ai site wAhere we
are hoiping Ito inorporaie a noi-attion ;afternativ. Modeling is definitely
needethd toi justily coimpliantc a% Lor as #.onteenIr.tatauns ait poin1tit of rmiphiantc

(nimmueni miii, Dr. C. V. ( laanst. Slivll Defhitupnae.n ( aarpanv. "I
think thot modeling pflays i truih il riul il %oi h~a~v a;i na tion .altrnative
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Comment from Mr. Bas.. "We have a site where modeling was used to
justify a no-action altcrnative. This site used unsaturated zone modeling to
predict the impact of contaminant release on the underlying groundwater."

Question from unidentified speaker

"Does anybody know how much data is required for a really good model?
Can .ou say a number? How much should I pay for groundwater modeling?"

Comment from Dr. James Warner, Colorado State University. "It all
depends on the objective of the modeling erfort. There are no fixed rules on
the type of model, data requirements, or costs."

Comment from Mr. Don Koch, Engineering Technologies, Inc. "There
are a variety of interpretations on what a model is, ranging from merely
extrapolating data to analytical models to complex finite diffcrcnce/element
models. The decision on what is appropriate has to be based on the amount of
data you have or the uncertainty you need to resolve your problem."

Comment from Mr. Bass. "The time required for modeling also needs to
be considered."

Summary

The issues and topics identified during the Panel 3a discussion can be
categorized into four broad areas: technology transfer, communications,
process science, and modeling science. The technology transfer and communi-
cations categories arc oriented more toward the Corps of Engineers institu-
tional environment, whereas the process and modeling science categories are
associated with traditional research and development activities.

Technology transfer

The most important concern for the users attending the workshop is the
technology transfer issue rather than "pure" research and development issues.
The users require information on the existing state of the art and the applica-
tion of exishing models rather than the development of new models. Tech-
nology transfer is perceived as an immediate need. Technology transfer
requirements stated by the audience included training, technical guidance docu-
mernts. management guidance, and a formal technology update mechanism.
Sce Chapter 7 for more detail.

Communications

The acceptance and efficient use of modeling depend on improved com-
munications and interaction between modelers and the various disciplines that
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are using the information produced by thc models. Specific issues included
the following.

Improve scopinR. Modeling and the use of information provided by
models is a multidisiplinary activily. Fach discipline (hydrogcologist.,
chemist, engineer. etc.) has dilfcrcnt expectations for modeling and modeling
results. The interaction between these disciplines should be improved and
initiated early in thc process. Modeling should be considered in the %Loping
proce.ss.

Objectives. Specific objectives should be devcloped and included in the
definition of modcl expectations. Objectives should be written to incorporate
the requirements of each disciplinc.

Jamron. The various disciplines should use terminology meaningful to
other disciplines.

Process science

Process science rclatcs to the physics, chemistry, and biology of ground-
water flow and conLiminant fate and transport. It was generally agreed that an
improved understanding of the physical, chemical, and biological mechanisms
associated with groundwater flow and contaminant transport is needed.

Groundwaler flow. The physics of groundwaler flow is a major aspect of
development of accurate models. Useirs appearcd to agree that the undersLand-
ing of the groundwater flow portion of the overall problem is much further
advanced than the understandiihg of the physical, chemical, and biological
phenomena associated with subsurface transport of contaminants. Three issues
were identilicd: mulliphase flow, flow in the unsaturated zone, and flow in

iro/cn soils.

Contaminant transporl. The physical, chemical, and biological interac-
tions between chemicals and soils need to be identified and mathematically
dc.'ribcd. Care should be taken to ensure that there is the capability to
accuratcly evaluate diffusion., sorption, dcsorption. biological degradation, etc.

Modeling science

Use existing models. In gcneral, users appear to be of the opinion that
eximting models are adequate fOr current needs. The u.,, of existing models
should he stressed. Improvements in existing models should be considered.
but this is not a' high priority. The mos! pressing need is to provide guidance
on existing models. Procedures for use ;and application are needed. Many
users felt that they did not have sullicicnt inlormation or knowlcdge with
which to make recommendations concerning research needs.,
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Universal model. Development of one "univcrsal" modcl is not
appropriate. A family of models may he more appropriate. Both analytical
and numerical models have their placc and should bc viewed as arrows in the
quiver of the engineers and scientists conducting a remedial action.

NModel enhancement. ImprovcmcnLs to existing models should be oricntcd
toward input requirements and output displays. Input needs to be uscr-
Iricndly and output needs to bc understandable. Output should bc improvcd to
provide for better visualiziation using graphics.

Model attributes. Scveral users provided a list of model attributes,
summarized as follows:

a. If at all possible, the model should run in the PC (preferably on a
386 generation processor) environment.

h. Input data requircments should he minimizcd. subject to unacceptable
reduction in model accuracy.

c. MNodels should include optimization capabilities.

d. Run lime is extremely important. It is' csscntial to be able to make
numerous runs.

e. Models should include uncertainty aiialysj.;.

f Models should include dcl'ault data; however. somc mechanism should
he provided to prevent model misuse by novice modelers.

g. Models should have graphical input features, i.e., mouse input.

h. Methods Ior easy data input sholild include procedures to allow for the
inclusion of output from prior runs into input of subsequent runs.

Modcls should easily accommodate various remcdial action alternatives.
For example. it should be easy to put in such features as extraction
wells, extraction trenches, recharge wells, recharge trenches, barriers,
and surface infiltration. The models should have the capability to
simulate various remedial alternative operation sLcnarios such as pulse
pumping.

j. Models should provide a time-phased estimate of contaminant
concentrations in extracted water.

k. Models should he user-friendly.

Model calihralion/verifieation. Proccdures for model calibration/
verification should he developed. Calibrationiveri ication techniques should
not rcquire collection of inordinate amounts of data. Techniques should be
developed that optimize the use of data.
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Data requirements. Procedures and methods for obtaining data should be

simplified. Techniques to incorporate existing databases with the modeling

process should hc developed. Interfaces with GIS type systems would improve

model application and be more efficient.
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6 Panel 3b: Model Use in
Remediation, Part 2

Background

T1he feasibility study and site remediation process result in the implementa-
tion of a carefully considered course of action designed ultimately to protect
human health and the environment. When such a course of action involves
operation of a contaminated groundwater management or remediation project,
it may range from fairly straightforward to quite complex. The variability may
be due to the hydrogeologic conditions, the objective of the remediation, or the
system design itself.

Objective/Scope of Panel

"Tle scope of this panel was to discuss the potential benefits and other
issues related to using groundwater modeling in the operation phase of
groundwater remediation projects.

Key Points from Panel 3b Presentations

"Case Study: Gilson Road Superfund Slte," Dr. Randall Ross, U.S.
Environmental Protection Agency

Groundwater modeling is best approached as an iterative process beginning
with the RI and continuing through the evaluation of feasible alternatives to
design of the remedial action and assessment of remedial action performance.
A numerical groundwater model can be useful in testing a conceptual site
model to determine the validity of data interpretation and the relative value of
additional data points. Once the objectives of the remediation are determined,
numerical modeling is useful in evaluating the effectiveness of different
methods of obtaining those objectives. The efficiency of a groundwater pump-
and-treat or containment design can be enhanced through the use of ground-
water modeling. As illustrated in this case study, groundwater modeling is
also useful in evaluating the effectiveness of pump-and-treat systems and in
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determining potential locations and pumping rates for future extraction wells or
recharge trenches.

Evaluation of the Gilson Road Superfund Site remedial action using moni-
toring data led to reevaluation of the numerical groundwater modeling origi-
nally done to design a containment project. Several problems were found with
the original conceptual site model including poor characterization of the source
and an incomplete understanding of the site hydrogeology, despite having what
might be considered a well-characterized site, i.e., over 100 monitoring points
in a 20-acre (8-ha) site. The importance of maintaining continuity throughout
the process was illustrated when the data files from the original modeling
activity by a contractor could not be located in order to continue with further
groundwater analyses by another contractor.

The use of a reputable consulting firm did not guarantee that good model-
ing practices were used in later modeling attempts. &Sme of the problems
noted include modeling a heterogeneous aquifer in a homogeneous manner,
significant adjustment of site physical features in order to calibrate head data,
incorrect location on the model grid of physical features with hydraulic impact,
and significant size differences between adjacent nodes.

The integration of proven flow models with transport models and geostatis-
tics in order io evaluate the effectiveness and efficiency of a pump-and-treat
system is being tried on this site. A GIS will be combined with the modeling
activities w. aid in presenting volumes of data in a meaningful way. The use
of GIS packages helps with data input to a numerical groundwater model as
well as with management of data generated by modeling activities. This is
considered to be the future trend in data/model interfacing and data
management.

"Use of Numerical Groundwater Modeling for Operation and
Management of the North Boundary Containment System at the
Rocky Mountain Arsenal,' Dr. James Warner, Colorado State
University

A detailed numerical groundwater model of the North Boundary Con-
tainment System was developed to aid the RMA in its operation of the barrier
system. Since this barrier system was one of the first of its kind, there was no
previous operational experience on which to base decisions. Management of
such a system turned out to be a complex task.

To answer the detailed operational questions being asked by RMA, a finite
element model (CSU-GWFLOW) with a very fine grid (14,(M0 nodes) was
used (Warner 1987). This allowed each well to be represented by separate
nodes. Direct comparison of model results with field data was possible with
this configuration. Transport of contaminants was not modeled.

Model calibration with an average error of about 0.5 ft (0.15 m) was
achieved through the use of steady-state and transient calibrations. This was
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possible because of the amount of field information that was available. Lack
of monitoring data did, however, present problems.

The model was used to explore what operational changes would work best
to achieve the desired results in management of the contaminated groundwater
plumes. Ovcrpumping of wells with installation of recharge trenches has been
used to reverse gradients across the system. The model was also used to pre-
dict the time available before undesirable effects from a system shutdown
would be felt. This allows RMA to plan, not merely react.

There is now a good body of experience gained through the operation and
management of this barrier system, which should be studied by anyone
involved in designing or operating a contaminated groundwater management
system.

"Bloremediation - Parameters Estimation, System Design, and
Prediction of Cleanup rime," Dr. C. Y. Chiang, Shell Development
Company

Models are a useful aid in designing bioremediation systems. It is imper-
ative to the success of the design that the physical processes at the site are
welt understood and that site-specific parameters are used in the model. A
case study was used to illustrate the interactive nature of modeling and data
gathering.

Field data were gathered and analyzed in order to make hypotheses about
the processes that were taking place. Modeling was used in these analyses.
Additional data collection ant; modeling were done as the hypotheses were
refined. Laboratory studies were also used to supplement and further correlate
the trends that were observed from the field data. This procedure led to a
better undcrstanding of the processes that were and were not taking place in
the field.

Modeling was then used to aid in designing an injection and capture sys-
tem. Multilevel injection wells were used to assure the oxygen was available
to the entire contaminated aquifer. Pure oxygen at a concentration of 40 ppm
was injected into the site. A system to prevent iron precipitation was used and
nutrients were also added. The nutrients were later found to be unnecessary.

There are many uncertainties that must be considered when modeling
attenuation or transport processes. Some of these problems can lead to what
appear to be abnormally high predicted contaminant concentrations when com-
parcd to field data. The sampling method can affect apparent concentrations
of contaminants. Corrclations between monitor well sampling and formation
sampling were found to be poor, possibly due to dilution effects. Water table
fluctuations change the effective scrccn length and so affect the average con-
centration of contaminant at that sampling point. The source term is very
important to the way contaminants begin to migrate, and its accurate definition
can have significant impact on the accuracy of transport models. Partial
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penetration effects can also be important in the model and must be considered
when defining aquifer thickness.

Having the appropriate regulators involved along the way in this process
was very important. By being familiar with the thought processes and the
analyses that were taking place, the regulators were willing to allow some
innovative things to be done on the site.

Selected Questions and Answers and Panelist

Comments

Comment, Dr. Warner, Panel Member

"Modeling can be used in the design stage to consider the effects of the
proposed design on existing groundwater users in the area of the project and
also help to predict what effects other new groundwater projects may have on
an existing or proposed rcmediation system. When you start looking at how
these types of projects need to be operated in conjunction you will see that the
real lesson to be learned is it's not a trivial problem to turn a few wells on and
solve your problem."

Comment Ms. Carol McKinney, Panel Member, U.S. Army Engineer
District, Kansas City

"We modeled quite a large site in Nebraska for a project. I was skeptical
about what a number of irrigation wells that were pumping most of the
summer would do to our plume, and we modeled that quite successfully. The
modeling has helped us understand what has happened at the site and to antici-
pate having to shut down some of the irrigatkin wells and supply water from
another source to those people."

Question to the Panel from Dr. Cullinane

"I was wondering if anybody has actually gone back and looked at how
the system actually performed and compared that to the initial modeling effort
and tried to decide whether or not the model was actually a success?"
Dr. Chiang's comparison of the actual capture zone (as determined by head
data from monitoring wells and piczomcters) to the flow model predictions of
capture showcd complete agreement. Dr. Brubaker commented that whenever
you have injection into an aquifer, you should use modeling to control
hydraulic gradients. Without using modeling in conjunction with trial and
error, you can get very far along in your project before you are able to
determine if you are getting the type of performance you need.
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Question to Dr. Chiang from unidentified speaker

"What model did you use to help design your extraction and injection sys-
tem?" He proposed that BIOPLUME, basically the USGS Method of Charac-
teristics (MOC) model (Konikow and Bredehoeft 1978; Goode and Konikow
1989), was used.

Question to the Panel from Mr. W. Dickinson Burrows, Biomedical

Research and Development Laboratory

"Is there any need to continue developing a method of estimating physical,

chemical properties for organic materials: solubility, absorption, partition
coefficients?" Mr. Koch replied that the two greatest sources of uncertainty in
his transport modeling are the source term and the contaminant/soil adsorption
characteristics, so more work is needed in this area.

Question to Panel from Mr. White

"We are having massive problems with biofouling of some sort or other in
otherwise productive wells. Is there any way to model this problem?"
Dr. Stewart at the University of Buffalo has done a lot of work in modeling
those efforts using the basic biofilm modeling processes, so there is a mecha-
nism to model this. Most of the work has been done in laboratory scale, col-
umns, and filters, and they work. But ttere is some work out there and some
modeling.

Summary

Many good ideas were expressed during the panei discussion related not
only to operation and monitoring of rcmediation activities, but to all aspects of
environmental restoration. The research and development needs that were
identified and major points from the panel discussion follow.

Research and development needs

Methods are needed to quantify the biological, geochemical, and
hydrogeological processes that are oxcurring and how they interrelate.

Development of a process to determine the cost-benefit ratio of numerical
modeling is needed. How do professionals quantify to management and
customers the potential benefit of undertaking a costly, time-consuming
modeling project when they want to see action instead of more study?

Ways to better characterize source terms are needed in order to improve the
predictive capabilities of contaminant transport modeling activities. Better
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definition of the processes such as dispersion that affect bioremediation are
needed.

Benefits could be gained by developing software to help relate model input
and output to data management and presentation software such as GIS's.

Major points

The need to maintain continuity between successive modeling activities on
a project was stressed. Many instances were cited when activities needed to be
tied into earlier modeling studies that were no longer available. Guidance on
minimum documentation requirements for every modeling activity would help
to establish continuity.

In situ remediation technologies are still fairly new. There are many uses
for models in the design and operation ot such systems. Modeling can be very
useful in helping to determine the types and placement of monitoring devices
needed to accurately evaluate performance.

The operation.l complexity of groundwater remediation projects was
emphasized. Modeling was illustrated as a very important tool in optimizing
the efficiency of a pump-and-treat system.

Everyone must consider at the beginning of any modeling activity how
success is to be definea. Comparison of the model predictions to actual field
data gathered after implementation of a remediation activity should be a part of
every project.

The concern that seemed to echo throughout the workshop was people did
not feel they had the knowledge and other resources at their disposal to take
full advantage of the powerful tool that numerical modeling can be. Develop-
ment of general and specific guidance to aid people in making better use of
groundwater modeling and having appropriate training available are necessary
to alleviate this concern.
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7 Technology Transfer
Mechanisms

The Army User Community

The workshop and the questionnaire defined a near-term technology transfer
challenge to bring the state of Army practice in in-house groundwater model-
ing and in Army contractor groundwater modeling closer to the state of the art
(see Summary, page vii, subparagraphs b, d, and e, and page viii, subpara-
graphs d, e, and h). Indeed, many of the findings in the Summary deal with
the user community consensus that state-of-the-art computer codes are avail-
able but the knowledge and experience on how and when to use these codes
are not in the hands of in-house Army users. Training, guidance (technical
manuals; standard scopes of work; and specifications for contracting, planning
checklists, and product review checklists, etc.), and a source for in-house
technical assistance were suggested.

The Army user community can be divided by role. First, there are those
who are concerned with the technical management of the risk assessments,
remedial investigation, remediation, and/or postremediation monitoring at a
given site. They make decisions as to what proiect and modeling objectives
are and whether or what gcneral kind of numerical modeling should be done
and when (see Figure 24). Second, there are those who execute all or parts of
the modeling process (again, see Figure 24) when the work is done in house.
These people set up the data, run the groundwater codes, and analyze the out-
put. Finally, there are those who write the scopes of work for contractor
modeling, technically monitor contractor efforts, and technically review the
contractor's product. Ideally, peoplc in this third group should be people who
have had extensive experience in the second group so they will be smart
buyers of technology. In many instances, Army individuals are performing
some of these roles at the same time.

Near-Term Means of Transferring Technology
(1-2 years)
The users recognized that the fundamental kernel of groundwater modeling

technology is knowledge and experience and that all else was a means toward
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that end. The preseitation and especially the discussion of case histories of
use of groundwater modeling in Army and other HTW problems presented at
the workshop proved to be beneficial for the participants. Learning took place
through the sharing of experiences and guidance by peers. This is a most
effective way te help everyone grow on the experience curve. It is recom-
mended that an Army Groundwater Modeling Workshop (note the minor
change of title) be continued on an annual or biannual basis. Emphasis would
be on sharing of experiences from case histories and the state-of-the-art
improvements.

Based on user comments, the Army today has at least 100 individuals
needing varying forms of training in groundwater modeling for HTW appli-
cations. Based on reasonable employee turnover, it can be anticipated that
even when this need is filled, there will be enough new people needing train-
ing to support a continuing PROSPECT Course1 every few years.

As a prelude to such a course, a committee should establish a curriculum
that involves a concise representation of the fundamental principles and proc-
esses and hands-on (i.e., a learning laboratory) set up, execution, and inter-
pretation of results from groundwater flow and transport models. Rather than
rushing into adopting a curriculum for a formal PROSPECT course, the first
attempt at this training event should be a workshop (possibly 2 weeks dura-
tion) using a mix of in-house and academic resources. This will allow faster
response to the field need than a formal course and will provide room for
some experimentation with the traiting scenario before finalizing the curricu-
lum for a PROSPECT course.

Checklists for (a) developing scopes of work, (b) report content, and
(c) report review for contracted groundwater modeling efforts are needed and
could be developed in the near term. Example decision trees and benefits/
limitations checklists could be developed to help accomplish the processes
described in Figures 24 and 25. A task group of experienced model users
from government, industry, and academia should be established to develop
these checklists. Users also asked for lime and cost estimating guidelines for
groundwater modeling studies. Information on cost and duration of past stud-
ies could be collected and provided to those planning future in-house and
contract efforts in this area.

The RMA review panel (page 32) is a concept that should be more widely
used and could be implemented quickly. This is technology transfer via the
use of a small group of consultants who are at the cutting edge of the state of
the art to impart just enough of the best technology to the project staff

A I-week PROSPECTI" Course tentatively entitled "Geolechnical Aspects of liazardous and
Toxic Waste Sites' is presently under development by the Corps and scheduled for first presen.
tation in May 1993. It will not teach how to do numerical modeling of groundwater flow trans.
port but will provide an awareness that technology exists in this area.

PROSPECT is an acronym ftr "_rponent S_•nsored Frngineer Corps Training," which is a
large body of technical, management. and administrative short courses established by the Corps
and managed by the US Army Engineer Division, Iluntsville.
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responsible for action to get a good solution to a site-specific problem.
Funding vehicles could be established to enable the entire Army HTW com-
munity to use these consultants (a small group of recognized experts from
academia, various Corps organizations, and/or other Federal agencies) for this
purpose.

Midterm Technology Transfer (2-5 years)

Guidance taken to its logical conclusion includes a technical manual on
groundwater modeling. Indeed, conference and survey participants asked for
such a manual. Preparing such a comprehensive document is a major project.
The manual would be comparable to a major textbook. If it is to be a reason-
ably sized document, its development must be preceded by choices of
(a) which few of the numerous existing groundwater flow and transport codes
i: is to be written around (van der Heijde, EI-Kadi, and Williams 1988),
(b) whether to repeat (for the s'ke of having all the information in one place)
or just supplement the information available in existing code documentation,
(c) whether to include software with the manual, (d) whether to improve cer-
tain of the software to make it easier to use (easier input/output) before pro-
mulgating it, (e) what kinds of examples to include in the manual, and (f) how
to teach the process of reviewing site investigation results, developing a con-
ceptual model of the site, and how to select model input parameters from site
investigation data. The reason this manual is proposed for the midterm
category (although the field says the need is immediate) is related to items (a)-
(d). A Corps research and development Work Unit entitled "Groundwater
Model Assessment" is scheduled to be completed in Fiscal Year 1994. Its
products in 1993 will provide management with the information needed to
decide items (a)-(d). Another reason is that the development of a comprehen-
sive technical manual is not a short or easy technical task, and once the infor-
mation (items (a)-(d)) is available, there is at least a year's effort involved in
creating the document.

Consideration sho..ld be given to the establishment of an in-house technical
center of expertise in numerical modeling of HTW groundwater flow and
transport that the Army could draw upon either to do numerical modeling for
them or technically advise a Contracting Officer's Representative in the con-
tracting of the work. TP .. center would be an environment where hands-on
experience would reside (and could be incrased by on-the-job training). The
other midterm technology transfer involve, longer term training. In past years,
when the Corps felt the need for more extensive training in soil mechanics
than could be provided in a 2-wcek short course, a 120-day annual course was
set up at Harvard (later moved to University of California at Berkeley). A
similar program in rock mechanics was set up by the Corps and operated for a
number of years, and there ih a currently operating program in coastal engi-
n,?ering. These courses were and are eminently successful in bringing
technology into Corps district offices. An analogous program emphasizing
hydrogeology with a strong emphasis on numerical groundwater modeling
should be considered. The size of the Army need for this kind of course, its
costs, and its benefits should be evaluated.
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Planning technology transfer and especially resourcing the training portion
of technology transfer will be impacted by the Army's choice as to the
optimum mix of in-house and contractor efforts in this area. It is clear that the
Army needs to continue and expand in-house groundwater modeling practice
because

a. The Army, as a minimum, needs to do enough HTW groundwater
modeling in house to train its future key staff to be smart buyers of con-
tracted modeling work and smart technical decision makers.

b. As indicated in the survey results for question 3, page 6, in the next
5 years. the Army has a significant number of groundwatcr modeling
studies planned. Based on past history (see Figure 12). at least 20 per-
cent will be done in house. While the survey did not ask the users to
look beyond 5 years. it is certain that the need for in-house groundwater
modeling expertise will continue to grow.

Long-Term Technology Transfer (Greater than
5 years)

The workshop did not address long-term technology transfer. However, if
groundwatcr modeling research is to be done by the Corps, an obvious lesson
the workshop teaches is that the technology transfer of research results should
be carefully planned and resourced.

The Army environmental restoration programs are moving very fast. They
are pictured as short-term programs where contamination problems will be
corrected in the near term. One target date was to have all remedial actions
underway by the year 2(00). Even if this schedule is met, the need to use
groundwater modeling in postremediation monitoring will still remain. In
order to assure continued success in the future, the value of groundwater
modcling must be re'.ognized and plans need to be made now to be able to
meet future needs.
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The Role of Groundwater Modeling in Army Activities
Army Groundwater Modeling Use and Needs Workshop

31 March 1992 - 1 April 1992
by

Mr. Jim Ballif
Chief. Environment and Chemical Engineering Branch

Environmental Restoration Division - HQUSACE

In this application by the Army Activities being spoken of are the HTRW
activities in these programs:

Installation Restoration
Formerly Used Defense Sites
Base Realignment and Closure
Superfund
Civil Works

The Installation Restoration Program addresses the determination and
remediation of environmental damage caused by past disposal practices at active
military installations.

The Formerly Used Defense sites program addresses the same types of
environmental problems caused by DOD activities on property that was once
controlled by DOD.

BRAC addresses the remediation of existing environmental damage on military
installations which are closing and are planned for return to other DOD purposes.

Superfund is the EPA program to remediate the worst uncontrolled hazardous
waste sites across the country. The Corps designs and remediates the sites for
which EPA has adopted a plan of remediation.

The Corps' Civil Works program sometimes encounters hazardous waste when
planning, designing, construction or operating its water resource projects. The
Corps must evaluate potential cost increases and delays to a project caused by
the presence of hazardous waste and then determine how to address it if there is
no sponsor involved.

"These programs have been growing rapidly. Some programs are beginning to
level out while others are still growing. Groundwater contamination is a problem
for the majority of the projects in these programs.

We are mandat,.4 to accomplish remediation work as rapidly as possible. To
do so in a technically sound fashion in order to deliver a quality project is our
challenge. In order to meet that challenge we must make good use of all the
tools that are available as well as find new ones.
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We all know how difficult groundwater problems are to understand and
remediate efficiently. One of the tools available for this task is groundwater
modeling.

But that is just what it is. a tool. I hope this workshop will give us all
a better understanding how groundwater modeling is being used in the area of
hazardous waste remediation within the Army. will create an atmosphere of idea
exchange and mutual support among the people using groundwater modeling In the
Army, and will enable your HQ and the R&D community to provide appropriate
guidance and support in the future.
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INSTALLATION RESTORATIONs
SITE INViSTIGATION/CHARACTERIZATION AND RENEDZATXON

Presentation by Dr. M. 3ohn Cullinane. WES

This presentation will provide an overview of the Installation Restoration
portion of the Environmental Quality Technology program with an emphasis on
groundwater problems. The primary objective is to enhance the capability of
the Army to meet its environmental obligations to protect the public health and
environment. The primary research effort in on military unique contaminants.
Installation Restoration research and development activities have been divided
into two major thrust areas: Site Investigation/ Characterization and Site
RemediatLon. Each major thrust area will be described particularly as it
relates to grotndwater and groundwater modeling, including major R&D
activities, past accomplishments and future work efforts. The
interrelationship of the work effort with the Installation Restoration will be
presented.
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Panel 1: Groundwater Problems, User Needs and
Model Use

Anderson, Brian. "Description of Ground Water Modeling Experience for
PV/FS at RMA"

Masoud, Khaled. "Overview of Major Remedial Investigation/Feasibility
Study (RI/PS) Work in Edgewood Area (EA) of Aberdeen Proving Ground
(APG), MD, as Related to Groundwater (GW) Modeling and Its Needs"

Baker, Fred G. "Development of Groundwater Modeling Objectives and
Performance Criteria"
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Overview of Major Remedial Investigation/Feasibility Study (RI/FS)
Work in Edgewood Area (EA) of Aberdeen Proving Ground (APG), MD,

As Related to Groundwater (GW) Modeling and Its Needs
by

IKhaled M. Masoud, P.E.
US Army Corps of Engineers, Baltimore District

31 Hopkins Plaza, Baltimore, Maryland 21201
31 March 1992

Throughout its history as a military installation (dating from 1917), EA
of APG has been the primary chemical warfare research and development center
for the United States. A Federal Facility Agreement was signed between Envi-
ronmental Protection Agency and APG in March 1991. All of EA has been identi-
fied as a National Priority List site. With Exception of Canal Creek area,
0-field, and J-field, all the RI/FS work EA is conducted under a Memorandum of
Understanding exe.uted among APG, Waterways Experiment Station (WES), and
Baltimore District (NAB) in February 1991. Canal Creek, 0-field, and J-field
RI/FS work has been underway since mid eighties.

The major RI work in EA conducted by WES and NAB involves 151 Solid
Waste Management Units divided into 55 clusters. The clusters fall in four
(4) major areas; Bush River, Lauderick Creek, Westwood, and Other Edgewood
areas. RI underway in support of GW modeling includes geotechnical borings
and electronic logging, conducting paleochannels study, wall installations and
development, slug tests, Total Organic Carbon measurements, investigating
potential Biofouling problems, sampling and analysis (soil, sediment, surface
water, and groundwater). Cost reduction was possible by developing downhole-
magnetometer methodology for drilling in lieu of remote control drilling from
behind bombproof shelters.

WES and NAB are studying the GW modeling work conducted by USGS in Canal
Creek and 0-field areas and also reviewing the Rocky Mountain Arsenal Experi-
ence in GW modeling for lessons learned, and reviewing the state of the art to
identify future GW modeling needs early in the RI phase. The consensus seems
to indicate that there is a critical need to utilize and introduce state of
the art geostatistical and probability techniques in reducing the uncertainty
and variability in the hydrogeological parameters (e.g. conductivity. trans-
missivity, etc.) that are critical factors in a reliable GW model.

A27
Appernx A Papers. Abesacts., ador Vugraphi



DEVELOPMENT OF GROUNDWATER MODELING
OBJECTIVES AND PERFORMANCE CRITERIA

Fred G. Bakar. Ph.D.. P.E,
Baker Consultants, Inc.

2970 llowell Road, Golden, CO 80401
Phone (303) 278-1179

I. INTRODUCTION

Mathematical groundwater flow and solute transport models are being wridely used in engineering geology.
hydrgeolory, environmeqtal s.iences, and hazardous waste remediation studies (National Research CounciL
1990). These models can be used as tools to evaluate simple or complex hydrogeologic regimes, estimate the
direction and rate of migration of solute or contaminant plumes in groundwater, design rerrediation systems
for contaminated groundwater, and for many other applications. G.ven this broad range of potential modeling
uses, it is clear that an equally broad range of models can be developed to meet the needs of a specific
application.

The value of a model as a tool for solving a given problem depends on a number of factors including the
ability of the model to address modeling objectives and to meet performance criteria established for the
application of the model. It is important that modeling objectives be carefully formulated and documented
so that they can serve as the basis for model development. When modeling objectives are not clearly or
completely defined during groundwater investigations, it is possible that the model will not meet its stated
objectives, and users, clients, or regulators relying on the outcome of the modeling work may become
disillusioned with model results. Disillusionment occurs because users perceive that the groundwater
modeling effort does not fulfill project expectations or needs, and as a result, they become dissatisfied with
the specific model application and, potentially, with modeling in general. Therefore, in nearly all model
applications, the development and clear definition of objectives is an essential planning step that must be
carried out before the modeling effort is initiated.

It is equally important for model performance criteria to be established at the beginning of the project as part
of the planning process. Performance criteria provide an important mechanism by which the model can be
evaluated to determine whether the stated modeling objectives have been achieved. In addition, these criteria
assist the modeler and the client to focus on the information, level of effort, and degree of sophistication
required to meet the modeling objectives. Model performance criteria provide a self-imposed test of whether
the model application is consistent with the established expectations for the work.

H1. MODELING OBJECTIVES

The development of groundwater modeling objectives is a critical component of the modeling process.
Modeling objectives are established to ensure that the model application meets its intended purpose. For a
model application to be compietely successful, it must meet all stated objectives and be applicable to the
intended modeling use. If the model does not meet all of the modeling objectives, it can only be partially
successful. In some cases, a perfectly good model may be developed, but it may not be appropriate for the
intended use. such a model has to be considered a failure because it does not achieve the intended goals.

Modeling objectives for a groundwater model application consist of a statement or series of statements that
define: (1) the major attributes of the hydrogeologic system and assumptions about how the system ,s going
to be modeled; (2) calibration criteria; (3) the intended use of the model once it has been calibrated; and,
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(4) expected limitations of the model. The major assumptions about the model depend on how completely
the mathematical model attempts to describe the conceptual model, components of the hydrogeologic system,
initial and boundary conditions, aquifer or transport properties, overall model behavior, and •specific properties
or behavior that the model is expected to represent. The calibration criteria are the standards against which
the model will be testes during calibration and the standard of performance deemed necessary for the
successful application of the model to its intended use. The calibration criteria may represent a subset of the
overall model performance criteria. The intended use of the model should be clearly defined including the
overall purpose. general and specific applications, level of sophistication of problems to, be solved, and how
particular problems are to be addressed. It is alst. appropriate to explain how the performance criteria rclate
to the planned use. Finally. the limitations to model use and the expected sources and relative magnitude of
uncertainty snould be stated. The limitations may simply be a restriction to steady-state conditions, low water
table periods. or two-dimensional flow. The limitations of input data and estimated aquifer and transport
parameters used in the model should be pointed out along with any corresponding limitations in model output.
Any other limitations that may affect the use or interpretation of simulated results should aLso be
acknowledged.

Modeling objectives should be established very early in the modeling process because they drive decisions
made throughout the modeling effort. The objectives should be viewed as a statement of the goals that will
allow the model to be used as a tool for the intended purpose. Objectives that are defined at the outset of
modeling can be used as a basis for decisions such as model selection, evaluation of calibration progress, and
evaluation of the appropriateness of the final model for the intended use. During the modeling process, the
objectives should be frequently reviewed to determine whether the model and available data can supnort the
objectives, and to evaluate whether the objectives can be met given existing data gaps, uncertainty in the
available data, and any other constraints to level of eftort, budget, or schedule. If any of these fac'ers suggest
that the resulting model will not be adequate to meet the stated modeling objectives, then the objectives and
modeling approach should be rexiewed. If information about the hydrogeologic system is insufficient to
support the required modeling effort, then additional data should ý'e collected, or the objectives should be
modified to reflect the limitations of the modeling application. In either case, w.e modeling objectives should
be reviewed and adjustments made as necessary. Frequent review and evaluation of the model against the
objectives will help to keep the modeling effort on track and allow the model to meet expectations.

II. MODE "ERFORMAN('- CRMTRIA

The development of groundwater model performance criteria represents another step in the modeling process.
These criteria are established at th- outset of modeling to provide a basis for evaluation of overall model
performance as well as to test the mathematical accuracy of the model. Performance criteria can be used to
assess whether the model mce's modeling objectives and specific efficiency and accuracy goals. II the
performance criteria are not met, then additional work is required to bring the model to an acceptable level
of performance.

Performance criteria consist of standards of performance for the model as a whole as well as specific modeling
standards. These may include the overall appropriateness of the modeling approach and procedures used for
construction of the model, represent-itiveness and completeness of modeling results, comparability of results
from other model representations, model dimensionality or discretization goals, model efficiency or run-time
criteria, model precision. and calibration or accuracy goals. The appropriateness of the modeling approach
and model construction depend on the reasonablene.ss of the assumptions made during the setup of the model.
and in the approach taken to model construction. The representativeness and completeness of model results
reflect how well the mathematical model represents the components and behavior of the hydrogeologic system
that are expected based on the conceptual model. The comparability of model results with the results of other
rc..sonable models provi-les a test of the consistency of modeling assumptions and a represen, ition of essential
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processes and behavior. This can represent a form of model validation if properly posed. Model
dimensionality and discreti2.ation goals should be appropriate and realistic so that they can represent the
conditions being simulated, meet minimum application needs, and be consistent with numerical modeling
constraints. Model efficiency and run-time constraints iticlude transportability and operating environment
constraints as well as hardware, software, and turn-around time goals. Model precision goals relcr to the
rcproduihbility of predicted results and reduction of uncertainty due to modeling methods. Finally, calibration
or accuracy goals can be establisiied to verify that the model reproduces observed data within an acceptable
level of bias or systematic error. This is usually evaluated by comparison of simulated output %&i*h observed
measurements of variables such as groundwater surface elevation, solute concentration, or hydraulic gradient.
The basis for the comparison is frequently the minunization of residuals or differences between observed and
simulated values.

SUMMARY

Groundwater modcling objectives and performance criteria need to be developed and clearly defined during
the planning of any modeling effort. If they are developed early in the modcling process, they can be used
as a basis for decisions made throughout the process, and consequently, ensure tit t the madel will be suitable
for the model application. The development of objectives and performance criteria can lead to the creation
of useful and unambiguous model applications.

RFFER -N('I:S

National Research Council. Ground Water Models: Scientific and Regulatorv At•rlications. National
Academy Press, Washington. D.C., 1990.
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Panel 2: Model Use in Remedial Investigations

(RI)

Schwartz, Franklin W. "Groundwater Models and Remedial Investigation"

Enfield, Carl G. "Contaminant Transport Processes, Determination of
Important Processes for a Given Site"

Tamayo-Lara, Carlos; Warner, J. W.; and May, James. "Geostatrstical
Characterization and Stochastic Ground Water Modeling, Offpost Operable
Unit, Rocky Mountain Arsenal"
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Groundwater Mod&.s and Remedial Investigation

Franklin W. Schwartz
Department of Geological Sciences

The Ohio State University
Room 283 Scott Hall, 1090 Carmack Rd

Columbus, CH 43210

ABSTRACT

The objective of this presentation is to identify two key
roles that groundwater flow and contaminant transport models miqht
play in a remedial investigation. The first contribution that a
model can make is to alter conventional thinking about what
remedial investigations are al?. about and how they should be
conducted. There is a variety of evidence to suggest that increased
knowledge and understanding about a site that naturally falls out
of a model-based conceptualization will reduce the costs of
remediation.

In terms of the "styles" of remedial investigation, the
conventional approach provides fundamentally less useful
information ab'ut a site and problem than a state-of-the-science
approach. The conventional approach represents a minimalist,
cookbook procedure for site investigation that has many attractive
features - inexpensive relative to other styles, relatively easy
for contractors to execute and manage, and relatively
straightforward for regulators to understand. As a case study of an
industrial site will help illustrate, this conventional style has
one important limitation. Often, major gaps in knowledge remain
after the remedial investigation, which ultimately increase the
costs of remediation and the ability to demonstrate regulatory
compliance. Designing the remedial investigation using a "model
framework" is a more costly state-of-the-science approach.
Indications are that increased knowledge about the site translates
into cheaper cleanups. However, these studies are more expensive,
much more difficult to execute, and much more difficult for
regulators to evaluate.

In addition to information gaps due to how the study was
undertaken, there will always be gaps because it is not ever
possible to characterize the spatial variability in parameter
values. Modeling work by Gorelick on the design of pump and treat
systems shows again that information deficiencies translate into
remedial costs.

Beyond the role of models as a framework to guide studies,
there are at least two important uses for models during a remedial
investigation. Early site modeling using background data and expert
knowledge assists in understanding the problem and in identifying
the key variables affecting the spread of contaminants. One
knowledge-based package (Expert ROKEY) has been demonstrated for
contaminant rystems that illustrates the great promise for the
approach. Unlike more traditional modeling packages, this software
provides advice and assistance in parameter selection and
recommendations for the remedial design based on the parameters.
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ABSTRACT

Contaminant Transport Processes
Determination of Important Processes for a Given Site

by

Mr. Carl G. Enfield
Robert S. Kerr Environmental Research Laboratory

United States Environmental Protection Agency

Remediation of subsurface environmental contamination requires the use
of mathematical codes (sometimes called models) in a prospective rather than a
retrospective mode. The mathematical codes require input data describing the
system includinq existing contamination and additional inputs which might be
applied in an effort to remediate the site. The mathematical code and input
data are combined to create a model of the system which is then used to
forecast how the system is expected to behave. The model is an approximation
of the real system. Mathematical codes consider a limited number of assumed
processes. Ideally, the processes that are included in the code describe the
controlling processes at the site under consideration. The objective of this
presentation is to illustrate three hroad classes of transport/transformation
processes which are infrequently incorporated in mathematical codes and
indicate where these processes might be important.

The transport/transformation processes which are frequently ignored at
remediation sites include:

1. The significance of microscale variability in hydraulic
conductivity.

2. The importantance of non-aqueous fluids and particles on chemical
transport.

3. The importance of how transformations are incorporated in
mathematical code and the importance of numerical dispersion on
the forecasts made by these codes.
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Geostatistical Site Characterization and
Stochastic Groundwater Modeling

Offpost Operable Unit
Rocky Mountain Arsenal

by

Carlos Tamayo-Lara, Research Associate
James W. Warner, Associate Professor

Colorado State University
Department of Civil Engineering

Groundwater Program
Fort Collins, Colorado 80523

Jim May. Hydrogeologist
US Army Corps ot Engineers

Waterways Experiment Station
Geotechnical Laboratory

Vicksburg, Mississippi 39182

Pump and treat systems are becoming the preferred remedial alternative
for cleanup and remediation of contaminated aquifers. Currently, the design
of most of these systems is commonly performed under assumptions of aquifer
homogeneity, even though it is well know that in reality, the concept of a
deterministic, homogeneous and isotropic media does not exist. To ignore
unknown variations of aquifers properties such as hydraulic conductivity,
aquifer transmissivity, saturated thickness, etc. can significantly affect the
successful operation and effectiveness of these systems. To overcome this
situation, the stochastic nature of the aquifer properties must be considered
in making decisions about the design, operation and management of pump and
treat systems.

Description of the spatial variability of hydrogeological parameters
within a porous media can be approached by using a state of the art technique
called geostatis-ics. This technique is a branch of applied statistics spe-
cializing in the analysis and modeling of spatial variability in earth sc 4 -
ences. In this study, geostatistical analysis were performed for site
characterization in the offpost area north of the Rocky Mountain Arsenal near
Denver, Colorado, where a pump and treat system is planned for implementation.

Geostatistics was used to estimate the best, linear, unbiased values of
hydrogeological regionalized variables at unsampled locations based on the
available measurements of these variables. Contrary to the most used estima-
tion techniques such as inverse distance, least squares, or polynomial inter-
polation (either applied by hand or computer), geostatistics also account for
the uncertainty in the estimated values and the precision of the results. As
part of this analysis, experimental semivariograms and cross-semivariograms
that describe the spatial structire of the regionalized variables were deter-
mined at the study site. Different mathematical models were fitted to these
semivariograms and cross-semivariograms and the results were cross-validated.
Kriging and Cokriging techniques were used to describe the spatial variability
of several aquifer properties including hydraulic conductivity. Estimated
values were used to generate contour maps based on limited number of sample
points while all data available was optimized. Also, these geostatistical
techniques were used to show the errors of estimation at all selected
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estimated points and to create maps of ninety-five percent confidence limit to
obtain the range of the estimated variables.

The obtained results are currently being used in a stochastic model of
the pump and treat system to provide the operational personnel a basis for
managing this system so as to have the greatest likelihood of achieving
project goals. This procedure will also provide estimates of uncertainty in
model predictions and will permit examination of the error in designing the
system using an assumption of a homogeneous aquifer.

The geostatistical and stochastic analysis presented in this study are
part of a cooperative research effort of groundwater management modeling
between the US Army Waterways Experiment Station and the Groundwater Program
at the Department of Civil Engineering, Colorado State University.
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Panel 3: Model Use in Remediation

Part I Brubaker, Gaylen P. "Process Options for In Situ Subsurface
Remediation: Can We Predict Performance'?'

Part 2 Ross, Randall R. "Case Study: Gilson Road Superfund Site:

Warner, James and May, James. "Use of Numerical Groundwater Modeling
for Operalion and Management of the North Boundary Containment System at
Rocky Mountain Arsenal"

Chiang, C. Y. "Bioremediation-Parameter Estimation, System Design, and
Prediction of Cleanup Time"
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Process Options for In Situ Subsurface Remediation:
Can We Predict Performance

Gaylen R. Brubaker, Ph.D.
Remediation Technologies, Inc.

Chapel Hill, NC

As an increasing number of large complex contaminated sites move toward
remediation, it is becoming increasingly important to develop methods to
predict the performance of various subsurface remediatlon options. These
performance models are critical to predict the potential cost-benefit of
various remedial options and to determine whether a particular technology is
likely to achieve risk-drive remediation goals.

This paper will use two sites, a petrochemical facility in the gulf
coast and a Superfund site in the midwest, to Illustrate the types of
performance questions that are being explored while developing corrective
actions plans at typical industrial sites. In each instance a series of in
situ remediation processes are being considered in various combinations. The
processes to be discussed will include: simple NAPL recovery, enhanced
recovery using hot water injection, simple pump-and-treat, enhanced pump-and-
treat using surfactants, in situ bioremediatlon, vapor extraction and aquifer
aeration. Key site parameters will be discussed for each process as an
introduction into the role of modeling in evaluating the performance of these
remediation options.
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ABSTRACT

Randall R. Ross
R. S. Kerr Environmental Research Laboratory

USEPA

The Gilson Road (Sylvester) Superfund site located near Nashua, New
Hampshire, was the first hazardous waste site in the nation to initiate
remedial actions funded under the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA), more commonly known as the Superfund"
Program. During the 1960's, sands and gravels were removed from a six acre
borrow pit. Initially, the site received domestic refuse and demolition
debris. During the early 1970's the site receivwd unauthorized heavy metal
sludges and industrial wastes. It is estimated that 800,000 gallons of
industrial waste were illegally discharged directly to the subsurface through
a leach field. An emergency groundwater interception and recirculating system
was installed in an effort to contain the most heavily contaminated portion of
the plume to prevent contamination of surface waters (Lyle Reed Brook and
Nashua River). A 4000-foot long, 3-foot thick soil-bentonite slurry wall was
installed through the stratified glacial outwash and discontinuous till to the
fractured bedrock in a attempt to further contain the groundwater contaminants
at the site. Additionally, a membrane cap was constructed over the 20 acre
containment areas.

Two previous modeling studies were conducted to 1) evaluate potential
remedial options for the site and 2) characterize regional flow conditions to
evaluate the most likely pathways for contaminant transport from the site.
The primary objectives of the ongoing modeling efforts are to evaluate the
effectiveness of the pump and treat system presently in operation and to
determine potential locations and pumping rates for future extraction wells
and recharge trenches. Groundwater flow and advective transport (particle
tracking) models are being used in conjunction with geostatistical programs to
evaluate the performance of the existing groundwater extraction and
recirculating system with respect to effectiveness and efficiency. Future
modeling efforts will combine these tools under the umbrella of a geographical
information system (GIS) to allow greater flexibility and versatility of the
current system with respect to incorporating new groundwater monitoring.
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USE OF NUMERICAL GROUNDWATER MODELING
FOR OPERATION AND MANAGEMENT OF THE

NORTH BOUNDARY CONTAINMENT SYSTEM
AT THE ROCKY MOUNTAIN ARSENAL

J. Warner, Associate Professor, Colorado State University,
Department of Civil Engineering, Groundwater Program,

Fort Collins, Colorado 80523
J. May, Hydrogeologist, U.S.Army Corp of Engineers,

Waterways Experiment Station, Geotechnical Laboratory,
Vicksburg, Mississippi 39180-0681

ABSTRACT

Three groundwater barrier systems have been installed at the
boundaries of the Rocky Mountain Arsenal to prevent the off post migration
of contaminated groundwater. The first of these was the North Boundary
Barrier System which was constructed in the period of 1978-81. The North
Boundary Barrier System was a pioneering effort in the use of groundwater
barrier systems for the control of contaminant migration. Previous design
and operational experience for such systems was unavailable. Because of the
complex hydrogeologic conditions at the arsenal, this barrier system has
proved very difficult to manage and operate. Colorado State University and
the U.S. Army have cooperated in developing an operational management model
of this system.

A pilot boundary system was installed at the north boundary in 1978.
This pilot system consisted of a 1,500 foot long bentonite slurry wall, 6
dewatering wells and 12 recharge wells. In 1978 the barrier system was
extended to a total length of 6,470 feet. In 1989 and 1990 the barrier
system was modified to include the addition of recharge trenches. The
complete barrier system consists of 35 dewatering wells, 38 recharge wells,
and 15 recharge trenches, separated by a bentonite slurry wall.
Contaminated groundwater is pumped from the upgradient side of the slurry
wall, treated by granular activated carbon adsorption, and the treated water
is recharged downgradient of the wall. The dewatering wells are divided
into three collection manifold (A, B and C). Flow from each manifold has
historically been treated by separate adsorber units. Manifold A intercepts
a plume of Diisopropylmethylphosphonate (DIMP) flowing from the Basin F
area. Manifold B intercepts a Oibromochloropropane (DBCP), chlorinated
pesticides, Aldrin, Dieldrin, and Endrin, and several organosulfur
compounds. Inorganic contaminants include chloride and fluoride. In 1990,
the treatment process was reconfigured to treat the combined inflow from the
separate manifolds as a single inflow stream.
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Since the bentonite slurry wall extends across the entire north
boundary of the arsenal (keyed at its ends into relatively impermeable
bedrock highs), the barrier system, regardless of how it is operated, should
intercept all of the contaminated groundwater in the shallow alluvial
aquifer reaching the north boundary. However, concerns have been expressed
about the integrity of the bentonite slurry wall and about the potential
underflow past the barrier system of contaminated groundwater in the
underlying Denver Formation. The prevailing thought is that this potential
underflow is best controlled by maintaining a reverse gradient (a gradient
inward towards the arsenal) across the bentonite slurry wall. Management
of the contaminant plumes approaching the barrier system is also desired.
Questions about the operation of the barrier system concern: 1) What is the
total barrier system flow rate?; 2) What is the distribution of manifold
flow rates?; 3) What is the best distribution of the treated recharge
water?; 4) In the case of system failure, time and location of overtopping
of the bentonite slurry wall?; 5) The Feasibility of achieving a gradient
reversal?; and 6) The system modifications to improve barrier operation?

A finite element groundwater model (CSU/GWFLOW) was applied to the
North Boundary Barrier System to study these concerns. A very detailed mesh
was used for the model grid which consisted of about 14,000 nodes. Each of
the 35 dewatering wells and the 38 recharge wells were represented in the
mesh by separate nodal points so as to allow specification of individual
well pumping rates. Each of the 15 recharge trenches were represented by
3 to 6 nodes in the model grid. Similarly, 36 monitoring wells at the
arsenal in the vicinity cf the barrier system were represented in the mesh
by separate nodal points so as to allow direct observation of model results
with field observations. In the mesh the bentonite slurry wall was
simulated as an interior no-flow boundary.

A steady-state calibration of the model was initially performed to the
pre-barrier conditions (February-March 1978). This calibration was then
further refined by a series of transient calibrations. This consisted of
simulating actual barrier system operation beginning with the pilot system
to full barrier system operation (December 1991). This ronsisted of 13
separate transient calibrations at selected time periods. The model results
were compared with field observations at the monitoring wells. One of the
difficulties with the transient calibration is that records kept about
tarrier system operation were often incomplete because of metering problems.
The model calibration was considered to be excellent with an average model
calibration error of about .5 feet.

Utilizing the calibrated model, various operational, breakdown and
barrier reconfiguration simulations were performed. One of the major
questions asked by arsenal personnel was whether a gradient reversal could
be achieved using the original barrier configuration (no recharge trenches).
The line of recharge wells is located 250 feet downgradient of the slurry
wall and the line of dewatering wells are located 250 upgradient of the
slurry wall. The rate of underflow of groundwater to the North Boundary
Barrier Sistem has varied with time but in recent years has been about 220
to 230 gpm. Under this natural interception rate the average head
difference between the two lines of wells is about 4 feet. Model results
indicated that the best that could be achieved by the barrier system in the
long term was the natural interception conditions. A gradient reversal over
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the entire length of the barrier system was not possible in the long term
but in the short term over pumping of the barrier system could be used to
increase the section of the barrier with a gradient reversal.

The recharge capacity of the injection wells has considerably
decreased since the wells were first installed. This loss of recharge
capacity is thought to be due to deposition of carbon fines frcm the
adsorber units and from microbial growth in the wells. These problems are
currently being studied in a separate project between Colorado State
University and the U.S. Army Corp of Engineers. Because of this loss of
recharge capacity of the wells, much of the treated recharge water has
historically been disposed of in a bog at the east end of the barrier
system. Additionally Manifold C was over pumped relative to Manifolds A and
B because of concerns about overtopping of the slurry wall in that section
if the barrier system were to breakdown for an extended period of time. As
a result the actual head differential across the slurry wall have been
considerably different than that for natural interception rates. For this
historical operating condition the head differential across the slurry wall
in the Manifold A section was typically greater, and in the Manifolds B and
C iections was less than natural conditions.

Since Manifolds A and B intercept contaminated groundwater of high
concentrations and Manifold C intercepts low concentration groundwater, it
is desirable to maintain a reverse gradient over at least Manifolds A and
B. In order to accomplish this, several barrier system modifications were
tried in the model. The best cnnfiguration was to replace the recharge
wells with a series of recharge trenches located 45 feet downgradient from
the slurry wall. The concept was to provide better control over the
distribution of the recharge water on the downgradient side of the slurry
wall. Treated water previously discharge to the bog near the east end of
the barrier system would then be discharged through trenches located in the
western half of the barrier-system to try to cause a gradient reversal in
this region. For this simulated operating condition a gradient reversal was
achieved over the entire section for Manifold A and most of the section for
Manifold B. With this supporting results, the Army has installed 15
recharge trenches.

These recharge trenches have performed excellently and have achieved
the desired gradient reversal over the critical sections of the North
Boundary Barrier System. In actuality, the Army has thus far been able to
maintain a gradient reversal over most of the length of the barrier system.
This has been achieved by over pumping the dewatering wells. Consequently
parts of the alluvial aquifer on the upgradient side of the barrier system
has been desaturated. The effect of this over pumping with time was studied
using the modt

The experiences learned at the Rocky Mountain Arsenal are that
groundwater barrier systems are often complex and difficult to operate for
effective system performance. The experiences (difficulties and successes)
learned in operating the barrier systems at the Rocky Mountain Arsenal
should he valuable to others desiring to use similar barrier systems. The
operational management groundwater model developed jointly by Colorado State
University and the U.S. Army Corp of Engineers has proven to be a very
useful and practical tool in the management of these systems.
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ABSTKACT

Bioremediation - Parameters Estimation, System Design, and
Prediction of Cleanup Time

C. Y. Chiang
Shell Development Company

Houston, Texas

In-situ bioremediation provides a potentially cost effective
alternative to a conventional pump and treat system by utilizing
indigenous microorganisms to increase the rate of decay of the
scluble hydrocarbon plume as well as the residual hydrocarbon
source. Mathematical models are often used to design the
bioremediation system. Before applying models to a field site, it is
crucial to understand the interplays of several key parameters:
macrodispersion, hydraulic conductivity, biodegradation rate,
sorption, and source strength. Well characterized site data are used
to illustrate the interactions among these parameters. For example,
threshold limits for aromatic hydrocarbon oxidation under varying
levels of dissolved oxygen were determined from both laboratory
microcosms and field data; the resuits were remarkably consistent
with each other.

Subsequently, these predetermined parameters are used in
numerical models to design an optimal bioremediation system and to
predict the cleanup time. A case study will be used to illustrate the
modeling processes and limitations. Finally, Some preliminary
results from an enhanced aerobic bioremediation system will be
presented.
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ARMY GROUNDWATER (GW) MODELING USE AND NEEDS WORKSHOP

Sheraton Denver Airport Hotel, Denver, CO

30 March - 1 April 1992

30 Mar

1900-2100 Optional Pre-regtstration, Icebreaker, Dr. Hadala
and Panel "Get Acquainted" Sessions

31 Mar

0800-0833 Registration Ms. Lloyd
0830-O825 Welcome Mr. I. May
0835-0840 Administrative Announcements Mr. Dardeau
0840-0850 Purpose of Workshop Dr. Oswald
0850-0910 Role of THAMA Mr. I. May
0910-0925 Role of GW Modeling in Army Activities Mr. Ballif
0925-0935 Introduction to Panel Discussions Dr. Holland
0935-0950 Break
0950-1030 Groundwater Problems & Remediation Methods Dr. Cullinane
1030-1115 Report of Groundwater Modeling Survey Dr. Holland

1115-1230 Lunch

1230-1430 Panel 1: GW Problems, User Needs & Model Use Mr. I. May
1430-1500 Break/Board Buses
1500-1700 Optional Trip to Rocky Mountain Arsenal Dr. J. May
1700 Adjourn

I Apr

0800-0815 Announcements and Comments Dr. Holland
0815-1000 Panel 2: Model Use in Remedial Investigations Dr. Butler
1000-1015 Break
1015-1200 Panel 3: Model Use in Remediation Dr. Cullinane

(Emphasis on Feasibility Studies)

1200-1315 Lunch

1315-1515 Panel 3: Model Use in Remediation (Concluded) Ms. McDaniel
(Emphasis on Design, Operation & Monitoring)

151S-1530 Break
1530-1630 Wrap-up Dr. Hadala
1630 Adjourn Dr. Holland
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OUESTIOHNAIRE ON ARMY USE OF
GROUNDWATER FLOW AND CONTAMINANT TRANSPORT MODELS

INSTRUCTIONS: Prior to beginning, please provide the following
information:

Name:
Office Symbol:
Address:
Telephone:

Now, please answer the following questions.

1. What percentage of the hazardous and toxic wastes (HTW)
problems you are encountering at military or Superfund sites is
associated with

Petroleum Hydrocarbons
Organic Solvent Liquids
Explosives
Metals
Other (please specify)

2. For the sites referred to above, how many of them are, or are
projected to be, involved with the cleanup of contaminated
groundwater resources for both saturated and unsaturated
conditions? (military) _ (Superfund) What percentage of the
total number of your HTW sites is this number? (military)
__(Superfund)

3. How many of your groundwater-related cleanup studies (over the
last ten years) contained, or are projected (over the next five
years) to contain, a groundwater modeling effort? If this
number is zero, skip to Question 10.

4. For eac• groundwater modeling study planned or executed, please
provide the information requested in the attached Table 1. Please
reproduce additional sheets as needed.

5. For each groundwater modeling study listed in Table 1, please
provide the information requested in the attached Table 2 on a
sheet per study basis. Please reproduce additional sheets as
needed.
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6. Are groundwater models overly expensive or difficult to use for
your applications? If the answer is no, please continue to
Question 7.

If the answer is yes, please check the following that
supports your answer:

Models typically require more cost or effort
than the information gained from them is worth.

User manuals or other instructions for using
the individual models are inaccurate, incomplete,
and/or out of date.

Too much labor and/or time is required to
compile the field data needed to define the problem
to be modeled.

Too much labor and time is required to put
results of model analyses in a form that is useful
for making engineering decisions.

Other; please explain.

7. Was your answer to Question 6 based on your own =-.erience,
discussions with contractors, or both? _

8. In your experience, are groundwater models comprehensive enough
to account for the major details of real field problems?
Alternately, do you believe your organization generally collects
d comprehensive enough for groundwater model use?

9. Rank the following itemis by assigning them a High (H), Medium
(m), or Low (L) importance in making groundwater models more useful
tools for your site applications.

software for personal computers (PCs) or work
stations with a graphical user interface that enables
easier input of data to groundwater models

software for PCs or work stations with a graphical
user interface to aid in visualizing groundwater model
results

software that would aid in extracting information
from model results in the form of tables and plots
similar to those now used to evaluate field data

interfaces that would couple groundwater models to
CADD and GIS software

a data base of typical geophysical and biochemical
parameter values for specific soil types and contaminants

a data base that would provide citations to
pertinent published information on groundwater models

Appncx C SurM Form C3
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a probablistic modeling capability that includes
measures of uncertainty in geologic conditions, aid in
parametez estimation, and theoretical limits of modeling
reliability

-_ guidance on the use and limitations of existing
groundwater models for site characterization, feasibility
studies, and remediation operation

an expert system to aid users in the selection of
appropriate groundwater models. The system would also
provide users with recommendations for model parameter
selection

groundwater modeling systems that have remedial
alternatives integrated fully within their flow and
transport models

Army-wide standardized groundwater modeling tools
that have obtained EPA approval for use

Army technical support personnel tc assist in model
choice and application

10. If you are not using groundwater models for your groundwater
cleanup studies, please indicate why (check each that is
appropriate):

Generally insufficient time for model usage within
normal project schedules

Insufficient funding or time to learn the use in-
house of most groundwater models

_ Insufficient in-house manpower to apply groundwater
models

Insufficient time to contract groundwater modeling
efforts

Insufficient funds to pay for contracted modeling
efforts

Current groundwater models have insufficient levels
of credibility for decision making

-Typically an insufficient amount of site data exists
to warrant groundwater model use

No groundwater modeling was deemed necessary.
Please explaia the rationale for this decision

Other; please explain.
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11. Would you employ models more often if the items above in
Question 9 were available? If the answer is yes, please be
sure you ranked the items in Question 9.

12. Do you have any access in-house to additional groundwater
models that are not listed in Table 1? If so please provide the
names of those models below and whether they -ce run on personal
computers (designate PC and class of PC; i. ., 286, 386, etc),
workstations (designate WS with workstation name) or mainframes (H
with machine name):

MODEL NAME COMPUTER

13. When evaluating groundwater modelin, proposals presented by
contractors, which of the following is generally the deciding
factor in contractor selection? (Check one please)

Quality of proposal based on in-house
technical review

Quality of proposal based on external
technical review. Who generally conducts this
review?

Known reputation of contractor
Other; please explain

14. When groundwater modeling results are presented, which of the
following is generally the primary means of assessing the
reliability of those results? (Check one please)

In-house technical review
External technical review. who generally
conducts this review?
Other; please explain

15. Please provide any additional comments you have including your
projected future needs for groundwater models.

C5
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16. Please provide (reproductions or originals) of either cover
pages or references to any contractor and in-house reports doalinq
with the modeling of groundwater flow and/or transport at Army
sites.

FINAL INSTRUCTIONS: Thank you for filling out this survey. Please
mail the completed forms to:

Dr. Jeffery P. Holland
USAE Waterways Experiment Station
3909 Halls Ferry Rd
Vicksburg, KS 39180-6199
ATTN: CEWRES-HV-C
FAX: (601) 634-2818

If you have any need for assistance, please call Dr. Holland at
(601) 634-2644 or (FTS) 542-2644.
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TABLE 2: INPUT FOR QUESTION #5

i.. Site Name, and its location (city, state)
_0

1. What percentage of the study was performed
off-site, completely by contractor
in-house with the aid of a contractor
completely by in-house personnel

c. Was the study, or has it been to date
fully successful (continue to Question 6)
marginally successful
unsuccessful

d. To what do you attribute the lack of success with the above
modeling venture? Check all that are appropriate for this study.

lack of contractor expertise in general
lack of in-house expertise to adequately write contract

specifications
lack of in-house expertise to monitor contractor progress

and activity
lack of in-house expertise to interpret contractor

results
poor documentation of study results and modeling

assumptions and methodologies
technology gaps in particular models used for this

specific site. If so, who chose to use this model, your
organization or contractors?

lack of proper support within the Army for model
selection, validation, and review of contractor results

inadequate site characterization and data collection
inadequate time and/or funding to conduct an adequate

study
other; please specify
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Workshop on

ARMY GROUNDWATER (GW) MODELING USE AND NEEDS

4' Sheraton Denver Airport Hotel
Denver, Colorado

30 March - I April 1992
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SUmOARY OF PANEL TopICS

Panel 1: Current Installation Restoration Groundwater Problems

Types of contaminants, sources and hydrogeologic conditions

General types of ramediation being applied

RI/FS requirements related to modeling

Groundwater Model Applications
Key examples

Costs, timeliness and success

Critical Modeling Components and Requirements
Data acquisition and management
Computer system
Staff knowledge, experience and training and guidance needs

Contracting
Proprietary codes
Technical review, validation and verification

Appropriate documentation of modeling results

Regulatory acceptance and defensibility In court

User Needs
Model selection and calibration

Time and cost estimates
Review and quality control of modeling efforts

Results presentation, 3-0 visualization and animation

Panel 2: Project Goals
Geologic Environment
Hydrogeologic Environment
Contaminant Properties and Transport Mechanisms
Data Management and QA/QC of Field Surveys

RI and GW Modeling Synergism
Role of modeling in planning RI program

Role of modeling in specifying supplemental RI

RI role in supporting modeling

Panel 3: Remediation Alternatives
Currently Used Flow and Transport Models and Their Adequacy
Objectives of Model Use in Feasibility Stud.ee

Data Requirements for Feasibility Studies
Model Requirements/Users for Feasibility Studies
Treatability Design
Flow Optimization for Pump-and-Treat Remediation Design
In Situ Remediation Optimization
Optimization of Monitoring Well Placement
Prediction of Remediation Response and Costs

Remediation Uncertainty
Regulatory Restrictions and Requirements
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PAN=L 1: Groundwater Problems. User Needs and Model Use

Objectives: The purpose of the User Panel is to provide representatives of the
user community with a forum to present insight into their groundwater modeling
requirements. The response to the groundwater modeling questionnaire will
provide a generic overview of Army user needs but this Panel will give key
representatives the opportunity to discuss pertinent Installation Restoration
modeling needs and how these needs are being addressed. The successes and
failures of previous modeling efforts can be addressed. Suggestions can be
offered on what degree of expertise or expert systems need to be developed in

the user community to be able to ascertain when and if modeling is required and
what type of model is needed.

Presentations:

1. Mr. Brian Anderson, Program Manager. Rocky Mountain Arsenal (RMA).
Description of groundwater modeling experiences for RI/FS at RI•A. (20 min)

2. Mr. Khal Masoud, Program Manager, Baltimore District. Synopsis of modeling
procedures, use and problems in RI/FS process. (15 min)

3. Dr. Fred Baker. Synopsis of modeling process, use and problems. (15 min)

Panel Members:

1. Moderator, Mr. Ira May, TRA•h. Geologist. Represents THAMA as expert on
Army modeling needs.

2. Mr. Brian Anderson, Program Manager Rocky Mountain Arsenal. Environmental
Engineer. Expertise in application of models at Rocky Mountain Arsenal.

3. Mr. Khal Masoud, Baltimore District, COE. Civil Engineer. Project Manager
with expertise in RI/FS needs.

4. Dr. Fred Baker, Baker and Associates. Civil Engineer. Groundwater model
expertise with emphasis cn hydrogeologic conceptual models.

5. Mr. Sam Bass, Missouri River Division, COE. Geologist, Chairman of MRD CAD
Environmental Task Group Leader. Expertise in groundwater problems and RI/FS.
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Topica:

"* Current Installation Restoration Prblems

" Types of contaminant
-- Types of sources

- Types of hydrogeoloqic conditions
-RI/FS Raquirements related to modeling
-General Types Qf rsmed; stion being applied

" Groundwater model Applications
- Key examples
- Costs
- Timely Execution
- Results

- Satisfactory
- Unsatisfactory
- Unclear

" Critical Modeling Components
-- Contracting
-- Proprietary codes
-- Technical review
-- Training

-Staff knowledge and experience
-- Computer system

-Data acquisition
- Data management
- Validation
- Verification
- Appropriate documentation of model results
- Regulatory acceptance
- Defensible in court

" User Needs
-When is model needed?

-- What kind of model?
- Cost?
-- Time to develop and run?
-- How to determine adequate calibration?
-- Army expertise to review and provide QA/QC for groundwater modeling
-- State-of-the-art presentation of results

- 3-D
- Animation

D5
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Questions:

Zs contaminated groundwater the biggest problem?

What are types of contaminants present Army groundwater problems?

What are some key modeling efforts?

How were the results?

What are the most critical modeling components which hinder model application?

How do you know if you need a groundwater model or not?

if a model is needed, what kind is adequate?

How do you know if you have adequate input data?

How long will it take to get results?

What are the costs?

How do you determine adequate calibration?

Can anyone in the Army provide review?

Who should determine quality control of models being used?

What should a good model study report contain?

How does one estimate the level of effort required for a groundwater model
study?
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PAElM 2: Model Use in Remedial Investigations (RI)

(Role of RI in Model Definition and Models in RI Planning)

Objectives: This panel discussion will address the most difficult problem
encountered in a groundwater (GW) modeling effort, defining the problem to bemodeled. Uncertainties related to numerical methods and errors are second
order compared to the uncertainties related to definition of the geologic
model, hydrogeologic model, and contaminant transport processes. Two or three
synopsis presentations and guided discussions will define requirements and
problems associated with defining (a) subsurface structure and stratigraphy,
(b) flow boundaries, (c) hydrogeoloqic properties, (d) properties of the fluids
and transport processes in the subsurface environment, (a) initial conditions,
and (f) the role of GW modeling in the RI process. The techniques involved in
defining the hydrogeologic model are diverse: geologic mapping, surface
geophysical surveying drilling and sampling, core/sample logging, borehole
geophysical logging, borehole pumping tests, dye tracinq, laboratory testirq,
and others. Although the numerical models require definition of properties at
all points in the domain of the model, this can never be achieved In reality.
The field data must be interpolated and extrapolated in a statistically
meaningful and rational manner. Modeling is used in an interactive manner to
guide the remedial investigations. This panel will emphasize the synergism
between RI and GW modeling.

Presentations:

1. D". Frank Schwartz, Ohio Eminent Scholar in Hydrogeology, Ohio State
University. Synopsis presentation on determining the hydrogeologic model and
the role of modeling in planning R1 (includes parameter uncertainty and
geostatistical considerations). (30 min)

2. Dr. Carl Enfield, Chief, Processes and Systems Research Divisi.on,
USEPA-OPD, RSKEL-Ada, Oklahoma. Synopsis presentation on contaminant transport
processes--determination of important processes for a given site and parameters
for modeling. (15 min)

3. Mr. Carlos Tamayo, Civil Engineer, Colorado State University. Case study
on off-post (Rocky Mountain Arsenal) geostatistical groundwater modeling
effort.

D7
Appencx 0 Panel Objecbves. Members. and Topics



Panel Members:

1. Moderator. Dr. Owain Butler, WIES. Geophysicist. Expertise in &ite
characterization for geology and hydroqeology.

2. Mr. Carlos Tamayo, Colorado State University. Civil Engineer. Expertise
in geostatistics and groundwater modeling.

3. Dr. Frank Schwartz, Ohio State University. Ohio Eminent Scholar in
Hydroqeology. Expertise in groundwater modeling, hydrogeologic description,
geologic description and geostatistics for parameter estimation and
uncertainty.

4. Dr. Carl Enfield, USEPA-ORD, RSKEL-Ada, Oklahoma. Chief, Processes and
Systems Research Divisicn. Expertise in contaminant transport processes and
transport parameter determination for modeling.

5. Dr. James May, WES. Hydroqeologist. Expertise on modeling needs related
to Remedial investigation / Feasibility Studies.

6. Mr. Gregory Hempen, Saint Louis District. Geophysicist, past president of
the Association of Engineering Geologists. Expertise in site characterization
for hydrogeology.

7. Mr. Dennis Bowser, THAMA. Geologist. Expertise in geology and contract
monitoring for hydrogeologic site characterization.

S. Dr. James Brannon, WES. Geochemist. Expertise in contaminate fate and
mobility processes in soil and its modeling.

9. Dr. Jesse Yow, Lawrence Livermore National Laboratory, DOE. Manager of
Environmental Technology Program. Expertise in modeling and remediation of
radionuclides in groundwater.
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Topics:

Project Type
-- Defense Environmentas. Restoration Program

- Installation Restoration
- Other Hazardous Waste
- Formerly Used Federal Properties
- National Priority List

- Superfund Site
-- Contamination Remediation
-- Unexploded Ordnance
-- Monitoring Network

* Geologic Environment
-- Fractured Rock/Porous Media

- Consolidated/Unconsolidated
- Aquifers/Aquitards

-- Stratiqraphy and Complexity
-- Geometry and Scale
-- Parameter Uncertainties

* Hydrogeoloqic Environment
-Boundary Conditions

-- Hydraulic Head Distribution
-Unsaturated/Saturated Flow

-- Steady State/Transient Flow
-- Hydraulic Conductivity Distribution in 3-0
- Porosity Distribution in 3-0
- Contaminant Source Locations
- Initial Conditions
-- Parameter Uncertainties

* Contaminant Properties and Transport Mechanisms
-- Single/Multiple Species

-Soluble/Insoluble

-- Density (relative to water)
-Conservative/Nonconservative

-Advective Transport
-- Dispersion/Diffusion
-- Retardation/Decay
-- Radionuclides

-Parameter Uncertainties

* Data Management and QA/QC of Field Surveys

"* RI and GW Modeling Synergism
-- Role of Mooeling in Planning RI Program
-- Role of Modeling in Specifying Supplemental RI

(Updating or Enhancing Geologic/Hydrogeologic Models)
- RI Role in Supporting Modeling
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Questions:

Generally, what is the interface between the personnel responsible for planning
and conducting RA and the personnel who must use to results of the RI tc
perform - -rxcal groundwater model simulations?

Are the groundwater modeling input requirements ever taken into account in
planning RI?

How does a knowledge of the contaminants, the source and site history affect
the RI?

Which of the geologic, hydrogeologic, and transport process parameters
generally have the greatest degrees of measurement and spatial uncertainties?

How do the uncertainties and unknowns in the hydrogr ilogic model compare to
inaccuracies and errors in the numerical modeling pr cese?

Are there parameters needed to support the use of ne' process theories in
numerical modeling that can not now be practically obtained?

Is cost the greatest controlling factor in the level of detail in the final
hydrogeologic model?

Typically how is the density of field measurements de,-ermined?

Are there any guidelines for determining scale and sci.ýpe of the RI? That is,
how is the size of the area which must be characterized in the RI determined,
relative to the size of the site or facility of interrupt?

How often in practice is groundwater modeling used to p'.an RI?

How often are geostatistical procedures used to develop a parameter uncertainty
model for the hydrogeologic parameters?

Is there a need for RI planning tools, such as expert s*:tem programs, to
optimize the RI planning phase to support subsequent gro':ndwater modeling
efforts?

What are the major problems in RI data management? Are e).isting oatabase
management systems adequate for the task?

Is QA/QC of field surveys a major problem in RI?
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PANEL 3: Model Use in Remediation

(Role of Groundwater Models in Feasibility Studies (FS), and
Design, Operation and Monitoring of Remediation)

Objectivess This panel discussion will address one of the main reasons for
developing a Army groundwater model: remediation, that is, the need to
integrate remediation effects into groundwater flow and contaminant transport
models. The purpose of the panel is to establish the need for models in the
evaluation of remediation alternatives in the feasibility study (FS) and
optimization of the design, operation and monitoring of the remediation
process; identify current models and types of models and methods being used in
the avaluation orocess; determine the frequency of model use in the FS and
remediation proc-iss; and determine why models are not used more frequently. In
addition, the panel should establish the required level of sophistication;
potential use, products and impact of models; problems with existing models and
their needed improvements; criteria for model selection; data requirements and
who will use the model. The panel will be broken into two parts--model use in
the FS and model use for optimization of the remediation including verification
of the remediation process and the model based on monitoring data.

Presentations:

Part I

1. Dr. Gaylen Brubaker, Remediation Technologies, Inc. Tutorial on types of
remediation alternatives and how a groundwater model could aid evaluation and
optimize design and operation of the alternatives. (30 min)

Part 2

2. Dr. Randall Ross, USEPA-ORD, RSKEL-Ada, Oklahoma. Tutorial on role of
monitoring in modeling and remediation process along with a case study.
(20 min)

3- Dr. James Warner, Colorado State University. Case study on modeling of
Rocky Mountain Arsenal. (20 min)

4. Dr. C. Y. Chiang, Shell Development Company. Case study on modeling NAPL
remediation by vapor extraction or biodegradation. (20 minr
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Panel Members:

1. Moderator. Dr. John Cullinane, WES. Environmental Engineer. Expertise
on all aspects of remediation and treatment systems.

2. Mr. Jack Genereaux, Kansas City District. Geologist. Reviewer of
remediation schemes with emphasis on feasibility based on groundwater flow
requirements.

3. Mr. Jim Zeltinger, Omaha District. Geologist. Reviewer of remedial
alternatives with emphasis on groundwater interactions.

4. Mr. Don Koch, Engineering Technical Associates. Expertise in groundwater
modeling for RI/FS involving pump-and-treat remediation alternatives.

S. Dr. Gaylen Brubaker, Remediation Technologies, Inc. Consulting
remediation specialist. Expertise in designing and evaluating remediation
systems for a wide range of problems and in specifying groundwater modeling
requirements.

Part 2

6. Moderator. Ms. Tomiann McDaniel, HQUSACE. Expertise in remediation of
groundwater problems.

7. Dr. James Warner, Colorado State University. Professor of Civil
Engineering. Expertise in GW flow and transport modeling.

8. Dr. Randall Ross, USEPA-ORD, RSKEL-Ada. Hydrogeologist. Expertise in
re.mediation modeling at Superfund sites.

9. Dr. C. Y. Chiang, Shell Development Company. Environmental Engineer.
Expertise in modeling and remediation of petroleum NAPL.

10. Ms. Carol McKinney, Kansas City District. Hydrogeologist. Expertise in
remediation design.
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"* Proposed remediation alternatives being considered

" Current model use
-- names and type
-- selection criteria
-- frequency and objectives of use
-- reasons for non-use

-- deficiencies and needed Improvements

" Potential use
- effectiveness evaluation

- feasibility based on flow
- feasibility based on transport and reaction kinetics
- prediction of concentration as a function of time

-- predictions for treatability studies
-- economics
-- optimization of design and operation

- flow for pump-and-treat and containment
- transport of contaminants for pump-and-treat
- in situ remediation
- monitoring

-- uncertainty analysis for design and feasibility

Data requirements
-- site characterization (remedial investigation)

- contaminant descriptions
- contaminant concentrations
- site geology and geochemistry

-- process variables
- decay and reaction rates, etc.
- partitioning coefficients

-- remedial design parameters and descriptions
- flow rates
- reactant concentrations and dosages
- phase and component interactions

-- monitoring data for optimizing operation of remediation and
verifying the model

Model requirements/users
-- level of sophistication

- multi-phase?
- coupled unsaturated and saturated?
- transport or flow only?

-- in-house or contractor
-- versatility
-- computer environment
-- training
-- recommendations for development
-- effects of regulatory requirements and review
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Questions:

What types of remediation alternatives are beinq considered in feasibility
studies? Is modeling used to determine their feasibility? If so, what type of
remediation alternatives are modeled? what models are used? how are the
models selected? is only flow modeled or is transport also modeled? what are
the products of the modeling? what are the deficiencies and what improvements
are needed?

What level of sophistication of modeling is requirivd to evaluate the
feasibility of remediation alternatives? to estimate time requirements and
concentrations achieved? to predict costs?

Why aren't models used more often for evaluating feasibility of remediation
alternatives? Is data limiting? If so, what data? Are models inadequate?
Are there good descriptions and models for incorporating the effects of
remedial actions in models? Is it too expensive for the results? Are models
unnecessary? Would routines to optimize the effectiveness of remedial
alternatives be useful and cost effective?

Should models be developed to optimize the remediation design? estimate costs?
predict effectiveness (concentration as a function of time and location)?

Is more research required to determine treatability and provide standard
tesi.ing to determine remediaticn process coefficients and analytical
descriptions?

Is in situ treatment a viable alternative? Is it being performed now? Is
pump-and-treat able to obtain acceptable results in a timely and cost-
effective manner?

Is remediation of the vadose zone a problem? Is a model needed to evaluate the
transport of contaminants and treatment of contaminant- in the vadose zone?

What are the shortcomings in the current methods of evaluating the feasibility
of remediation alternatives?

Who needs to use a model in a feasibility study? Is it done in-house or by
contractor? On what type of computer should the model run? Is training
required to better understand remediation alternatives and the evaluation cf
their feasibility?

Are models used in feasibility studies also used to predict conditions for
treatability studies, design the remediation alternative and adjust operating
conditions during the remediation?
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Have models been used to forecast remediation performance? what models? How
accurate have the predictions been? What are the main sources of uncertainty
in remediation design? and performance forecasting? Which model parameters
need the most re-adjustment, i.e., which are least well estimated a priori or
with laboratory experiments? How is uncertainty incorporated in the design
process for optimization of the remediation alternative? How is uncertainty
quantified?

What methods are available to optimize the arrangement of observation wells
(and pumping wells) in order to provide the necessary data to minimize
uncertainties, maximize operating efficiency of remediation process and verify
the model?

Have models been used to optimize the operation of an remediation system? How
can response data provide a feedback to the operation? Are there any
quantitative/objective methods to incorporate rapidly new field and laboratory
data in model parameter adjustment? or is this subjective art?

What field measurements are necessary and sufficient to reasonably attribute
any contaminant disappearance to a specific process, such as dilution,
sorption, dispersion, volatilization, and particularly biotransformation?

Do ANY flow or transport parameters measured by bench scale experimentation
apply unaltered to field scale simulation or do field heterogeneities preclude
their simple application in a model? What is the process of transferring
laboratory results to field performance?

Are there any circumstances in which the GW modeling state-of-the-use in the
field approaches the possibilities of the state-of-the-art?
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