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The U.S. Environmental Protection Agency (EPA) has created the Environmental Technology Verification
Program (ETV) to facilitate the deployment of innovative or improved environmental technologies through
performance verification and dissemination of information. The goa of the ETV Program is to further
environmental protection by substantially accelerating the acceptance and use of improved and cost-effective
technologies. ETV seeksto achieve this goa by providing high-qudlity, peer-reviewed data on technology
performance to those involved in the design, distribution, financing, permitting, purchase, and use of
environmenta technologies.

ETV worksin partnership with recognized standards and testing organizations and stakeholder groups
consisting of regulators, buyers, and vendor organizations, with the full participation of individual technology
developers. The program eval uates the performance of innovative technologies by developing test plans that
are responsive to the needs of stakeholders, conducting field or laboratory tests (as appropriate), collecting and
analyzing data, and preparing peer-reviewed reports. All evaluations are conducted in accordance with
rigorous quality assurance protocols to ensure that data of known and adequate qudlity are generated and that
the results are defensible.

The Site Characterization and Monitoring Technologies Pilot (SCMT), one of 12 technology areas under
ETV, isadministered by EPA’s National Exposure Research Laboratory (NERL). With the support of the U.S.
Department of Energy’s (DOE’s) Environmental Management program, NERL selected a team from
Brookhaven Nationa Laboratory (BNL) and Oak Ridge National Laboratory (ORNL) to perform the
verification of environmental decision support software. This verification statement provides a summary of
the test results of a demonstration of C Tech Development Corporation’s Environmental Visualization System
Pro (EVS-PRO) decision support software (DSS) product.

DEMONSTRATION DESCRIPTION
In September 1998, the performance of five DSS products were evaluated at the New Mexico Engineering
Research Ingtitute, located in Albuguerque, New Mexico. In October 1998, a sixth DSS product was tested at
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BNL in Upton, New Y ork. Each technology was independently evaluated by comparing its analysis results
with measured field data and, in some cases, known analytical solutions to the problem.

Depending on the software, each was assessed for its ability to evaluate one or more of the following
endpoints of environmental contamination problems: visualization, sample optimization, and cost-benefit
analysis. The capabilities of the DSS were evaluated in the following areas: (1) the effectiveness of integrating
data and models to produce information that supports the decision, and (2) the information and approach used
to support the analysis. Secondary evaluation objectives were to examine DSS for its reliability, resource
requirements, range of applicability, and ease of operation. The verification study focused on the developers
analysis of multiple test problems with different levels of complexity. Each developer anayzed a minimum of
three test problems. These test problems, generated mostly from actual environmental data from six real
remediation sites, were identified as Sites A, B, D, N, S, and T. The use of rea data challenged the software
systems because of the variability in natural systems. The technical evaluation team performed a complete
baseline analysis for each problem. These results, along with the data were used as a baseline for comparison
with the DSS resuilts.

C Tech Development Corporation staff chose to use EV S-PRO to perform the visualization endpoint on
selected data from each of the six sites. In addition, sample optimization was performed for the Site B, N, and
S problems, making use of the geostatistical agorithmsin EVS-PRO. Cost-benefit analysis (estimates of
contaminated volume as a function of cleanup level) was aso performed on these three problems and for the
Site A cost-benefit problem and the Site D sample optimization problem.

EVS-PRO was used to generate several different types of output as appropriate to the problem under study.
Output included three-dimensional (3-D) maps of the regions of contamination above specified threshold
concentrations as a function of the probability of exceeding the threshold value. A scale of coordinates and
surface features were included on the maps to provide a frame of reference. Where aeria photographs were
provided, EVS-PRO superimposed the site maps over the photograph to improve visual understanding of the
extent of the problem. For the Site A cost-benefit problem, EVS-PRO aso generated an animation that
provided a 3-D depiction of the extent of contamination. For the Site T groundwater contamination problem,
EV S-PRO generated an animation depicting subsurface soil stratrigraphy. These animations rotated the view
through 360° to provide the analyst with a more complete view of the data. For SitesB and S, C Tech dso
provided files generated by EVS-PRO using virtua reality modeling language (VRML) that could be viewed
and navigated. Navigation permits the viewer to rotate the image to any angle to gain a better understanding
of the extent of contamination. The datafrom Sites A, B, D, and S were used to generate a cost-benefit
analysis of the volume contaminated above the specified contaminant-specific cleanup threshold as a function
of probability. For the Site N sample optimization problem, EVS-PRO produced maps of uncertainty as a
function of the number of samples collected. This information was used to illustrate the reduction in
uncertainty obtained with increased sampling and to highlight regions of high uncertainty that may require
further sampling. Severa hundred visualizations were produced as part of the demonstration.

Details of the demongtration, including an evaluation of the software' s performance, may be found in the
report entitled Environmental Technology Verification Report: Environmental Decision Support Software—
C Tech Development Corporation, Environmental Visualization System Pro (EVS-PRO), EPA/600/R-00/047.

TECHNOLOGY DESCRIPTION

C Tech’'s EVS-PRO unites interpolation, geostatistical analysis, and fully 3-D visuaization toolsinto a
software system developed to address, among other things, sample optimization and cost-benefit analysis.
EVS-PRO’s capahilities can be used to provide 3-D maps of geologic structure, subsurface contamination,
and regions containing contamination above specified threshold concentrations at a fixed probability level.

EV S-PRO can aso perform geodtatistical analyses that optimize sample locations for site characterization and
can estimate volumes and mass of contaminated media for use in cost-benefit analysis. EVS-PRO can
quantify the statistical variation in the contaminant volume and mass estimates resulting from the current

level of characterization
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VERIFICATION OF PERFORMANCE
The following performance characteristics of EVS-PRO were observed:

Decision Support: EVS-PRO provides decision support through 3-D visualization of environmental data such
as contaminant concentration contours, quantification of uncertainties in interpolation predictions,
recommendation of additiona sample location to reduce uncertainties, and providing statistical information
about the extent of contamination (e.g., volume contaminated as a function of probability).

Documentation of the EVS-PRO Analysis: For each problem, C Tech provided a detailed description of the
steps necessary to import the data into EV S-PRO and perform the desired analysis. The steps proceeded
logically, and manipulations to format the data into the EV S format were relatively smple. Numerous files—
including visuaizations, input files, and output files—were provided for review.

Comparison with Baseline Analysis and Data: EVS-PRO produced visuaizations from six different sites.
All visudizations produced by EVS-PRO were consistent with the baseline data. Visualizations included 3-D
representations of geologic structure, hydraulic head, concentration contours above threshold values, and
uncertainty maps. The visualizations accurately incorporated surface features (maps of roads, buildings, water
bodies) and aeria photographs when available. Visualizations often provided well and sample locations as a
function of elevation. Sample locations were accurately color-coded to match the measured data

Sample optimization was performed for Sites B, N, and S. The anayses for Site B and S adequately
characterized the plume with an acceptable number of additional samples. For the Site N problem, in which
the number of samples was limited, the software inadequately characterized the extent of contamination.
EVS-PRO was used to provide cost-benefit analysis of the volume of contamination as a function of threshold
concentration and probability level for Sites A, B, N, and S. Its volume estimates were often a poor match to
the baseline analysis.

EV S-PRO can perform sample optimization analysis to recommend sampling locations and cost-benefit
analysis of the volume of contaminated media as a function of probability. To assist the anay<t, the software
calculates values for the essential parameters used in these analyses based on the data. While the use of these
calculated default values makesit easier for the analyst, the values were not always optimal for the sample
optimization or cost-benefit analysis. For the Site N sample optimization problem, in particular,
approximately athird of the site remained unsampled due to the approach used in EVS-PRO and the limit on
the number of samples. For the cost-benefit problems, the estimates of contaminated volumes were often a
poor match to the baseline analysis. This was especialy true in estimates of volume above the threshold
concentration with alow probability of exceeding the threshold. In these situations, the default parameters
selected by EVS-PRO often caused predictions of contamination in regions upgradient from the main plume
that did not contain data. Operator intervention to optimize model parameters would have led to better, more
accurate analyses. The problems identified are a function of the operator and not the software and emphasize
the need to have qualified analysts operate the software and for the analyst to examine the moddl outputs for
consistency with the data.

Multiple Lines of Reasoning: EVS-PRO provides a number of different approaches to analyzing and
visualizing the data, including control over essential modeling parameters. This permits multiple analyses of
the data. The software generates statistical and geostatistical information about the extent of contamination,
thus providing multiple evaluations to assist in data interpretation. The use of EVS-PRO to generate multiple
lines of reasoning assists the analyst in conducting a thorough evaluation of the data.

EPA-VS-SCM-30 The accompanying notice is an integral part of this verification statement. March 2000




In addition to performance criteria, the following secondary criteria were eval uated:

Ease of Use: EVS-PRO is a sophisticated software product with over 150 computational or visuaization
modules. The use of visua programming to link the modules makes EVS-PRO fairly easy to use. Most
environmental analysts would be able to use the mgjor features of EVS-PRO after two days of training.
Advanced features such as use of the scripting language would require more training. An inconvenience of
EVS-PRO isits requirement of afixed-format data field for input files. However, this limitation has been
removed in the most recent version of EVS-PRO.

Efficiency and Range of Applicability: EVS-PRO efficiently imported, analyzed, and visualized
environmental data sets. In the demonstration, the software analyzed four complete problems (three sample
optimization/cost-benefit problems and one cost-benefit problem) and two partia problems (perform
visualization) with eight person-days of effort. Of these, approximately four days were spent analyzing the
data and four days were spent preparing the report.

Operator Skill Base: For efficient use of the basic features in EVS-PRO, the operator must have knowledge
about contouring environmental data sets and managing database files. To use the advanced geostatistical and
statistical features, the operator should be knowledgeable in these aress.

Platform: During the demonstration, EV S-PRO was run on a Windows 95 operating system. The computer
used for the demonstration was a Pentium I1 400 with a Titan I graphics card, 128 MB of RAM, a4 GB-hard
drive, and a 20X CD-ROM.

Training and Technical Support: C Tech provides an extensive users manua documenting code operation
and use. Sdlf-paced training modules are available as part of the software package. Technical support is
supplied over the Internet and through e-mail. Training courses are available throughout the year.

Cost: For asingle user EVS-PRO sdlls for $9995. The EV'S pricing structure depends on the product and
number of licenses sold to the customer. Discounts are available to educational institutions.

Overall Evaluation: The main strengths of EVS-PRO are its outstanding 3-D visualization capabilities and its
capability to rapidly process, analyze, and visualize data. The range of visualization output formats and their
quality define EVS-PRO as a premier, state-of-the-art visualization system. Its ability to sort and query the
data and write scripts to automate repetitive tasks permits EVS-PRO to examine large amounts of data and
quickly generate visuaizations of the data in many depiction and animation formats. EVS-PRO’ s object-
oriented programming structure alows the many modules to be easily linked together to perform a complex
analysis. EVS-PRO is a mature software program that does not have any major limitations.

A credible computer analysis of environmenta problems requires good data, reliable and appropriate
software, adequate conceptualization of the site, and a technically defensible problem analysis. The results of
the demongtration showed that the EV S-PRO software can be used to generate reliable and useful analyses for
evauating environmental contamination problems. This is the component of a credible analysis that can be
addressed by the software; other components, such as proper conceptualization and use of the code, depend
on the analyst’ s skills. The results of an EV S-PRO analysis can support decision-making. EVS-PRO has been
employed in avariety of environmental applications. Although the EVS-PRO software has been demonstrated
to have the capability to produce reliable and useful analyses, improper use of the software can cause the
results of the analysis to be mideading or inconsistent with the data. As with any complex environmental DSS
product, the quality of the output is directly dependent on the skill of the operator.
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Aswith any technology selection, the user must determine if this technology is appropriate for the application
and the project data quality objectives. For more information on this and other verified technologies visit the
ETV Web site at http://www.epa.gov/etv.

Gary J. Foley, Ph.D. David E. Reichle
Director ORNL Associate Laboratory Director
National Exposure Research Laboratory Life Sciences and Environmental Technologies

Office of Research and Development

NOTICE: EPA verifications are based on evaluations of technology performance under specific, predetermined
criteria and appropriate quality assurance procedures. EPA, ORNL, and BNL make no expressed or implied
warranties as to the performance of the technology and do not certify that a technology will always operate as
verified. The end user is solely responsible for complying with any and all applicable federal, state, and local
requirements. Mention of commercial product names does not imply endorsement.

EPA-VS-SCM-30 The accompanying notice is an integral part of this verification statement. March 2000




EPA/600/R-00/047
March 2000

Environmental Technology
Verification Report

Environmental Decision Support
Software

C Tech Development Corporation

Environmental Visualization System
Pro (EVS-PRO)

By

Terry Sullivan
Brookhaven Nationa Laboratory
Upton, New York 11983

Anthony Q. Armstrong
Amy B. Dindal
Roger A. Jenkins
Oak Ridge Nationa Laboratory
Oak Ridge, Tennessee 37831

Jeff Osleeb
Hunter College
New York, New York 10021

Eric N. Koglin
U.S. Environmenta Protection Agency
Environmenta Sciences Division
National Exposure Research Laboratory
LasVegas, Nevada 89193-3478

ornl



Notice

The U.S. Environmental Protection Agency (EPA), through its Office of Research and Development (ORD),
and the U.S. Department of Energy’s Environmental Management Program through the National Analytical
Management Program (NAMP), funded and managed, through Interagency Agreement No. DW89937854
with Oak Ridge National Laboratory, the verification effort described herein. This report has been peer and
administratively reviewed and has been approved for publication as an EPA document. Mention of trade

names or commercia products does not constitute endorsement or recommendation for use of a specific
product.
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Foreword

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the nation’s natural
resources. The National Exposure Research Laboratory (NERL) is EPA’s center for the investigation of
technical and management approaches for identifying and quantifying risks to human health and the
environment. NERL’ s research goals are to (1) develop and evauate technologies for the characterization and
monitoring of air, soil, and water; (2) support regulatory and policy decisions; and (3) provide the science
support needed to ensure effective implementation of environmenta regulations and strategies.

EPA created the Environmental Technology Verification (ETV) Program to facilitate the deployment of
innovative technologies through performance verification and information dissemination. The goal of the
ETV Program isto further environmental protection by substantially accel erating the acceptance and use of
improved and cost-effective technologies. The ETV Program is intended to assist and inform those involved
in the design, distribution, permitting, and purchase of environmental technologies. This program is
administered by NERL’s Environmental Sciences Division in Las Vegas, Nevada.

The U.S. Department of Energy’s (DOE’s) Environmental Management (EM) program has entered into active
partnership with EPA, providing cooperative technical management and funding support. DOE EM redlizes
that its goals for rapid and cost-effective cleanup hinge on the deployment of innovative environmental
characterization and monitoring technologies. To this end, DOE EM shares the goals and objectives of the
ETV.

Candidate technologies for these programs originate from the private sector and must be commercialy ready.
Through the ETV Program, developers are given the opportunity to conduct rigorous demonstrations of their
technologies under redlistic field conditions. By completing the evaluation and distributing the results, EPA
establishes a baseline for acceptance and use of these technologies.

Gary J. Foley, Ph.D.

Director

National Exposure Research Laboratory
Office of Research and Development






Acknowledgments

The authors wish to acknowledge the support of al those who helped plan and conduct the demonstration,
analyze the data, and prepare this report. In particular, we recognize the technical expertise of Jeff VanEe
(EPA NERL) and Budhendra Bhaduri (ORNL), who were peer reviewers of this report. For internal peer
review, we thank Marlon Mezquita (EPA Region 9); for technical and logistical support during the
demonstration, Dennis Morrison (NMERI); for evaluation of training during the demonstration, Marlon
Mezquita and Gary Hartman (DOE’ s Oak Ridge Operations Office); for computer and network support,
Ledlie Bloom (ORNL); and for technical guidance and project management of the demonstration, David
Carden, and Regina Chung (DOE Oak Ridge Operations Office), David Bottrell (DOE Headquarters), Stan
Morton (DOE Idaho Operations Office), Deana Crumbling (EPA’s Technology Innovation Office), and
Stephen Billets (EPA NERL). The authors also acknowledge the participation of Reed Copsey of C Tech
Development Corporation, who performed the anayses during the demonstration.

For more information on the Decision Support Software Technology Demonstration, contact

Eric N. Koglin

Project Technical Leader
Environmental Protection Agency
Environmenta Sciences Division
National Exposure Research Laboratory
P.O. Box 93478

LasVegas, Nevada89193-3478

(702) 798-2432

For more information on the C Tech Development Corporation Environmental Visualization System product,
contact

Reed Copsey

C Tech Development Corporation
16091 Santa Barbara Lane
Huntington Beach, CA 92649
reed@ctech.com
www.ctech.com

Xi


mailto:reed@ctech.com

xii



Abbreviations and Acronyms

As arsenic

avi file format for animation visuaizations in Windows
Jbmp bitmap (file format)

BNL Brookhaven National Laboratory

CAD computer-aided design

CTC carbon tetrachloride

Cd cadmium

CD compact disk

CD-ROM compact disk—read-only memory

Cr chromium

DBCP dibromochloropropane

.dbf database file

DCA dichloroethane

DCE dichloroethene

DCP dichloropropane

DOE U.S. Department of Energy

DSS decision support software

.axf data exchange format (file)

EDB ethylene dibromide

EM Environmental Management

EPA U.S. Environmental Protection Agency

ESRI Environmental Systems Research Institute

EVS Environmental Visualization System

EVS-PRO Environmental Visualization System Pro

ETV Environmental Technology Verification Program
FTP file transfer protocol

GB gigabyte

Geo-EAS Geostatistical Environmental Assessment Software
GIS geographical information system

GSLIB Geodtatistical Software Library Version 2.0

GUI graphical user interface

.hav file format for animation visuaizations

IDW inverse distance weighting

Jpg JPEG file interchange format

L liter

MAS Modeling Animation System

MB megabyte

MHz megahertz (used to define the clock speed on computer processors)
MSL mean sea level

MVS Mining Visudization System

.mpg file format for animation visuaizations

NAMP Nationa Anaytical Management Program (DOE)
NAPL nonaqueous phase liquid

NERL National Exposure Research Laboratory (EPA)
NMERI New Mexico Engineering Research Ingtitute
ODBC open database connectivity

ORD Office of Research and Development

ORNL Oak Ridge National Laboratory

PCE perchloroethene or tetrachloroethene

ppb parts per billion

Xiii



ppm
QA
QC
RAM
ROM
SADA
SCMT
Shp
TCA
TCE
Tc-99
VC
VOC
VRML
wrl
2-D
3D

parts per million

quality assurance

quality control

random access memory

read only memory

Spatial Analysis and Decision Assistance
Site Characterization and Monitoring Technology
Shapefile

trichloroethane

trichloroethene

technetium-99

vinyl chloride

volatile organic compound

virtual reality modeling language

file extension for files created usng VRML
two-dimensional

three-dimensional

Xiv



Section 1 — Introduction

Background

The U.S. Environmental Protection Agency (EPA)
has created the Environmental Technology
Verification Program (ETV) to facilitate the
deployment of innovative or improved environ-
mental technologies through performance verifi-
cation and dissemination of information. The goal
of the ETV Program isto further environmental
protection by substantially accelerating the
acceptance and use of improved and cost-effective
technologies. ETV seeks to achieve this goal by
providing high-quality, peer-reviewed data on
technology performance to those involved in the
design, distribution, financing, permitting, purchase,
and use of environmental technologies.

ETV works in partnership with recognized standards
and testing organizations and stakeholder groups
consisting of regulators, buyers, and vendor
organizations, with the full participation of
individual technology developers. The program
evaluates the performance of innovative tech-
nologies by developing test plans that are responsive
to the needs of stakeholders, conducting field or
laboratory tests (as appropriate), collecting and
analyzing data, and preparing peer-reviewed reports.
All evaluations are conducted in accordance with
rigorous quality assurance (QA) protocols to ensure
that data of known and adequate quality are
generated and that the results are defensible.

ETV isavoluntary program that seeks to provide
objective performance information to al of the
actors in the environmental marketplace and to assist
them in making informed technology decisions.
ETV does not rank technologies or compare their
performance, label or list technologies as acceptable
or unacceptable, seek to determine “best available
technology,” nor approve or disapprove
technologies. The program does not evaluate
technologies at the bench or pilot scale and does not
conduct or support research.

The program now operates 12 pilots covering a
broad range of environmenta areas. ETV has begun
with a 5-year pilot phase (1995-2000) to test awide
range of partner and procedural alternativesin
various pilot areas, as well as the true market
demand for and response to such a program. In these

pilots, EPA utilizes the expertise of partner
“verification organizations’ to design efficient
processes for conducting performance tests of
innovative technol ogies. These expert partners are
both public and private organizations, including
federal laboratories, states, industry consortia, and
private sector facilities. Verification organizations
oversee and report verification activities based on
testing and QA protocols devel oped with input from
all mgjor stakeholder/customer groups associated
with the technology area. The demonstration
described in this report was administered by the Site
Characterization and Monitoring Technology
(SCMT) PFilot. (To learn more about ETV, visit
ETV’'s Web site at http://www.epa.gov/etv.)

The SCMT pilot is administered by EPA’s National
Exposure Research Laboratory (NERL). With the
support of the U.S. Department of Energy’s (DOE'’s)
Environmental Management (EM) program, NERL
selected a team from Brookhaven National
Laboratory (BNL) and Oak Ridge National
Laboratory (ORNL) to perform the verification of
environmental decision support software. Decision
support software (DSS) is designed to integrate
measured or modeled data (such as soil or
groundwater contamination levels) into a framework
that can be used for decision-making purposes.
There are many potential ways to use such software,
including visualization of the nature and extent of
contamination, locating optimum future samples,
assessing costs of cleanup versus benefits obtained,
or estimating human health or ecological risks. The
primary objective of this demonstration was to
conduct an independent evaluation of each
software’ s capability to evaluate three common
endpoints of environmental remediation problems:
visualization, sample optimization, and cost-benefit
analysis. These endpoints were defined as follows.

Visualization — using the software to organize
and display site and contamination data in ways
that promote understanding of current
conditions, problems, potentia solutions, and
eventual cleanup choices,

Sampl e optimization — selecting the minimum
number of samples needed to define a
contaminated area within a predetermined
statistical confidence;
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Cost-benefit analysis — assessment of either the
size of the zone to be remediated according to
cleanup goals, or estimation of human health
risks due to the contaminants. These can be
related to costs of cleanup.

The devel opers were permitted to select the
endpoints that they wished to demonstrate because
each piece of software had unique features and
focused on different aspects of the three endpoints.
Some focused entirely on visualization and did not
attempt sample optimization or cost-benefit analysis,
while others focused on the technical aspects of
generating cost-benefit or sample-optimization
analysis, with aminor emphasis on visualization.
The evauation of the DSS focused only on the
analyses conducted during the demonstration. No
penalty was assessed for performing only part of the
problem (e.g., performing only visualization).

Evduation of a software package that is used for
complex environmenta problemsis by necessity
primarily qualitative in nature. It is not meaningful
to quantitatively evaluate how well predictions
match at |ocations where data has not been collected.
(Thisisdiscussed in more detail in Appendix B.) In
addition, the selection of a software product for a
particular application relies heavily on the user’s
background, personal preferences (for instance,
some people prefer Microsoft Word, while others
prefer Corel WordPerfect for word processing), and
the intended use of the software (for example,
spreadsheets can be used for managing date;
however, programs specifically designed for
database management would be a better choice for
this type of application). The objective of these
reports is to provide sufficient information to judge
whether the DSS product has the analysis
capabilities and features that will be useful for the
types of problems typically encountered by the
reader.

Demonstration Overview

In September 1998, a demonstration was conducted
to verify the performance of five environmental
software programs. Environmental Visuaizations
System (C Tech Development Corp.), ArcView and
associated software extenders [Environmental
Systems Research Ingtitute (ESRI)], GroundwaterFX
(DecisionFX Corp.), SamplingFX (DecisionFX
Corp.), and SitePro (Environmental Software Corp.).
In October, a sixth software package from the
University of Tennessee Research Corporation,

Spatial Analysis and Decision Assistance (SADA),
was tested. This report contains the evaluation for
Environmental Visuaization System (EV S-PRO).

Each developer was asked to use its own software to
address a minimum of three test problems. In
preparation for the demonstration, ten sites were
identified as having data sets that might provide
useful test cases for the demonstration. All of this
data received a quality control review to screen out
sitesthat did not have adequate data sets. After the
review, ten test problems were developed from field
data at six different sites. Each site was given a
unique identifier (SitesA, B, D, N, S, and T). Each
test problem focused on different aspects of
environmental remediation problems. From the
complete data sets, test problems that were subsets
of the entire data set were prepared. The
demonstration technical team performed an
independent analysis of each of the ten test problems
to ensure that the data sets were compl ete.

All developers were required to choose either Site S
or Site N as one of their three problems because
these sites had the most data available for
developing a quantitative evauation of DSS
performance.

Each DSS was evauated on its own merits based on
the evaluation criteria presented in Section 3.
Because of the inherent variability in soil and
subsurface contamination, most of the evaluation
criteria are quaitative. Even when a direct
comparison is made between the developer’s
analysis and the baseline analysis, different
numerical agorithms and assumptions used to
interpolate data between measured values at known
locations make it almost impossible to make a
guantitative judgement as to which technical
approach is superior. The comparisons, however, do
permit an evaluation of whether the analysisis
consistent with the data supplied for the analysis and
therefore useful in supporting remediation decisions.

Summary of Analysis Performed by
EVS-PRO

C Tech's Environmental Visudization System
(EVS-PRO) unites interpolation, geostatistical
analysis, and fully three-dimensiona (3-D)
visualization tools into a software system devel oped
to address, among other things, sample optimization,
and cost-benefit analysis. EVS-PRO’ s capabilities
can be used to provide 3-D maps of geologic



structure, subsurface contamination, and regions
containing contamination above specified threshold
levels at afixed probability level. EVS-PRO can
also perform geostatistical analyses that suggest
optimal sample locations for site characterization

and can estimate volumes and mass of contaminated
mediafor usein cost-benefit anaysis. EVS-PRO can
quantify the Statistical variation in the contaminant
volume and mass estimates resulting from the

current extent of characterization

C Tech Development Corporation staff chose to use
EVS-PRO to perform the visualization endpoint on
sdlected data from each of the six sites. In addition,
sample optimization was performed for the Site B,
N, and S problems, making use of the geostatistical
agorithmsin EVS-PRO. Cogt-benefit analysis
(estimates of contaminated volume as a function of
cleanup level) was aso performed on these three
problems and for the Site A cost-benefit problem
and the Site D sample optimization problem.

The Site A problem was a 3-D groundwater
contamination cost-benefit problem. The data
supplied included maps of buildings, roads, and
water bodies; groundwater contamination concen-
trations for more than 50 wells, with data supplied at
5-ft vertical intervals for each well; the hydraulic
head in each well; and information on the elevation
of the ground surface and bedrock at each well. The
contaminants of concern were perchloroethene
(PCE) and trichloroethane (TCA). EVS-PRO
generated 3-D maps of the regions of contamination
above two threshold concentrations at three prob-
ability levels. A scale of coordinates and surface
features were included on the maps to provide a
frame of reference. EVS-PRO dso generated a 3-D
animation depicting the extent of contamination. The
animation rotated the viewing angle of the contami-
nation through 360° to provide the analyst with a
more complete view of the contamination. In
addition, EVS-PRO was used to estimate the volume
of contamination at the three probability levels and
two threshold concentrations.

The Site B sample optimization problem involved
groundwater contamination in two spatial
dimensions. The data supplied included an aeria
photograph of the site; maps of buildings, roads, and
water bodies; groundwater contamination
concentrations at 25 well locations; and the
hydraulic head in each well. The C Tech analyst
used the geostatistical algorithms in EVS-PRO to

identify 23 additional locations for further sampling
to define the extent of contamination for technetium-
99 (Tc-99). On the basis of the final data set, the
analyst used EVS-PRO to generate maps of the
plume at the two threshold concentrations at three
probability levels. The software depicted measured
concentrations at the correct spatia locations with
color-coded spheres; the color represented the
concentration value. A scale of coordinates and
surface features was included on the maps to provide
aframe of reference. Some maps superimposed the
aeria photograph to provide a frame of reference. A
similar analysis was performed for the other two
contaminants, trichloroethene (TCE) and vinyl
chloride (VC), using the origina data set (i.e.,
sample optimization was not performed). The
analyst also provided EV S-PRO—generated virtua
reality modeling language (VRML) files that could
be viewed and navigated with free downloadable
plug-ins for an Internet browser. (C Tech
recommends the Cosmo Viewer that can be obtained
from www.karmanaut.com/cosmo/player.)
Navigation permits the viewer to rotate the drawing
to any angle to better understand the extent of
contamination. The data were also used to generate a
cost-benefit analysis of the volume contaminated vs
cleanup threshold for al three contaminants.

The Site D sample optimization problem involved
groundwater contamination from four organic
compounds—dichloroethane (DCA), dichloroethene
(DCE), PCE, and TCE. The data supplied included
maps of buildings, roads, and water bodies; boring
data providing geologic structure; groundwater
contamination concentrations at 33 well locations for
five sampling periods; and the hydraulic head in
each well during one sampling period. The EVS-
PRO scripting language was used to create a routine
to query the datafile, select the datafor asingle
contaminant and sampling time, and visuaize the
contaminant data, producing 2-D and 3-D maps of
contamination. The process was repeated
automatically for each contaminant at each sampling
period. The 2-D maps provided atop view of the
areal extent of contamination with a site map
containing buildings and roads. The 3-D maps
showed the contamination as a function of depth,
with solid and exploded views. The exploded views
helped make clear the extent of contamination in
different geologic layers. EVS-PRO a so provided
estimates of the volume of contaminated water
above the specific threshold concentration for each
contaminant.



The Site N sample optimization problem involved
s0il contamination from three heavy metals—arsenic
(As), cadmium (Cd), and chromium (Cr). EVS-PRO
was used to perform sample optimization for arsenic
contamination. The analysts used the software in an
iterative fashion to select afew sample locations for
further data collection. This new information was
used to generate the next set of sample locations, and
the process continued until the maximum number of
alowed sample locations (80 in this problem) had
been specified. With the fina data set, EVS-PRO
generated arsenic concentration contour maps based
on contaminant threshold concentrations and the
degree of confidence in the interpolation results.
These maps were overlain with site features (roads
and waterways). Maps of uncertainty as a function
of the number of samples were aso provided to
illustrate the reduction in uncertainty obtained with
increased sampling.

The Site S sample optimization problem isa 3-D
groundwater contamination problem for asingle
contaminant [carbon tetrachloride (CTC)]. Initialy,
concentration data were supplied for 19 well
locations at 5-ft vertical intervals within each well
and for another 5 well locations at 40-ft vertical
intervals. Using the geodtatistical routinesin EVS-
PRO to select sample locations, the C Tech analyst
requested additiona data at 15 locations to further
define the plume. EVS-PRO was then used to
generate 2-D maps of the concentration distribution
based on the maximum concentration in each well
and the probability of exceeding the two threshold
concentrations for CTC. Three-dimensional
visualizations were aso provided in VRML format
to alow the user to navigate around the plume. The

data were also used to generate a cost-benefit
anaysis of the contaminated volume vs the cleanup
threshold.

The Site T problem was a groundwater
contamination problem. The data supplied for
analysis of this problem included maps of buildings
and roads, soil and groundwater contamination data
for four organic contaminants, and geologic boring
data representing the location of different soil layers
(eg., clay, sand, silt). The C Tech analyst choseto
demongtrate the capability of the software to
visualize the 3-D subsurface soil layer structure. A
3-D animation that rotated the viewing angle of the
soil structure through 360° was provided to permit a
more complete view of the layers.

Section 2 of this report contains a brief description
of the capabilities of EVS-PRO. Section 3 outlines
the process followed in conducting the demon-
stration. This section discusses the approach used to
develop the test problems, the ten test problems, the
baseline analyses that were used for comparison
with the developers analyses, and the evaluation
criteria. More detailed descriptions of the test
problems can be found in Appendix A. Section 4
presents the technical review of the analyses
performed by EVS-PRO. It includes a more detailed
discussion of the problems attempted, comparisons
of the EV S-PRO analyses and the basdline results,
and an evaluation of EVS-PRO against the criteria
established in Section 3. Section 5 presents an
update on the EV S technology and provides
examples of representative applications of EVSin
environmental problem-solving.



Section 2 — Environmental Visualization System Capabilities

This section provides a general overview of the
capabilities of the productsin C Tech’s Environ-
mental Visudization System (EV'S). The infor-
mation was supplied by C Tech.

EVS-PRO Features

C Tech’s EVS-PRO unites interpolation, geologic
modeling, geostatistical analysis, and fully 3-D
visualization tools into a software system devel oped
to address mining and environmenta contamination
issues. EVS-PRO can be used to analyze all types of
analytes and geophysical datain any environment
(soil, groundwater, surface water, air, etc.). One of
EVS-PRO’s greatest strengths isits integrated
geodtatistical analysis, which provides quantitative
assessment of the quality of a site assessment (“Min-
Max Plume’ technology); as a part of the
geostatistical anaysis additional sample locations
requiring investigation are identified. The tools that
are part of the software can improve site assessment
and enhance the capability to analyze and present
data for assessments, remediation planning,
litigation support, regulatory reporting, and public
relations.

EVS-PRO was devel oped to meet the needs of the
geologit, the environmental engineer, and the
environmental program manager as they relate to the
following areas:

Steassessment: Determination of optimal
locations for collecting data in order to best
determine the spatial extent of contamination at
the lowest possible cost.

Steevaluation: Determination of the spatial
extent of contamination. EVS-PRO’s “Min-Max
Plume’ technology quantifies the statistical
variation in the volume and mass estimates
resulting from the current level of
characterization.

Geology: Creation of a 3-D modd of the
geology of a site and determination of the
relationship between the geology and the
contaminant plumes. This information allows for
better-targeted remediation plans that consider
the effect of geology on the migration and
capture of contamination. EVS-PRO can also

compute plume volumes and masses on a
(geologic) layer basis.

Communication: Visua presentation of site
geology and contamination is critical for
effective communication. EVS-PRO can
integrate geologic information, environmental
contamination data, site maps (showing
buildings, roads, and other features), and aerial
photographs into a single visuaization. EVS-
PRO provides both still and animated 3-D
visualization.

EVS-PRO isamodular software system designed to
address the wide range of problems encountered by
the environmental community. It can be customized
for the most demanding application while preserving
an ease of use that provides immediate productivity.
EVS-PRO can ded with virtually al types of data
and environments. It is designed to be easy enough
for use (at arudimentary level) by nonspeciaist
personnel. However, the modular software
architecture and the breadth of its tools provide
comprehensive capabilities that can meet the needs
of scientists and researchers. For example, a asite
with a history of multiyear sampling, a script can be
generated to sort and query the data and plot
contamination levels from each year, and ultimately
to display all of the data in the form of an animation.

EVS-PRO can be used on Windows 95, 98, 2000,
and NT systems. It does not require any supple-
mentary software; however, it can interface with
many popular software packages. EVS-PRO can
read and write AutoCAD .dxf filesand ESRI
shapefiles and can directly access ODBC-compliant
databases, provided ODBC 32 isingtaled on the
client’s computer. Environmental database and data
management software products such asESRI’s
ArcView GIS, Integrate' s TerraBase, EarthSoft’s
EQuIS, and GIS Solution’s GIS/Key aso support
output to EVS-PRO. EV S-PRO can perform 3-D
postprocessing and animation for groundwater and
solute transport modeling packages such as
MODFLOW and MT3D by using a recently released
trandlation module that converts standard
MODFLOW and MT3D output filesto EVS-PRO
format.



Overview of C Tech Environmental

Software
C Tech Development Corporation has five major

products. EVS-PRO was used in this demonstration.
These products, the single-license price, and a brief
description of each software follow.

EVSfor ArcView (Environmental Visuaization
System for ArcView) — $2,495

EVSfor ArcView is asubset of EVS Standard,
described below. It is tightly integrated with
ArcView through a powerful ArcView
extension. It has 15 applications that include
geology only, chemistry only and geology and
chemistry applications. It is fully 3-D and has
the same viewer as C Tech’s other products.
EVSfor ArcView is alow-cost way to add more
3-D capability to an office: EVSfor ArcView
seats may be combined with EVS-PRO or MVS
seats that are reserved for the more expert users.
EVSfor ArcView was designed to be used by
nearly anyone with a background in
environmental problems, including project
managers and principals.

MAS (Modeling Animation System) — $2,495

MAS has alimited subset of the animation
capabilities of EVS-PRO and a full suite of
visualization modules. It does not include any
geodtatistics modules or any of the geologic
modeling or gridding capabilities of EVS-PRO.
MAS was developed to perform 3-D
postprocessing and animation for groundwater
and solute transport modeling packages such as
MODFLOW, MT3D, and CFEST.

EVS Standard (Environmental Visualization
System Standard) — $4,995

EVS Standard is C Tech's baseline customizable
3-D analysis and visualization system. EVS
Standard includes al of the capabilities of EVS
for ArcView (including ArcView GIS
integration) and adds a modular, customizable
environment for geologists and environmental
engineers.

EVS-PRO (Environmenta Visuaization
System Pro) — $9,995

EVS-PRO is C Tech’s most popular product for
state-of-the art analysis, visualization, and
animation. EVS-PRO builds upon al of the
capabilities of EVS Standard and MAS and adds
advanced gridding, model building, output
options, geostatistics capabilities, animation, and
GI S functions to accommodeate litigation
support, public relations and the more
demanding requirements of earth science
professionals.

MVS (Mining Visualization System) — $24,995
Mining Visuaization System (MVS) is C Tech’s
flagship product for state-of-the art analysis and
visudization. MV S builds upon al of the
capabilities of EVS-PRO and adds powerful new
features targeted to the needs of mining
engineers and planners, or the geologist or
environmental engineer with the most
demanding requirements.

In addition to the fixed license product, EVS-PRO
and MVS can be bought with a floating license. The
floating license versions have steep discounts with
quantity and a more complex pricing structure. The
floating license uses a hardware key on the machine
that serves licenses, but any machine on the network
can run the software until the available seats are
used up. Table 1 provides prices for six nominal

Table 1. Pricing structure for floating-license version of EVS-PRO

Tier Nominal Pricefor Additional Price for nominal Effective seat price
class seats first seat seats number of seats for nominal seats

A 1 $13,500 $6,250 $13,500 for 1 seat $13,500

B 3 $16,000 $4,000 $24,000 for 3 seats $8,000

C 8 $23,000 $3,000 $44,000 for 8 seats $5,500

D 17 $41,800 $1,800 $70,600 for 17 seats $4,153

E A $51,500 $1,500 $101,000 for 34 seats $2,971

F 100 $101,000 $1,000 $200,000 for 100 seats $2,000




configurations; prices for other configurations are
available on request.

One year of technical support, with software
maintenance and upgrades, is included in the

purchase. Additiona years are currently 12% of
software’ slist price. Training courses are available,
and extensive documentation is available online,
through the Web, and in ausers manual. Tutorias
are provided with the software to help train users.



Section 3 — Demonstration Process and Design

Introduction
The objective of this demonstration was to conduct

an independent evauation of the capabilities of
severa DSSsin the following areas: (1) effective-
ness in integrating data and models to produce
information that supports decisions pertaining to
environmental contamination problems, and (2) the
information and approach used to support the
analysis. Specificaly, three endpoints were
evaluated:

Visualization — Visualization software was
evaluated in terms of its ability to integrate site
and contamination data in a coherent and
accurate fashion that aids in understanding the
contamination problem. Tools used in
visualization can range from data display in
graphical or contour form to integrating site
maps and aeria photos into the results.

Sample optimization — Sample optimization
was evaluated for soil and groundwater
contamination problems in terms of the
software’' s ability to select the minimum number
of samples needed to define a contaminated
region with a specified level of confidence.
Cost-benefit analysis — Cost-benefit analysis
involved either defining the size of remediation
zone as a function of the cleanup god or
evaluating the potential human health risk. For
problems that defined the contamination zone,
the cost could be evauated in terms of the size
of the zone, and cost-benefit analysis could be
performed for different cleanup levels or
different statistical confidence levels. For
problems that calculated human hedlth risk, the
cost-benefit calculation would require
computing the cost to remediate the
contamination as a function of reductionin
hedth risk.

Secondary evauation objectives for this
demonstration were to examine the reliability,
resource reguirements, range of applicability, and
ease of operation of the DSS. The developers
participated in this demonstration in order to
highlight the range and utility of their software in
addressing the three endpoints discussed above.

Actual users might achieve results that are less
reliable, as reliable, or more reliable than those
achieved in this demonstration, depending on their
expertise in using the software to solve
environmental problems.

Development of Test Problems

Test Problem Definition

A problem devel opment team was formed to collect,
prepare, and conduct the baseline analysis of the
data. A large effort was initiated to collect data sets
from actual sites with an extensive data collection
history. Through literature review and contact with
different government agencies (EPA field offices,
DOE, the U.S. Department of Defense, and the U.S.
Geological Survey) the team identified ten sites
throughout the United States that had the potential
for developing test problems for the demonstration.
The data from these ten sites were screened for
completeness of data, range of environmental
conditions covered, and potential for developing
challenging and defensible test problems for the
three endpoints of the demonstration. The objective
of the screening was to obtain a set of problems that
covered awide range of contaminants (metals,
organics, and radionuclides), site conditions, and
source conditions (spills, continual slow release, and
multiple releases over time). On the basis of this
screening, Six Sites were selected for development of
test problems. Of these six sites, four had sufficient
information to provide multiple test problems. This
provided atotal of ten test problems for use in the
demongtration.

Summary of Test Problems
A detailed description of the ten test problems was

supplied to the devel opers as part of the
demonstration (Sullivan, Armstrong, and Osleeb
1998). A generd description of each of the problems
can be found in Appendix A. This description
includes the operating history of the Site, the
contaminants of concern, and the objectives of the
test problem (e.g., define the volume over which the
contaminant concentration exceeds 100 ng/L). The
test problems analyzed by C Tech are discussed in
Section 4 as part of the evauation of the
performance of EVS-PRO.



Table 2 summarizes the ten problems by site iden-
tifier, location of contamination (soil or ground-
water), problem endpoints, and contaminants of
concern. The visualization endpoint could be per-
formed on all ten problems. In addition, there were
four sample optimization problems, four cost-benefit
problems, and two problems that combined sample
optimization and cost-benefit issues. The
contaminants included metals, volatile organic
compounds (VOCs), and radionuclides. The
environmental conditionsincluded 2-D and 3-D soil
and groundwater contamination problems over
varying geologic, hydrologic, and environmental
settings. Table 3 provides a summary of the types of
data supplied with each problem.

Table2. Summary of test problems

Analysis of Test Problems
Prior to the demonstration, the demonstration

technical team performed a quality control
examination of all data sets and test problems. This
involved reviewing database files for improper data
(e.g., negative concentrations), removing
information that was not necessary for the
demondtration (e.g., Site descriptors), and limiting
the data to the contaminants, the region of the site,
and the time frame covered by the test problems
(e.g., only data from one year for three
contaminants). For sample optimization problems, a
limited data set was prepared for the developers as a
starting point for the analysis. The remainder of the

Siteidentifier Media Problem endpoints Contaminants
A Groundwater Visualization, sample optimization Dichloroethene, trichl oroethene
A Groundwater Visualization, cost-benefit Perchloroethene, trichloroethane
B Groundwater Visualization, sample optimization, Trichloroethene, vinyl-chloride,
cost-benefit technetium-99
D Groundwater Visualization, sample optimization, Dichloroethene, dichloroethane,
cost-benefit trichloroethene, perchloroethene
N Soil Visualization, sample optimization Arsenic, cadmium, chromium
N Sail Visualization, cost-benefit Arsenic, cadmium, chromium
S Groundwater Visualization, sample optimization Carbon tetrachloride
S Groundwater Visualization, cost-benefit Chlordane
T Sail Visualization, sample optimization Ethylene dibromide,
dibromochloropropane,
dichloropropane, carbon tetrachloride
T Groundwater Visualization, cost-benefit Ethylene dibromide,
dibromochloropropane,
dichloropropane, carbon tetrachloride

Table 3. Data supplied for the test problems

Site history

Industrial operations, environmental settings, site descriptions

Surface structure

Road and building locations, topography, aerial photos

Sample locations X, Y, z coordinates for
soil surface samples
soil borings

groundwater wells

and locations

Contaminants Concentration data as a function of time and location (x, y, and z) for metals,
inorganics, organics, radioactive contaminants

Geology Soil boring profiles, bedrock stratigraphy

Hydrogeology Hydraulic conductivities in each stratigraphic unit; hydraulic head measurements

Transport parameters
bulk density

Sorption coefficient (Ky), biodegradation rates, dispersion coefficients, porosity,

Human health risk

Exposure pathways and parameters, receptor location




data were reserved to provide input concentrations to
developers for their sample optimization analysis.

For cost-benefit problems, the analysts were
provided with an extensive data set for each test
problem with a few data points reserved for
checking the DSS anadlysis. The data quality review
aso involved importing al graphicsfiles (e.q., .dxf
and .bmp) that contained information on surface
structures such as buildings, roads, and water bodies
to ensure that they were readable and useful for
problem development. Many of the drawing files
were prepared as ESRI shape files compatible with
ArcView™. ArcView was aso used to examine the
graphicsfiles.

Once the quality control evaluation was completed,
the test problems were developed. The test problems
were designed to be manageable within the time
frame of the demonstration and were often a subset
of the total data set. For example, in some cases, test
problems were developed for a selected region of the
site. In other cases, the database could have
contained information for tens of contaminants,

while the test problems themselves were limited to
the three or four principal contaminants. At some
sites, data were available over time periods
exceeding 10 years. For the DSS test problems, the
analysts were typicaly supplied chemica and
hydrologic data for afew sampling periods.

Once the test problems were devel oped, the
demonstration technical team conducted a complete
analysis of each test problem. These analyses served
as the baseline for evaluating results from the
developers. Each analysis consisted of taking the
entire data set and obtaining an estimate of the
plume boundaries for the specified threshold
contaminant concentrations and estimating the area
of contamination above the specified thresholds for
each contaminant.

The independent data analysis was performed using
Surfer™ (Golden Software 1996). Surfer was
selected for the task because it isawidely used,
commercialy available software package with the
functional capabilities necessary to examine the
data. This functional capability includes the ability
to import drawing files to use as layers in the map,
and the ability to interpolate datain two dimensions.
Surfer has eight different interpolation methods,
each of which can be customized by changing model
parameters, to generate contours. These different
contouring options were used to generate multiple
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views of the interpolated regions of contamination
and hydrologic information. The best fit to the data
was used as the basaline analysis. For 3-D problems,
the data were grouped by eevation to provide a
series of 2-D dices of the problem. The distance
between dices ranged between 5 and 10 ft
depending on the availability of data. Compilation of
vertical dices generated 3-D depictions of the data
sets. Comparisons of the baseline analysis to the
EVS-PRO results are presented in Section 4.

In addition to Surfer, two other software packages
were used to provide an independent analysis of the
data and to provide an alternative representation for
comparison with the Surfer results. The
Geostatistical Software Library Version 2.0 (GSLIB)
and Geostatistical Environmental Assessment
Software Version 1.1 (Geo-EAS) were selected
because both provide enhanced geostatistical
routines that assist in data exploration and selection
of moddling parameters to provide extensive
evauations of the data from a spatial context
(Deutsch and Journdl 1992; Englund and Sparks
1991). These three analyses provide multiple lines of
reasoning, particularly for the test problems that
involved geostatistics. The results from Surfer,
GSLIB, and Geo-EAS were compared and
contrasted to determine the best fit of the data, thus
providing a more robust baseline analysis for
comparison to the developers’ results.

Under actua site conditions, uncertainties and
natural variability make it impossible to define
plume boundaries exactly. In these case studies, the
baseline analyses serve as aguideline for evaluating
the accuracy of the analyses prepared by the
developers. Reasonable agreement should be
obtained between the baseline and the developer’s
results. A discussion of the technical approaches and
limitations to estimating physical properties at
locations that are between data collection pointsis
provided in Appendix B.

To minimize problemsin evaluating the software
associated with uncertainties in the data, the
developers were required to perform an analysis of
one problem from either Site N or Site S. For Site N,
with over 4000 soil contamination data points, the
basdline analysis reflected the actual site conditions
closely; and if the devel opers performed an accurate
anaysis, the correlation between the two should be
high. For Site S, the test problems used actual
contamination data as the basis for developing a
problem with a known solution. In both Site S



problems, the data were modified to smulate a
constant source term to the aquifer in which the
movement of the contaminant can be described by
the classic advective-dispersive transport equation.
Transport parameters were based on the actual data.
These assumptions permitted release to the aquifer
and subsequent transport to be represented by a
partial differential equation that was solved
analyticaly. This anaytica solution could be used
to determine the concentration at any point in the
aquifer at any time. Therefore, the developer’s
results can be compared against calculated
concentrations with known accuracy.

After completion of the development of the ten test
problems, a predemonstration test was conducted. In
the predemonstration, the developers were supplied
with a problem taken from Site D that was smilar to
test problems for the demonstration. The objective of
the predemonstration was to provide the developers
with a sample problem with the level of complexity
envisioned for the demonstration. In addition, the
predemonstration allowed the developers to process
data from atypica problem in advance of the
demonstration and alowed the demonstration tech-
nica team to determine if any problems occurred
during data transfer or because of problem defini-
tion. The results of the predemonstration were used
to refine the problems used in the demongtration.

Preparation of Demonstration Plan
In conjunction with the development of the test

problems, a demonstration plan (Sullivan and
Armstrong 1998) was prepared to ensure that al
aspects of the demonstration were documented and
scientifically sound and that operational procedures
were conducted within quality assurance
(QA)/qudlity control (QC) specifications. The
demonstration plan covered

the roles and responsibilities of demonstration
participants,

the procedures governing demonstration
activities such as data collection to define test
problems and data preparation, analysis, and
interpretation;

the experimental design of the demonstration;
the evauation criteria against which the DSS
would be judged; and

QA and QC procedures for conducting the
demonstration and for ng the quality of
the information generated from the
demonstration.
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All parties involved with implementation of the plan
approved and signed the demonstration plan prior to
the start of the demonstration.

Summary of Demonstration
Activities

On September 14-25, 1998, the Site Character-
ization and Monitoring Technology Pilot, in
cooperation with DOE’ s National Analytical
Management Program, conducted a demonstration to
verify the performance of five environmental DSS
packages. The demonstration was conducted at the
New Mexico Engineering Research Ingtitute,
Albuguerque, New Mexico. An additional software
package was tested on October 26-29, 1998, at
Brookhaven National Laboratory, Upton, New Y ork.

The first morning of the demonstration was devoted
to a brief presentation of the ten test problems, a
discussion of the output requirements to be provided
from the developers for evaluation, and transferring
the data to the developers. The data from all ten test
problems—along with a narrative that provided a
description of the each site, the problems to be
solved, the names of datafiles, structure of the data
files, and alist of output requirements—were given
to the developers. The devel opers were asked to
address a minimum of three test problems for each
software product.

Upon completion of the review of the ten test
problems and the discussion of the outputs required
from the developers, the devel opers received data
sets for the problems by file transfer protocol (FTP)
from aremote server or on a high-capacity
removable disk. Developers downloaded the data
setsto their own persona computers, which they had
supplied for the demonstration. Once the data
transfers of the test problems were complete and the
technical team had verified that each developer had
received the data sets intact, the devel opers were
allowed to proceed with the analysis at their own
pace. During the demonstration, the technical team
observed the developers, answered questions, and
provided data as requested by the developers for the
sample optimization test problems. The developers
were given 2 weeks to complete the analysis for the
test problems that they selected.

The third day of the demonstration was visitors day,
an open house during which people interested in
DSS could learn about the various products being
tested. During the morning of visitors day,



presenters from EPA, DOE, and the demonstration
technical team outlined the format and content of the
demonstration. This was followed by a presentation
from the developers on the capabilities of their
respective software products. In the afternoon,
attendees were free to meet with the developers for a
demonstration of the software products and further
discussion.

Prior to leaving the test facility, the devel opers were
required to provide the demonstration technical team
with the fina output files generated by their
software. These output files were transferred by FTP
to an anonymous server or copied to azip drive or
compact disk—+ead only memory (CD-ROM). The
technical team verified that al files generated by the
developers during the demonstration were provided
and intact. The developers were given a 10-day
period after the demonstration to provide a written
narrative of the work that was performed and a
discussion of their results.

Evaluation Criteria

One important objective of DSSis to integrate data
and models to produce information that supports an
environmental decision. Therefore, the overriding
performance goal in this demonstration was to
provide a credible analysis. The credibility of a
software and computer analysisis built on four
components.

good data,

adequate and reliable software,

adequate conceptualization of the site, and
well-executed problem anaysis (van der Heljde
and Kanzer 1997).

In this demonstration, substantial efforts were taken
to evaluate the data and remove data of poor qudity
prior to presenting it to the devel opers. Therefore,
the devel opers were directed to assume that the data
were of good quality. The technical team provided
the developers with detailed site maps and test
problem instructions on the requested analysis and
assisted in site conceptudization. Thus, the
demonstration was primarily to test the adequacy of
the software and the skills of the analyst. The
developers operated their own software on their own
computers throughout the demonstration.

Attempting to define and measure credibility makes
this demonstration far different from most
demongtrations in the ETV program in which
measurement devices are evaluated. In the typical
ETV demongtrations, quality can be measured in a
quantitative and statistical manner. Thisis not true
for DSS. While there are some quantitative
measures, there are also many qualitative measures.
The criteriafor evaluating the DSS's ahility to
support a credible analysis are discussed below. In
addition a number of secondary objectives, also
discussed below, were used to evaluate the software.
These included documentation of software, training
and technical support, ease of use of the software,
efficiency, and range of applicability.

Criteria for Assessing Decision
Support

The devel opers were asked to use their software to
answer questions pertaining to environmental
contamination problems. For visualization tools,
integration of geologic data, contaminant data, and
site maps to define the contamination region at
specified concentrations was requested. For software
tools that address sample optimization questions, the
developers were asked to suggest optimum sampling
locations, subject to constraints on the number of
samples or on the confidence with which
contamination concentrations were known. For
software tools that address cost-benefit problems,
the devel opers were asked either to define the
volume (or area) of contamination and, if possible,
supply the statistical confidence with which the
estimate was made, or to estimate human health
risks resulting from exposure to the contamination.

The criterion for evaluation was the credibility of the
analyses to support the decision. This evaluation was
based on severa points, including

documentation of the use of the moddls, input
parameters, and assumptions,

presentation of the resultsin a clear and
consistent manner;

comparison of model results with the data and
baseline analyses;

evaluation of the use of the models; and

use of multiple lines of reasoning to support the
decision.



The following sections provide more detail on each
of these topics.

Documentation of the Analysis and
Evaluation of the Technical Approach
The devel opers were requested to supply a concise

description of the objectives of the andysis, the
procedures used in the analysis, the conclusions of
the analysis with technical justification of the
conclusions, and a graphica display of the results of
the analysis. Documentation of key input parameters
and modeling assumptions was a so requested.
Guidance was provided on the quantity and type of
information requested to perform the evaluation.

Based on observations obtained during the
demonstration and the documentation supplied by
the developers, the use of the models was evaluated
and compared to standard practices. Issues in proper
use of the models include selection of appropriate
contouring parameters, spatial and temporal
discretization, solution techniques, and parameter
selection.

This evaluation was performed as a QA check to
determine if standard practices were followed. This
evaluation was useful in determining whether the
cause of discrepancies between mode projections
and the data resulted from operator actions or from
the model itself and was instrumental in
understanding the role of the operator in obtaining
quality results.

Comparison of Projected Results with the
Data and Baseline Analysis

Quantitative comparisons between DSS-generated
predictions and the data or baseline analyses were
performed and evaluated. In addition, DSS-
generated estimates of the mass and volume of
contamination were compared to the baseline
analyses to evaluate the ability of the software to
determine the extent of contamination. For
visualization and cost-benefit problems, developers
were given a detailed data set for the test problem
with only a few data points held back for checking
the consistency of the anadlysis. For sample optimi-
zation problems, the developers were given alimited
data set to begin the problem. In this case, the data
not supplied to the devel opers were used for
checking the accuracy of the sample optimization
analysis. However, because of the inherent vari-
ability in environmental systems and the choice of
different models and parameters by the analysts,
quantitative measures of the accuracy of the analysis
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are difficult to obtain and defend. Therefore,
qualitative evaluations of how well the model
projections reproduced the trends in the data were
also performed.

A major component of the analysis of environmental
data sets involves predicting physical or chemical
properties (contaminant concentrations, hydraulic
head, thickness of a geologic layer, etc.) at locations
between measured data. This process, called
interpolation, is often critical in developing an
understanding of the nature and extent of the
environmental problem. The premise of interpolation
is that the estimated value of a parameter isa
weighted average of measured values around it.
Different interpolation routines use different criteria
to select the weights. Due to the importance of
obtaining estimates of data between measured data
points in many fields of science, awide number of
interpolation routines exist. Three classes of
interpolation routines commonly used in
environmental analysis are nearest neighbor, inverse
distance, and kriging. These three classes of
interpolation, and their strengths and limitations, are
discussed in detail in Appendix B.

Use of Multiple Lines of Reasoning
Environmental decisions are often made with
uncertainties because of an incomplete
understanding of the problem and lack of
information, time, and/or resources. Therefore,
multiple lines of reasoning are vauable in obtaining
acredible analysis. Multiple lines of reasoning may
incorporate statistical analyses, which in addition to
providing an answer, provide an estimate of the
probability that the answer is correct. Multiple lines
of reasoning may also incorporate aternative
conceptua models or multiple simulations with
different parameter sets. The DSS packages were
evaluated on their capabilities to provide multiple
lines of reasoning.

Secondary Evaluation Criteria
Documentation of Software

The software was evaluated in terms of its
documentation. Complete documentation includes
detailed instructions on how to use the software
package, examples of verification tests performed
with the software package, a discussion of all output
files generated by the software package, a discussion
of how the outpuit files may be used by other
programs (e.g., ability to be directly imported into an
Excel spreadsheet), and an explanation of the theory



behind the technical approach used in the software
package.

Training and Technical Support

The devel opers were asked to list the necessary
background knowledge necessary to successfully
operate the software package (i.e., basic under-
standing of hydrology, geology, geostatistics, etc.)
and the auxiliary software used by the software
package (e.g., Excel). In addition, the operating
systems (e.g., Unix, Windows NT) under which the
DSS can be used was requested. A discussion of
training, software documentation, and technical
support provided by the developers was aso
required.

Ease of Use
Ease of use is one of the most important factors to

users of computer software. Ease of use was
evaluated by an examination of the software
package' s operation and on the basis of adequate on-
line help, the availability of technical support, the
flexibility to change input parameters and databases
used by the software package, and the time required
for an experienced user to set up the model and
prepare the analysis (that is, input preparation time,
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time required to run the smulation, and time
required to prepare graphical output). The
demonstration technical team observed the operation
of each software product during the demonstration to
assist in determining the ease of use. These
observations documented operation and the technical
skills required for operation. In addition, several
members of the technical team were given a 4-hour
tutorial by each developer on their respective
software to gain an understanding of the training
level required for software operation as well as the
functiona capabilities of each software.

Efficiency and Range of Applicability
Efficiency was evaluated on the basis of the resource

requirements used to evaluate the test problems. This
was assessed through the number of problems
completed as afunction of time required for the
analysis and computing capabilities.

Range of applicability is defined as a measure of the
software’ s ability to represent awide range of
environmental conditions and was evaluated through
the range of conditions over which the software was
tested and the number of problems analyzed.



Section 4 — EVS-PRO Evaluation

EVS-PRO Technical Approach

For sample optimization and quantification of
uncertainties in predicted values, EVS-PRO uses a
geostatistical approach. Geostatistical methods are
based on the premise that measured variables located
close to each other will have similar values, while
variables far apart will have little correlation
between their corresponding values. A statistical
measure for thisinterrelationship is summarized by
the correlation between measured variables
measured at different points in space. This measure
or related measures such as the variogram and
covariance form the central idea around which linear
estimation methods in geostatistics operate. The use
of correlation measures also separates this estimation
method from other interpolation algorithms such as
inverse distance, linear interpolation, splines, and
quadrature methods. Using a Statistical estimator
alows the estimation error to be calculated along
with the estimate. Thus, a geostatistical method
provides both the most likely value and an estimate
of the range of other possible valuesfor agiven
location. This isimportant information because the
gpatial variability present in most parameters is such
that values predicted prior to actua data
measurement are unlikely to exactly match the
“newly” measured value. In fact, often there are
many possible solutions to the estimation problem
that agree with the measurements (Appendix B).
Kriging, which is used in EVS-PRO, is one of the
more common geostatistical methods used to
provide smoothed estimates of variables. The
kriging model used in EVS-PRO matches the data at
al measured locations.

EV S-PRO imports measured data, defines agrid
(i.e., divides the volume of concern into a number of
3-D hexahedral blocks), automatically calculates the
gpatia correlation of the data in three dimensions
(i.e., generates a variogram), and from the variogram
estimates the parameters necessary for kriging
interpolation of the data. The kriging process
provides an estimate of the most likely value of the
variable and a statistical measure of the variability
expected at that location. Default values for
calculating the spatia correlation can be changed by
the user of EVS-PRO.

15

In performing estimates of the volume of soil that
contains contamination above the cleanup
concentration as a function of probability levels,
EVS-PRO uses “Min-Max Plume” technology. In
this approach, EV S-PRO determines the minimum
and maximum plume volume by using kriging
interpolation to calculate the nominal value and
associated standard deviation at every location in the
model. The predicted nominal value and standard
deviation are used to estimate the “minimum” and
“maximum” values as a function of probability level.
For the case of the maximum plume and a 75%
probability level, a“maximum” vaue is determined
at each model location such that if a measurement
were collected at any location, the hypothetically
measured value could be expected to be less than the
“maximum” value 75% of the time. Using
interpolation and the “maximum” value at each
model location, the volume of contamination is
defined at the 75% “maximum” level. The
“minimum” value is defined as the value at which
the hypothetically measured vaue is expected to be
greater than the “minimum” value 75% of the time,
and the 75% “minimum” plume is defined similarly.
The 75% “minimum” plume represents the region of
contamination in which the analysis shows that there
is a 75% probability that the contamination volume
isat least that large. This approach of estimating
concentration as a function of probability is
consistent with the EPA data quality objectives
guidance (EPA 1994).

The objective in performing sample optimization is
to collect samples at the locations that will provide
the maximum amount of information to define the
extent of contamination. Thisis accomplished in
EVS-PRO with a measure called uncertainty. For
determining sample locations, EVS-PRO first
calculates the confidence in the predicted vaues at
each model location. Confidence is a measure of
how well the predicted value represents the actua
value and answers questions such as, “What isthe
probability that the predicted value will be within a
factor of 10 of the measured value?’ Uncertainty, as
used in EVS-PRO, is a concentration-weighted
inverse of the confidence. This weighting gives more
importance in selecting sample locations to regions



of high concentration and low confidence. High
uncertainty indicates a high probability of poorly
characterized contamination. The weighting function
used to compute uncertainty has been optimized
with the intent of minimizing the number of new
sampling locations.

EVS-PRO permits the user to focus the uncertainty
estimates on a specific range of concentration values
by setting floor and ceiling values for calculating
uncertainty. Vaues below the floor level are
considered unimportant (or more specifically, they
are set to the floor level). Similarly, values above the
celing level are set to the ceiling value. Setting the
ceiling at the concentration value of most interest,
such as the threshold level, will cause the selection
of new sampling locations to converge most rapidly
on defining the plume boundary at the ceiling
concentration. Thiswill, however, sacrifice the
accurate characterization of the most contaminated
regions in the domain. This limitation is generally
acceptable if the primary goa is determination of the
extent (rather than specific distribution) of
contamination.

Description of Test Problems
C Tech gtaff chose to use EVS-PRO to perform the

visualization endpoint on selected data from each of
the six sites. In addition, the software performed
sample optimization for Sites B, N, and S. Cost-
benefit analysis (estimates of contaminated volume
as afunction of cleanup concentrations) was also
performed on these three problems and for the Site
A cost-benefit problem and the Site D sample
optimization problem. As part of the demonstration,
severa hundred visualization outputs were
generated. These included 3-D depictions of plume
boundaries with site features superimposed,
animations providing multiple perspectives on
contamination plumes and subsurface stratigraphy,
and interactive 3-D visudizations that allow the
viewer to rotate the figure to any viewing angle. A
few examples that display the range of capabilities
and features in EVS-PRO are included in this report.
A generd description of each test problem and the
analysis performed using EV S-PRO follows.
Detailed descriptions of al test problems are
provided in Appendix A and in Sullivan, Armstrong,
and Odleeb (1998).

Site A Cost-Benefit Problem
The Site A cost-benefit problem was a 3-D

groundwater contamination problem for two

contaminants, PCE and TCA. Contamination had
migrated more than a mile towards nearby well
fields. The objective of this test problem wasto
define the location, depth, and volume of the plume
at PCE concentrations of 100 and 500 ng/L and
TCA concentrations of 5 and 50 ng/L at probability
levels of 10, 50, and 90%. The 10% probability
region is the region in which there is a least a 10%
chance that the contamination will exceed the
threshold concentration. Therefore, the 10%
probability region predicts the maximum volume of
contamination and the 90% probability region
predicts the minimum. In the terminology of EV'S,
the 10% probability plume corresponds to the 90%
“maximum” plume and the 90% probability region
corresponds to the 90% “minimum” plume. The
probability of exceeding athreshold concentration is
used in a cost-benefit analysis of cleanup goasvs
the cost of remediation. C Tech used EVS-PRO to
accomplish the problem objectives.

The data supplied for the analysis of Site A included
maps of roads, buildings, and water bodies; data on
the concentrations of the two contaminants at
different depths and locations in more than 80
groundwater wells, hydraulic head data; and data on
geologic structure. Chemical analysis data were
collected at 5-ft intervals from each well.

Site B Sample Optimization and Cost-
Benefit Problem

The Site B problem was a 2-D groundwater
contamination problem. Initial sampling attempted
to define the central region of the contaminant
plume, which extends more than amile and
approaches a nearby river. The objective of the
sample optimization problem was to develop a
sampling strategy to define the region in which the
groundwater contamination exceeds specified
threshold concentrations (Table 4) at probability
levels of 10, 50, and 90%. In addition, the analyst
was asked to cal culate the health risks associated

Table4. Site B groundwater contamination
problem threshold concentrations

Contaminant Threshold concentrations

TCE 50, 500 (Mg/L)
VC 50, 250 (Mg/L)
Tc-99 10000, 40000 (pCi/L)

16




with drinking 2 L of contaminated groundwater per
day from two exposure points in the plume based on
current conditions and at 5 years in the future. One
exposure point was near the centerline of the plume,
while the other was on the edge of the plume. This
information could be used in a cost-benefit anaysis
of the reduction of human hedlth risk as a function of
remediation.

The data supplied for analysis of Site B included an
aerial photograph of the site; maps of buildings,
roads, and water bodies; hydraulic head data; and
concentration data for three contaminants (TCE, VC,
and Tc-99) in groundwater wells at 25 locations
during one year of sampling.

C Tech staff chose to demonstrate the visualization,
sample optimization, and cost-benefit anaysis
capabilities of EVS-PRO. Health risk analysiswas
not performed. For sample optimization the anayst
chose to demonstrate EV S-PRO’ s capabilities using
the Tc-99 contamination.

Site D Sample Optimization Problem
The Site D problem was a 3-D groundwater sample

optimization problem. The objective of this test
problem was to test the software’ s capabilitiesto
select sample locations that accurately define the
extent of contamination and then to use the infor-
mation to estimate the contaminated volume of
groundwater as afunction of probability.

The data supplied for the analysis of Site D included
maps of buildings, roads, and water bodies; concen-
tration data on four contaminants (PCE, DCE, TCE,
and TCA) at different depths and locationsin 33
groundwater wells for five consecutive sampling
periods; hydraulic head data; and geologic boring
data. The C Tech analyst decided to use thisinfor-
mation to visualize the original data set and did not
perform sample optimization. C Tech’s objective

was to demonstrate the power of EVS-PRO in
automating data visualization.

Site N Sample Optimization Problem
This test problem was a surface soil contamination
problem for three contaminants (As, Cd, and Cr).
The test problem was designed to assess the
accuracy with which the software can be used to
predict sample locations to define the extent of
surface soil contamination above certain
predetermined threshold concentrations. The
threshold concentrations for each contaminant are
shown in Table 5. Budgetary restraints limited the
number of additional sample locations to 80.
Because of the limited number of samples, the
analyst was asked to supply estimates of the extent
of contamination based on the confidence in the
results.

The analyst was given an extensive data set for the
three contaminants over a small highly contaminated
area of the site (<10 acres). The problem required
the analyst to develop a sample optimization scheme
to define the extent of contamination for the entire
site (125 acres). Site maps with roads, buildings, and
water bodies were aso provided. The C Tech analyst
used arsenic contamination values to make sample
optimization decisions for this problem.

Site S Sample Optimization Problem
The Site S sample optimization problem focused on

a 3-D groundwater contamination problem for a
single contaminant, CTC. The objectives of this
problem were to develop a sampling strategy to
define the 3-D region of the plume at threshold
concentrations of 5 and 500 ng/L and confidence
levels of 10, 50, and 90%; to estimate the volume of
contaminated groundwater at the defined thresholds;
and to calculate human health risks to support cost-
benefit decisions. The C Tech analyst performed the
problem and estimated the plume location and

Table5. Site N soil contamination threshold concentrations (mg/kg) for the
sampl e optimization problem

Contaminant

Minimum threshold
concentration

M aximum threshold
concentration

Arsenic (As) 125 500
Cadmium (Cd) 70 700
Chromium (Cr) 370 3700
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volume as a function of three probability levels (25,
50, and 75%).

The data supplied for analysis of this problem
included geologic cross-section data, hydraulic head
data, hydrologic and transport parameters, and
contaminant concentration data from 24 monitoring
wells. Datafor 19 of these wells had been collected
at 5-ft vertical intervals, data for the other 5 wells
had been collected on 40-ft vertical intervals. A total
of 434 contaminant sample locations and values
were provided to the analyst. To focus only on the
accuracy of the analysis, the problem was smplified.
Information regarding surface structures (e.g.,
buildings and roads) was not supplied to the
analysts. In addition, the data set was devel oped
such that the contaminant concentrations were
known exactly at each point (i.e., release and
transport parameters were specified and
concentrations could be determined from an
analytical solution). This analytical solution
permitted areliable benchmark for evauating the
accuracy of the software’'s predictions.

Site T Cost-Benefit Problem

The Site T problem was a 3-D groundwater
contamination cost-benefit problem. The data
supplied for anaysis of this problem included maps
of buildings and roads, soil boring data for 23 wells,
and contamination data for four organic
contaminants [ethylene dibromide (EDB),
dibromochloroproprane (DBCP), dichloropropane
(DCP), and CTC]. This Site was characterized by a
complicated subsurface structure. The C Tech
analyst decided to demonstrate EVS-PRO’s
capabilities in representing the subsurface
dratigraphy of the sitein 3-D rather than perform
another cost-benefit analysis.

Evaluation of EVS-PRO

Decision Support

EV S-PRO provides decision support through 3-D
visualization of environmental data such as
contaminant concentration contours, quantifying
uncertainties in interpolation predictions,
recommending additional sample locations to reduce
uncertainties, and providing statistical information
about the extent of contamination. In the
demongtration, C Tech used EVS-PRO to import
data on contaminant concentrations, hydraulic heads,
and geologic structure from ASCI| text files and to
import visual data such as aerial photographs and
maps of buildings, roads, and water bodies from

Jpg, .dxf, and .shp files. EVS-PRO was used to
integrate this information on a single platform and
place the information in a 3-D visua context. EVS
PRO was used to generate 3-D maps of concen-
tration contours and estimates of the volume of
contaminated media as a function of the probability
of exceeding threshold concentrations. Maps of
uncertainty were generated to highlight the regions
of the sites that would require additional sampling to
further refine the estimate of location and size of the
contaminated area. The accuracy of the analysesis
discussed in the section comparing results from

EV S-PRO with basdline data and analysis.

Documentation of the EVS-PRO Analysis

and Evaluation of the Technical Approach
For each problem, C Tech provided a detailed

description of the steps necessary to import the data
into EVS-PRO and perform the desired analysis.
The steps proceeded logically, and manipulations to
arrange the data in the EV S-PRO data structure were
relatively smple: Data files were supplied to the
analyst in .dbf format. These files were then im-
ported into a program such as Microsoft Excel,
reformatted in the structure required by EVS-PRO,
and saved in comma-delimited ASCI|I text file
format.

C Tech aso provided the parameters for contouring
in the output files and problem documentation. The
technical approach used by C Tech followed stan-
dard practices. However, the analyst often relied on
default parameters supplied by EVS-PRO software
for performing geostatistical analysis and inter-
polation. Selection of these parameters on a
problem-specific basis would have improved the
accuracy of the EVS-PRO analyses. Thisis
discussed in more detail in the evauation of the Site
N sample optimization problem and the Site B and
the Site S contaminated volume estimates.

Comparison of EVS-PRO Results with the
Baseline Analysis and Data

Site A Cost-Benefit Problem

C Tech used EVS-PRO to analyze the distribution of
PCE and TCA contamination at Site A. To illustrate
the software' s capabilities in generating 3-D
visualization of the data, the analyst generated 3-D
maps of the regions of contamination above two
threshold concentrations at three probability levels.
A scale of coordinates and surface features was
included on the maps to provide a frame of
reference. These files were generated using targa
(.tga) formatting in two resolutions. EVS-PRO aso



generated four animations depicting the 3-D extent
of contamination. The animations rotated the
viewing angle of the contamination through 360° to
provide a more complete view of the contamination.
In addition, EVS-PRO was used to estimate the
volume of contamination at the three probability
levels and two threshold concentrations.

Figure 1 shows the EV S-PRO representation of the
100-ng/L PCE plume at the 50% probability level
(nomina plume). This visuaization integrates a
number of different pieces of information. The
volume predicted to be contaminated above the
threshold with 50% probability is represented by the
solid region. Dimensions (elevation, easting, and
northing) are provided on the figure as a frame of
reference. The ground surface is represented as the
doping colored plane at the top of the figure. The
elevation of the ground surface was determined from
the data supplied as part of the problem. The ground
elevation contour key is at the bottom right of the
figure. Site features such as the locd river and
buildings are draped over the ground-surface contour
map. Theriver can be seen as the blue line on the

northern part of the map. Buildings are difficult to
see from this perspective; however, aresidentia
community can be seen at the southeast corner asthe
series of small markings. In the subsurface region of
the visualization, lines with a series of circular
markers represent well locations and data collection
points as a function of elevation. The circles are
color-coded to match the measured value at that
point. The concentration key, at the top left of the
figure, indicates blue as the lowest concentration and
red as the highest. The figure also integrates the data
on the bedrock elevation at the Site and constrains
the predicted plume boundary to be above the
bedrock at all locations. The monitoring wells were
sampled at 5-ft intervals until bedrock was reached.
Therefore, an approximate idea of the location of the
bedrock can be obtained from the deepest sample
location in each well. The red regions in the plume
lying just above the bedrock at the southwest corner
of the plume indicate high predicted concentrations;
it can be inferred from the visualization that the
contaminant has migrated downward to the bottom
of the aquifer. This emphasizes the value of a 3-D
representation of the data.
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Figurel. EVS-PRO representation of the Site A 100-mg/L PCE plume at the 50% probability level.
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The review of the EVS-PRO visualization output
demongtrated that the locations of all features (river,
buildings, wells, etc.) were accurately mapped. A
comparison of the ground surface elevation (top
colored surface in Figure 1) with asimilar analysis
performed by the evaluation test team using Surfer
indicated general agreement between the two
approaches. Because of the perspective in Figure 1,
it was not possible to evaluate the differences
between the two approaches quantitatively. A
comparison of the EVS-PRO depiction of
concentration (the color-coded circlesin Figure 1)
with the data showed that the data were accurately
represented. The use of this feature permits the
analyst to see how well the contour (solid surface)
matches the measured data.

The technical team performed a basdline anaysis
with the same data set using the 2-D interpolation
routinesin Surfer. The analysis was performed by
dividing the subsurface into ten 2-D dicesas a
function of sample elevation. Most slices were 10 ft
thick, but the top dice was only 5ft thick [260—

265 ft above mean sealevel (MSL)], and the bottom
dice was 15 ft thick (165-180 ft above MSL). If
more than one data point was measured in the
vertical dice, the maximum value was used to
determine the extent of contamination. The baseline
analysis was performed for two contaminants, PCE
and TCA. Figure 2 represents the nominal PCE
plumeat 100 ny/L (blue) and 500 ny/L (red) for data
collected at elevations between 210 and 220 ft above
MSL. The figure provides atop view with the river
and the easting and northing scales providing points
of reference. Sample locations are marked with a

filled circle. Similar figures were devel oped for each
of the ten layers for both contaminants.

The technical team compared the predicted
contamination zones at the threshold concentrations
for the two contaminants (100 and 500 ng/L for
PCE; 5and 50 ng/L for TCA). The analyst was
supplied with hydraulic head data that indicated
groundwater flow was from west to east in a
direction that was essentially parallel to theriver.
There was general agreement between the baseline
anaysis and the EVS-PRO resultsin the
downstream region of contamination. The
differences in approach (2-D vs 3-D analysis and
different interpolation parameters) made a
guantitative comparison between the baseline and
EVS-PRO results impossible. The conclusion of this
review isthat, in general, EVS-PRO generated
acceptable 3-D depictions of the groundwater
contamination for this problem at the 50%
probability level.

In two areas, however, there were large
discrepancies between the baseline and EVS-PRO
anayses. The EVS-PRO approach predicted large
amounts of contamination at the northwest corner of
the site, north of theriver, at locations where there
were no contamination data (Figure 1). This
prediction was caused by the high concentrations of
contaminant at nearby wells. However, groundwater
flow data indicated that this region was upstream
from the source area. The analysis performed by C
Tech on Site A did not utilize the groundwater flow
data provided. Rather, the analysis was conducted
strictly as geostatistical estimation. This resulted in
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Figure2. Baseline representation of the Site A nominal PCE plume at 210-220 ft above MSL obtained
using Surfer. The red contour represents the 500-ng/L threshold and the blue contour represents

the 100-ng/L threshold.



unrealistic estimates upstream of the source area.
The C Tech analyst should have bounded the plume
upstream and perpendicular to the source to ensure
that contamination would not be extrapolated in
these directions. In contrast, the baseline approach
did not depict this contamination because its
interpolation parameters were optimized to minimize
this effect and exclude regions upstream from the
source areain its analysis. An example of the
baseline analysis for PCE contamination at
elevations between 210 and 220 ft above MSL is
provided in Figure 2. In this figure, blue indicates
the 100-ng/L contour and red indicates regions
above 500 ng/L. In the baseline analysis,
contamination is not predicted north of the river.

The other region in which there were major
differences between the baseline and EVS-PRO
analyses was at deeper subsurface elevations (160—
200 ft above MSL). Thisisthe region in which the
top of the bedrock istypicaly found. The basgline
analysis did not constrain the predicted zones of
contamination to those regions that were above the
bedrock and therefore tended to overpredict the
spreading of contamination at these depths. Thisis
illustrated in Figure 3, which shows predicted PCE
contours at elevations between 180 and 190 ft above
MSL. Figure 3 aso shows the contour of the
bedrock eevation at 190 ft above MSL. Regions
within the brown contour line have bedrock depths

lower than 190 ft. As can be seen from the figure,
the sample locations marked with the filled circles
are al within the elevation contour boundaries, as
expected. However, the predicted spread of
contamination includes many regions in which the
bedrock elevation is higher than 190 ft above MSL.
Thisis clearly incorrect and illustrates the
limitations of using the 2-D approach. In practice,
the 2-D analysis could have been repeated, limiting
the concentration interpolations to only the regions
in which bedrock did not exist at that elevation, but
this would have required considerable effort. The
EVS-PRO modé correctly depicts the contamination
as afunction of depth. In Figure 1, it can be seen that
contamination regions at elevations of 180-190 ft
above MSL are confined to the regions above the
bedrock. For complex systems, the 3-D approach
used by EVS-PRO is superior to a 2-D approach.

The C Tech analyst used EVS-PRO to estimate the
plume boundary as a function of probability and
provided 3-D plume maps of the contaminated
region at three probability levels. Figure 4 presents
the 10% (maximum), 50% (nominal), and 90%
(minimum) probability plume maps for PCE at the
500-ng/L contour. Figure 5 presents the 10, 50, and
90% probability plume maps for TCA at 50 no/L.
The depictions are smilar to Figure 1 and contain
the same types of information (e.g., ground
elevation, surface features, well and sample
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Figure 3. Baseline representation of the Site A nominal PCE plume at 180—-190 ft above MSL obtained using
Surfer. The red contour is the 500-ng/L threshold, and the blue contour is the 100-ng/L threshold.
The brown contour lines represent bedrock elevations. Regions inside the brown contours are the
only sections of the site with a confining bedrock layer below 190 ft.



Figure4. EVS-PRO representations of plumes of PCE at the 500-ng/L threshold
concentration at 90% (top), 50% (middle), and 10% (bottom) probability
levels.
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Figure5. EVS-PRO representations of plumes of TCA at the 50 ng/L threshold
concentration at 90% (top), 50% (middle) and 10% (bottom) probability levels.
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locations with color-coded representations of
measured concentration data, and contour regions).

Figure 4 shows that the 90% 500-ng/L plume of

PCE contamination (minimum volume, 90%
certainty that the plume exists) is located primarily
at the northwest corner of the map and has not
spread far. The 50% 500-ng/L PCE plumeis
considerably larger than the 90% plume, and thereis
an indication of a hot spot directly below the source
just above the confining bedrock layer (since the red
area on the map indicates a concentration

>10,000 ng/L). The 10% 500-ng/L plume is shown
to have spread throughout the site, including areas
north of the river in regions for which measured data
do not exist. Severa hot spots can be seen just above
the confining bedrock layer. The difference in plume
estimates at the three different probability levels
reflects the choice of contouring parameters and
amount of knowledge about the contamination.

Figure 5 shows the main region of the 90%
probability 50-nmg/L TCA plume at the southwest
corner of the map, in a different location than the
PCE plume. However, thereis an indication of TCA
contamination in the northwest corner of the Sitein a
location similar to the hot spot of the PCE plume.
The 50% 50-ng/L TCA plume shows large amounts
of contamination (the red zone on the map) at the
southwest corner of the site. The lower probability
(i.e, less confidence in estimated TCA
concentrations) has the effect of spreading the
predicted zone of contamination downstream and to
the northwest corner of the site, which does not have
measured data. In fact, most of the volume of
predicted contamination occurs in regions without
measured data. The 10% 50-ng/L TCA plume
indicates that the complete western section of the
site may be contaminated above the threshold
concentration. Much of this region is upstream from
the source. These predictions are the result of the
high measured values near the boundary of the
modeled region. More information—e.g., additional
data on contamination, groundwater flow, or source
locations—is required to bound the plumein this
region.

In addition to the single-perspective visudizations of
the plume shown in Figures 1, 4, and 5, EVS-PRO
aso generated animations for the 50% plumes for
both contaminants at both threshold concentrations
in .avi format. These files rotate the perspective 360°
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around the outside edge of the site and permit the
analyst to gain a much better understanding on the
location of contamination. Click here for an example
of this type of visuaization for the nominal PCE
plume at 500 ng/L.

The C Tech analyst aso provided estimates of the
contaminated volume as a function of threshold
concentration and probability level (Table 6). To
establish a basis for comparison, the basdline
analysis was performed by calculating the
contaminated volume in each of the ten vertical 2-D
dices and summing them to obtain the total volume.
The basdline volume estimates were constrained by
the elevation of the bedrock (i.e., if bedrock was
present, it was assumed to be uncontaminated). As
Table 6 shows, there is relatively good agreement
between the EVS-PRO and baseline nominal
estimates of the PCE plume volume, with the EVS-
PRO estimates being 22% lower at the 100-ngy/L
threshold and 37% lower at 500 ng/L. Comparison
of the nomina estimates of the TCA plume volume
shows that the EVS-PRO estimates are considerably
greater than the baseline estimates, with the EVS-
PRO egtimate being amost twice as large as the
baseline estimate at 5 ng/L and almost eight times
larger at 50 ng/L. The cause for thislarge
discrepancy is the EVS-PRO prediction of the plume
to the west and north of the site in regions where
measured data are not available. Figure 5 shows that
most of the predicted volume of the nominal plume
occurs in this region. The 90% probability plume
shown in Figure 5 (top) is sSimilar to the basdine
analysis nomina plume at the 50% probability level,
and the predicted volumes are also similar. The
differences in approaches (2-D vs 3-D) and the use
of nonoptimal interpolation parametersin EVS-PRO
led the technical team to conclude that performing a
complete geostatistical analysis would not aid in
understanding the performance of EVS-PRO at this
site. However, the EVS-PRO geostatistical
approaches and analyses performed for SitesB and S
are evaluated in other sections of this report.

Site B Sample Optimization and Cost-Benefit
Problem

The C Tech analyst chose to demonstrate the
visudization, sample optimization, and cost-benefit
analysis capabilities of EVS-PRO on the Site B
problem. For sample optimization, the analyst chose
to demonstrate EV S-PRO’ s capabilities using the
Tc-99 contamination data. Starting with the initia



Table6. EVS-PRO and baseline estimates of the volume of PCE and
TCA contamination (ft%) at Site A as a function of probability

Analysis 90% pr_obability 50% pro_bability 10% pr_obability
(minimum) (nominal) (maximum)

PCE at 100 ng/L

EVS-PRO 7.97E7 2.55E8 5.39E8

Baseline — 3.28E8 —
PCE at 500 ng/L

EVS-PRO 1.06E7 8.05E7 3.00E8

Baseline — 1.28E8 —

TCAat 5ng/L

EVS-PRO 2.36E8 5.98E8 1.03E9

Baseline — 3.13E8 —
TCA at 50 ng/L

EVS-PRO 9.49E6 7.89E7 2.95E8

Baseline — 1.06E7 —

25 samples, the analyst selected severa additional
sample locations and requested data at these
locations to further define the extent of Tc-99
contamination. The information was provided, and
the process was repeated until atotal of 23
additional locations had been selected. The technica
team concluded that the number of samples for
defining the plume using geostatistics was dightly
larger than anticipated. Although the EVS-PRO
software selects default parameters for modeling
spatial correlation, optimization of these parameters
would have resulted in approximately 15-20
additional sample locations to define the Tc-99
plume at the specified thresholds of 10,000 and
40,000 pCi/L. EV Stook 5-8 more samples than
would have been required had the analysis routines
been optimized. Requiring these additional sample
locations would lead to additional project costs.
Incorporation of information about groundwater
flow into the sample optimization process would
also help reduce the number of additional samples.

Using the final data set of 48 sample locations, EVS-
PRO generated maps of the Tc-99 plume at the two
threshold concentrations at three probability levels:
25% (maximum), 50% (nominal), and 75%
(minimum). Color-coded circles represented the
Tc-99 concentrations. The maps provided an outline
of the region containing Tc-99 above the threshold
concentration at afixed probability level. Surface
features and a scale of coordinates were included on
the maps to provide a frame of reference. An agria
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photograph was also geo-referenced on some maps.
A total of six maps were provided for Tc-99.

A similar analysis was performed for the other two
contaminants, TCE and VC, using the original data
set (sample optimization was not performed).

C Tech provided an animated file containing the
hydraulic head data representing the depth of the top
of the water table and an aeria photograph of the
site. C Tech also provided files generated by EVS-
PRO using virtua reality modeling language
(VRML) which could be viewed and navigated with
the free downloadable software plug-ins. (C Tech
recommends the Cosmo Viewer that can be obtained
from www.karmanaut.com/cosmo/player.)
Navigation permits the viewer to rotate the drawing
to any angle to examine the extent of contamination.
The data were a so used to generate a cost-benefit
anaysis of the volume contaminated vs cleanup
threshold for al three contaminants.

Figure 6 is the EVS-PRO representation of the
hydraulic head data with the aeria photograph and
the site map draped on the ground surface. Review
of this figure demonstrated that the aeria photo-
graph, which wasin a .jpg file format that was
correctly mapped to the site. This can be seen in the
match between the photograph and site features such
as buildings and rivers supplied on drawing
exchange files (.dxf). Comparison of the hydraulic
head contour map with the data and a separate
contour map developed using Surfer showed that the
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Figure6. EVS-PRO representation of Site B water levels. Water levels are represented through contours
and changes in elevation at the lower surface by the color key at the bottom of the figure. The
top surface contains an aerial photograph overlaid with a map of site features (buildings, roads,

and water bodies).

EVS-PRO map accurately represented the data.
Click hereto view an animation generated by EVS-
PRO.

Figure 7 is the EVS-PRO representation of the
10,000-pCi/L Tc-99 plume at the 50% probability
level (nomina plume) after sample optimization had
been completed. This problem is effectively a 2-D
problem because the aquifer had a uniform thickness
of approximately 25 ft throughout the problem
domain and data were therefore not collected as a
function of depth in the aquifer. The region

predicted to be contaminated above 10,000 pCi/L
with 50% probability is represented by the solid
surface, with the height of the surface representing
the thickness of the aquifer. The solid surfaceis
color-coded to represent contaminant concentrations,
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with yellow representing the threshold value and red
representing the highest concentrations

(>100,000 pCi/L). Dimensions (elevation, easting,
and northing) are provided on the figure as aframe
of reference. The ground surface is represented by
use of the aerial photograph, and surface features
obtained from drawing files are highlighted. In the
subsurface region of the visuaization, lines with a
series of circular markers represent well locations
and data collection points. The circles are color-
coded, using the concentration key, to match the
measured value at a given point.

The EVS-PRO visualization of plume location as a
function of threshold concentration (Table 4) and
probability level was reviewed for each contaminant
(Tc-99, TCE, and VC). The review confirmed that
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Figure7. EVS-PRO representation of the Site B 50% probability level Tc-99 plume above the
10,000pCi/L threshold after completion of sample optimization. The top surface contains an
aerial photograph of the site and maps of surface features. Color-coded circles represent data

measurements.

all features (river, buildings, wells, etc.) were
accurately mapped. Comparison of the depiction of
concentration (color-coded circlesin Figure 7) with
the data showed that the data were accurately
represented. The use of this feature permits the
anayst to see how well the contour matches the
measured data.

The technical team performed a basdline anaysis
with Surfer using the same data set to obtain one
estimate of the plume location and volume. In
addition to Surfer, two other software packages—
GSLIB and Geo-EAS—were used to provide
independent analyses of the data and aternative
representations for comparison with the Surfer
results. These baseline analyses utilized three
interpolation routines (IDW, ordinary kriging, and
indicator kriging) with varying parameters to
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produce the “best fit” of estimated concentrations to
the baseline data. Figure 8 presents the basdline
analysis obtained using GSLIB and indicator
kriging, which is comparable to the EVS-PRO
nomina plume for Tc-99. Comparisons of the
nominal plume locations were performed for Tc-99,
TCE, and VC using the same data set that was used
by the C Tech anayst. There was genera agreement
between the two approaches in the downstream
region of contamination. In general, EVS-PRO
generated accurate depictions of the groundwater
contamination for the nominal estimates (50%
probability level) of the Tc-99, TCE, and VC
plumes.

The EVS-PRO plume maps at the 25% probability
level for both Tc-99 and TCE indicated the potentia
for contamination in regions at the edge of the



20000,00
f10000.00
[L000.00

« [ foooo
‘

i 3

Figure8. Baseline representation of the Site B Tc-99 plume (concentrations in pCi/L)
obtained using GSLIB and the same data set as that obtained by C Tech after
sample optimization. Site features such as buildings and waterways are aso

shown on the map.

modeled domain that did not contain data. This
prediction is areflection of the modeling parameters
used for estimating concentrations as a function of
probability and the lack of data near these regions. In
these regions, EVS-PRO’s default contouring
parameters predict a large influence from high
measured values of concentration in the central
region of the plume even though low values are
measured closer to the model boundary around the
edge of the plume. For example, Figure 9 shows the
25% probability plume (75% maximum plumein
EVS-PRO terminology) for Tc-99 at the
40,000-pCi/L threshold level. The map depicts the
region containing high measured values of Tc-99
(easting measurements between 227,000 and
229,000, northing measurements between 593,000
and 594,000). The sample optimization procedure
has apparently bounded the plume on all sides.
(Sample locations are marked on the map and color-
coded to indicate concentration.) However, the EVS-
PRO prediction as shown in Figure 9 indicates that
contamination may be present (with a 25%
probability) to the north/northwest and to the
southeast of the measured plume. While the
prediction is consistent with the statistical structure
of the data and the parameters used for interpolation,
this does not make physical sense. The region to the
north/northwest of the site is not in the direction of
groundwater flow; therefore, one would not expect
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contamination unless another source of
contamination is present. If another source is
present, use of the Statistical properties of the
existing plume does not make sense. The areato the
southeast of the plume is downstream from the
source region. However, there are several wellswith
measured data below the 40,000-pCi/L threshold
value between the region above the threshold and the
region without data predicted to be above the
threshold. This distribution of contaminants would
require an intermittent source. The baseline
approach did not depict contamination to the north
of the plume because interpolation parameters were
optimized to minimize spreading of the plumein
directions perpendicular to the groundwater flow
(Figure 10). The C Tech andysis performed on Site
B did not utilize the groundwater flow data
provided. Rather, the analysis was conducted gtrictly
as geodtatistical estimation. This resulted in
unrealistic estimates upstream of the source area.
The C Tech analyst should have bounded the plume
upstream and perpendicular to the source to ensure
that contamination would not be erroneously
extrapolated in these directions. The evaluation
team concluded that the EVS-PRO analysis could
have been improved if the operator had overridden
the default values for geodtatistical analysis supplied
by EVS-PRO and optimized the geostatistical
parameters.
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Figure9. EVS-PRO representation of the Site B 25% probability level (maximum plume
volume) Tc-99 plume above the 40,000 pCi/L threshold after completion of
sample optimization. The top surface contains an aerial photograph of the site
overlaid with maps of surface features. Color-coded circles represent data
measurements.
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Figure 10. Baseline representation of the Site B 25% probability level Tc-99 plume at
40,000 pCi/L (gray areas). The analysis was obtained using GSLIB and the same
data set as that obtained by C Tech after sample optimization. Site features such
as buildings and waterways are also shown on the map.

Viewing the information from severa different
perspectives can enhance understanding of the
plume location. EVS-PRO generated severa

VRML files (.wrl extension) that permitted the
reviewers to navigate around the TCE plume as
well as an animation that automatically rotated the
plume. Click here to view an example of a 50-
ng/L TCE nominal plume generated by EV S-PRO.
Figure 11 shows the image that can be rotated in
the VRML viewer. In the figure, all wells are
labeled and measured va ues are posted next to the
wells. The solid region represents the
contaminated volume; coordinates provide a frame
of reference. Theisolated solid region in the
southeast corner is a modeling artifact due to the
choice of interpolation parameters. There are no
datain this region and it is unlikely that the
predicted contamination is real.

The C Tech analyst also provided estimates of the
contaminated volume as a function of threshold
concentration and probability level for Tc-99 and
TCE; these are shown in Table 7 along with
baseline estimates. Comparison of the nominal
(50% probability) Tc-99 plume volume estimates
indicates that there is fairly consistent agreement
between the EVS-PRO and baseline estimates at
the 10,000-pCi/L threshold, with the EVS-PRO

estimates being 47% lower. At the 40,000-pCi/L
threshold, the EVS-PRO volume estimate for the
nominal plume is approximately 32% lower than
the baseline estimate.

The C Tech analyst used the default contouring
parameters selected by EVS-PRO. These
parameters are not optimized to obtain volume
estimates and tend to overestimate the
contamination at low probabilities and
underestimate the contamination at high
probabilities. This leads to a wide variation in the
predicted volume of the plume as a function of
probability. In most cases, the EVS-PRO low-
probability estimates of the plume (maximum
volume) exceed the estimates of the basdline
anadyss. Conversaly, the EVS-PRO high-
probability estimates of the plume (minimum
volume) are less than the baseline estimates. For
example, the plume volume predicted by EVS-
PRO for Tc-99 at the 25% probability level at the
40,000 pCi/L threshold is an order of magnitude
greater than the volume predicted by the baseline
estimate. An examination of Figure 9, which
depicts the EVS-PRO prediction for contaminated
volume at 25% probability, clearly indicates that
most of the predicted volume occurs at the edges
of the domain where data are not available.
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Figurell. EVS-PRO-generated visualization of the Site B 50% probability TCE
plume above the 50-ng/L threshold. Measured concentrations are posted to
the map. Thisis one representation from the .wrl file, which can be rotated
to obtain different viewing perspectives.

Table7. EVS-PRO and basdline estimates of the volume of Tc-99 and TCE

contamination at Site B (ft%) as a function of probability

Analysis

75% probability

50% probability

25% probability

(min-plume) (nominal) (max-plume)
Tc-99 at 10,000 pCi/L
EVS-PRO 1.3E7 4.5E7 4.2E8
Baseline 6.9E7 8.5E7 1.1E8
Tc-99 at 40,000 pCi/L
EVS-PRO 5.3E4 9.4E6 1.3E8
Baseline 1.1E7 14E7 1.5E7
TCE at 50 ng/L
EVS-PRO 4.0E7 8.9E7 4.03E8
Baseline 7.8E7 1.2E8 2.07E8
TCE at 500 ng/L
EVS-PRO 2.8E6 1.2E7 4.9€E7
Baseline 6.4E6 3.1E7 8.6E7
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A comparison of the nomina TCE plume volume
estimates (Table 7) shows that the EVS-PRO
estimates are |ess than the baseline estimates. The
EVS-PRO estimate is 25% lower than the baseline
analysisat 50 ng/L, which is a consistent match, and
61% lower at 500 ng/L, a poor match. Comments
similar to those for the Tc-99 plume apply to the low
and high probability volume estimates for TCE.

Site D Sample Optimization Problem
The datafor Site D included information on four

contaminants at five different sampling periodsin 33
wells. C Tech did not perform sample optimization
for the Site D problem. Because the sample
optimization capabilities of EVS-PRO had aready
been demonstrated with three other problems (those
for SitesB, N, and S), C Tech chosg, instead, to
demonstrate the power of its scripting language in
rapidly generating visualizations of existing data.
EVS-PRO used its scripting language to write a
procedure to query the datafile to select asingle
contaminant and all measurementsin asingle
sampling period. This information was used to
visualize the original contaminant data and to

L 3

produce 2-D and 3-D maps of contamination. The
software automatically repeated this process for each
of the four contaminants at each of the five sampling
periods.

The 2-D maps generated provide atop view of the
areal extent of contamination with a site map
containing buildings and roads. The 3-D maps show
the contamination as a function of depth, with solid
and exploded views. The exploded views help in
understanding the extent of contamination in
different geologic layers. Figures 12, 13, and 14
show the TCE contamination in the third quarter of
1991 in the three views provided. EVS-PRO
produced 120 visuaizations, showing four
contaminants, five sampling periods, three views,
and two resolutions of each view; it also provided
estimates of the contaminated volume of water
above the specific threshold concentration for each
contaminant. The entire process was done
automatically without operator intervention by use
of the script file. The ability to automate data
processing and to quickly generate multiple views of
the data based on sorting criteria (e.g., contaminant,

Figure12. EVS-PRO representation of the Site D nominal TCE contamination above the

50-ng/L threshold, based on third quarter 1991sampling data. Site feature such as
roads and buildings are evident on the map. The scale on the map should be in

ppb instead of ppm.



Figure13. EVS-PRO 3-D representation of the Site D nomina TCE contamination above the 50-mg/L
threshold, based on third quarter 1991sampling data. Site feature such as roads and buildings
are evident on the map. The scale on the map should be in ppb instead of ppm.

Figure14. EVS-PRO 3-D exploded view representation of the Site D nominal TCE contamination
above the 50-ng/L threshold, based on third quarter 1991 sampling data. Site feature
such as roads and buildings are evident on the map. The scale on the map should bein
ppb instead of ppm.
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time, etc.) is a powerful tool for understanding the
existing data. After the script file was completed, the
generation of the 120 different views of the data
required about ten minutes of computer time.

The technical team reviewed al the visudizations
for consistency with the data. The review confirmed
that all features (buildings, roads, wells, etc.) were
accurately mapped. However, the legends in Figures
11 - 14 were incorrectly labeled. Data were provided
in units of parts per billion; however, they are
presented in the visualizations in units of parts per
million. This labeling error was attributed to the
analyst incorrectly setting the units in the software.
With the exception this labeling error, the data were
accurately depicted on the maps.

The origind data at the different sampling periods
were often spatially unbounded (i.e., high measured
values were obtained without surrounding low
measured vaues). The intent of the problem was for
the analyst to use sample optimization techniques to
define sample locations to bound the plume and
thereby define the nature and extent of the
contamination. Since this was not done, the technical
review team did not perform a quantitative
evaluation of the EVS-PRO results. The technical
team concluded that the plumes were not defined
with enough accuracy to obtain meaningful
estimates for comparison.

Site N Sample Optimization Problem
For the Site N problem, initial contamination data

were provided for a smdl region of the site, and the
analyst was asked to define the concentrations of the
contaminant for the entire site using only 80
additional samples. Figure 15 presents the site map
generated by the technical team; the initid sample
locations are marked with the symbol + and arsenic
concentration contours at the two threshold
concentrations are also displayed. The map also
indicates the locations of roads, ponds, and creeks.
The C Tech analyst used EVS-PRO to salect sample
locations to define the extent of contamination for
the entire site. Of the three contaminants present at
the site, the analyst selected arsenic, which had the
highest measured concentrations, as the reference
contaminant for sample optimization decisions. This
is an acceptable approach because in practice, it is
unlikely that a different sample optimization scheme
would be developed for each contaminant. The
analyst used the geostatistics routines in EVS-PRO
to automatically select sample locations to bound the

area of contamination in the small region
encompassing the original data. This new
information was used to generate the next set of
sample locations, and the process continued until the
maximum number of alowed sample locations (80)
had been specified. With the final data set, EVS-
PRO generated arsenic concentration contour maps
based on contaminant threshold concentrations and
the degree of confidence in the interpolation results.
Maps of uncertainty as a function of the number of
samples were also provided to illustrate the
reduction in uncertainty achieved with increased
sampling.

Figure 16 shows the final EVS-PRO arsenic
contamination map based on the data after sample
optimization was completed. This map represents
the 50% probability contamination zone and
contains site features (roads and waterways) along
with the contours. According to the contour key, red
represents the highest concentrations and dark blue
the lowest. Unfortunately, the key was determined
from EV S-generated values because the changesin
color did not match the threshold values (125 and
500 mg/kg) of the problem. This makes
interpretation difficult. The contamination depicted
apparently represents contamination levels above
500 mg/kg. Color-coded circles mark the sample
locations. Examination of the sample locations
shows that the contamination was bounded in the
southwest corner of the site; however, there are large
areas that do not have any samples. This indicates
the sample optimization procedure did not cover the
entire site.

While performing the Site N sample optimization,
the C Tech analyst incorrectly assumed that the
contamination across the entire site was correlated to
the plumein the initial small-region data set. This
caused the software to identify new locations for
sampling that were adjacent to the known
contamination and resulted in poor coverage in the
unexplored region. A more appropriate approach to
this problem would be to sample the unmeasured
areas using an equal-area approach and distribute a
portion of the 80 samples throughout the site. Based
on the additional information, geostatistical analysis
could be used to further define the contamination
Zones.

To place the EVS-PRO results on the contamination
scale requested in the test problem, the technical



Northing (ft)

22500+ 2 T — o
%Q%rﬂ e

|
O

21500+

21000+

20500+

20000+

— JL%—JEDE'” (‘“J%T_Lj
S Bl

)

I I I
30000 30500 31000

Easting (ft)

I
31500

I
32000
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Figure16. EVS-PRO representation of the Site N nominal arsenic contamination above the
500-mg/kg threshold after completion of the sample optimization analysis. Sample
locations are depicted on the map as color-coded circles.

team took the data set used by EVS-PRO (origina
data plus 80 additional data points) and generated an
arsenic contour map at the 125-mg/kg (blue) and
500 mg/kg (red) thresholds. This map is shown in
Figure 17. Sample locations on this figure are
marked by a diamond. Figure 18 presents the
baseline analysis obtained using the entire data set
(4187 points). The results shown in Figures 17 and
18 were generated using the Surfer software package
and kriging for data interpolation. A comparison of
Figures 16, 17, and 18 indicates that the EVS-PRO
sample optimization procedure did a poor job of
locating contamination at the site. EVS-PRO found
only one additional region above the 500 mg/kg
threshold (the region at the southwest corner was

part of the origina data). The data, as depicted in
Figure 18, indicate that several such regions exigt.
One region with high arsenic concentrations in the
central part of the site that was missed by the EVS-
PRO sample optimization process was several acres
in area. EVS-PRO found about haf of the regions
with contamination above the 125 mg/kg threshold.

The poor performance of the sample optimization
analysis was caused by the analyst’ s assumption that
the contamination for the entire site was correlated
to the data initially provided for a small section of
the site and use of the default geostatistical
parameters. EVS-PRO bounded the contamination in
the southwest corner of the site and then selected
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Figure 17. Surfer representation of the Site N nominal arsenic contamination above the
125- (blue) and 500- (red) mg/kg thresholds using the same data set as the
C Tech analyst after completion of the sample optimization analysis.
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Figure 18. Baseline analysis of the Site N nominal arsenic contamination above the 125- (blue)
and 500- (red) mg/kg thresholds using the entire data set (4187 points).

samples by moving a short distance from the
measured data. The process was repeated in steps

until the limit of 80 additional samples was reached.

This meant that the analysis had very little data for
large areas of the site. The result of this processis
reflected in Figure 19, which shows two maps
generated by EV S-PRO representing uncertainty at
the start and at the finish of the sample optimization
process. Uncertainty asused in EVS-PRO isa
measure of the confidence in the predicted
concentrations. Regions of high uncertainty
generaly require more data before the region of

contamination can be defined accurately. In

Figure 19 red represents high uncertainty and blue
represents low uncertainty. The top map represents
the uncertainty based on the initia data plus the first
set of 12 samples. The map indicates that thereis
large uncertainty throughout most of the site. The
bottom map represents uncertainty after 80
additional samples and shows that the uncertainty
has been reduced in the southwest corner of the site
but still remains large in the northeast of the site. If
more samples had been allowed, it is likely that
adequate characterization would have been achieved.
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EVS-PRO alows the user to override the default
parameters to optimize the search strategy for
locating additional samples based on the site-specific
problem. Had this been done, it islikely that a better
sample optimization scheme would have been
obtained using only 80 samples.

The C Tech analyst also provided maps of the
arsenic contamination at the 10% and 90%
probability levels. They appeared to be dmost
identical to the 50% probability level map. Thiswas
surprising because of the high uncertainty levels
represented in Figure 19. The similarity between the
maps may have been due to the concentration scale
used by the C Tech andyst, which did not focus on
the thresholds specified in the problem of 125 and
500 mg/kg for arsenic.

Site S Sample Optimization and Cost-Benefit
Problem

The Site S test problem involved CTC groundwater
contamination. Initial data were provided for 24
locations as a function of depth. The analyst was
also given hydraulic head data indicating that the
flow in this region was approximately due south. In
addition, asmall vertical hydraulic gradient
indicated that the water was sinking deeper as it
moved from north to south. Maps of site features
such as roads and buildings were not provided in this
test case.

The C Tech analyst chose to perform the sample
optimization in two dimensions. The analyst
reasoned that if awell was drilled, data would be
collected at al depths, thus providing a vertical
profile of contaminant concentrations. Therefore, the
analyst judged it pointless to attempt a 3-D
optimization. The technical team agreesthat thisisa
reasonable approach. Using the geostatistical
routines in EVS-PRO to select sample locations, the
C Tech anayst requested additional data at 15
locations to further define the plume. The technical
team concluded that this was a reasonable number of
samples for defining the plume using only
geostatistics. However, optimization of the
contouring parameters and use of the information
about groundwater flow could have resulted in
essentially the same information with fewer samples
(10-12) than were used during the sample
optimization process.

Using the final data set, EVS-PRO generated 2-D
maps of the concentration distribution based on the
maximum in each well and the probability of

exceeding the two threshold concentrations for CTC.
Two-dimensional maps of the maximum (25%
probability level), nomina (50% probability level)
and minimum plume (75% probability level) were
provided. Three-dimensiona visualizations were
also provided in VRML format to allow the user to
navigate around the plume. The data were a so used
to generate a cost-benefit analysis of the
contaminated area (2-D) and volume (3-D) vs
cleanup threshold at the three probability levels.

The EVS-PRO 2-D 5-ng/L contour map based on
the maximum concentration in each well at the three
different probability levelsis shown in Figure 20.
The 5-ng/L concentration level is denoted by green;
areas in red have concentrations above 100 ny/L.
Sample locations are marked with a color-coded
circle indicating the measured value at that point.
Thisillustration highlights the differencesin
predicted concentration as a function of probability.
The 75% probability plume (minimum) indicates
much lower concentrations than does the 50%
probability plume. However, the area of
contamination in these two cases appears smilar.
The 25% plume (maximum) shows extensive
spreading of the plume around the edges of the
modeled domain where there are no data. Thisisa
result of the kriging parameters used to determine
the probability levels. The regions at the edge of the
domain are not downstream from the source, and
therefore, it is not probable that the contamination
would occur in these regions.

Figure 21 presents the technical team’s 2-D analysis
of the CTC contamination at the 5-ng/L (blue) and
500-ngy/L (red) levels for the maximum concen-
tration in each well. This map was generated using
the data set obtained by the C Tech analyst through
the sample optimization process. Surfer was used to
interpolate the data using kriging with an anisotropy
ratio of 0.3. Thisvaue for anisotropy was based on
the observed spreading of contamination in the
direction perpendicular to flow and was optimized to
provide the best match with the observed data
through repeated kriging analysis. Comparison of
the basdline analysis with the EVS-PRO nomina
plume shows excellent agreement. The baseline
analysis predicts that the plume migrates dightly
further to the south (northing of 25000-25500 on
the map). The dightly greater predicted area of the
contamination is due to the value chosen for the
anisotropy ratio, which spreads the predicted
contamination aong the direction of flow.
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(maximum) probability CTC plumes above the 5-ng/L threshold. Visualization is based
on the maximum measured value (independent of elevation) in each well after
completion of the sample optimization process.
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Figure21. Baseline analysis of the Site Snomina CTC plume
at threshold concentrations of 5ng/L (blue) and
500 ng/L (red). The analysis was conducted using
Surfer and the data set used by C Techin
generating its plume maps. The maximum valuein
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of contamination. Sample locations are marked
with a +.
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Figure22. EVS-PRO 3-D visualization of the Site S nhominal CTC plume above the 5-ng/L
threshold. Color-coded circles represent all measured data.

The EVS-PRO 3-D visudization of the nominal
plumeat 5 ng/L is shown in Figure 22. The map
indicates that the plume migrates deeper as it travels
from north to south. Thisis consistent with the data.
In most wells, data were collected at 5-ft intervals,
as represented by the color-coded circles at each
well location. Comparison of the color-coded
representations of concentration with the measured
data showed agreement between the two. This 3-D
perspective adds further insight on the structure of
the plume as compared to the 2-D view in Figure 20.
The depth of contamination and the thickness of the
plume are evident in this view. Click here to view a
VRML file of the plume. Figure 22 is one view that
can be obtained from the VRML file. The VRML
file allowed the technical team to rotate the 3-D
image and see the CTC contamination from different
perspectives.

The C Tech analyst aso provided estimates of the
contaminated area and volume as a function of
threshold concentration and probability level for

CTC. The technical team used the same data as
obtained by C Tech through sample optimization
and, using Surfer, estimated the contaminated area
and volumes above the two threshold concentrations.
Area and volume estimates as a function of
probability were also obtained using GSLIB.
Finally, the data for this test problem were
developed from the analytical solution of a differen-
tia equation that represented contaminant transport
in the agquifer subject to a constant CTC source. The
analytical solution was used to estimate the actual
area and volume of the contamination above the
threshold concentrations. The use of Surfer, GSLIB,
and the analytical solution provide a thorough
basdline analysis for comparison.

While agreement between the EVS-PRO and
baseline areal contaminant maps was good,
comparison of the initialy provided nominal (50%
probability) area and volume estimates for the CTC
plume provided by C Tech were in poor agreement
at both threshold concentrations. The C Tech analyst
was questioned about the differences and given the



opportunity to reexamine the calculations. Two
separate operator errors were found in the calcu-
lations. For the volume calculations, the C Tech
analyst indicated that the vertical axis was scaled by
afactor of 5 for visuaization. Volume calculations
were performed on the scaled axis and therefore
were afactor of 5 larger than they should have been.
For the area calculations, the C Tech anayst stated
that the parameters set to enhance sample optimi-
zation decisions led to poor estimates of the area. In
this case, a“ceiling” was set such that all measured
values greater than the threshold were set to the
threshold value. This focuses the selection of the
next sample locations to the regions on the outer
edge of the plume and helps to define the plume
boundaries with fewer samples. The initial area
estimates were made using the ceiling limited values
and not the actual values. This caused an under-

estimation of the actua plume size. After correcting
for the operator mistakes in calculating the area and
volume, C Tech supplied revised estimates for the
area (Table 8) and volume (Table 9). The technical
team estimates based on Surfer, GSLIB, and the
analytica solution are aso provided in these tables.

The revised EV S-PRO area estimates show very
good agreement with the baseline anayses
performed using GSLIB and Surfer and the
analytical solution. For the 500-ngy/L threshold, the
EVS-PRO area estimate is 45% less than the
basdline GSLIB egtimate and 25% less than the
estimate based on the analytical solution. For the
5-ng/L threshold, the EVS-PRO estimate is 12% less
than the baseline GSLIB estimate and 15% less than
the analytical solution estimates.

Table8. EVS-PRO, baseline, and analytical estimates of the area of CTC
contamination (ft?) at Site S as afunction of probability

A . 75% probability 50% probability 25% probability
nalysis . .
(min-plume) (nominal) (max-plume)
CTC at 5g/L
EVS-PRO 1.6E6 2.3E6 3.6 E6
Baseline Surfer — 2.8E6 —
Baseline GSLIB 1.2E6 2.6E6 4.1E6
Analytical — 2.7E6 —
CTC at 500 ng/L
EVS-PRO 1.4E5 9.3E5 1.7E6
Baseline Surfer — 1.4E6 —
Baseline GSLIB 9.8E5 1.7E6 3.1E6
Analytical — 1.2E6 —

Table9. EVS-PRO, baseline, and analytical estimates of the volume of CTC
contamination (ft%) at Site S as afunction of probability

A . 75% probability 50% probability 25% probability
nalysis : .
(min-plume) (nominal) (max-plume)
CTC at 5g/L
EVS-PRO 9.8E7 1.5E8 2.2E8
Baseline Surfer — 4.3E8 —
Baseline GSLIB 9.4E7 2.2E8 6.1E8
Analytical — 1.6E8 —
CTC at 500 ng/L
EVS-PRO 1.6E5 2.2E7 6.0E7
Baseline Surfer — 5.5E7 —
Baseline GSLIB 2.9E7 5.2E7 7.3E7
Analytical — 3.9E7 —




The technical team obtained volume estimates by
generating 2-D plume maps as a function of depth at
10-ft intervals using the data obtained by C Tech
through sample optimization. The area above the
threshold was calculated for each of these vertical
dices and converted to a volume by multiplying the
area by the thickness of the layer. The volume of
each layer was summed to obtain the total volume.
This can be an acceptable approach for Site S
because, unlike Site A, the site has no confining
bedrock layer. Baseline volume estimates were
obtained using Surfer and GSLIB. The basdline
results, the analytically calculated volume, and the
EVS-PRO estimates are presented in Table 9. The
EVS-PRO estimates show excellent agreement with
the analytical solution and the Surfer and GSLIB
baseline estimates for the nominal plume volume at
both threshold concentrations. For the nominal
plume (50% probability) the EVS-PRO volume
estimates are 6% lower than the anaytical estimate
a the 5-ng/L threshold and 43% lower than the
analytical estimate at the 500-ng/L threshold.

For the 5-ng/L CTC threshold concentration, the
EVS-PRO 25, 50, and 75% probability level volume
estimates show reasonable agreement with the base-
line GSLIB estimates. Estimates between the two
approaches match almost exactly for the minimum
plume (75% probability) and differ by afactor of 3
for the maximum plume (25% probability). The
range in EVS-PRO plume volumes, from the mini-
mum (1" 10° ft°) to the maximum (2.2 10° t°), in-
cludes the basdline analytical volume of 1.6 10° ft°.
For the 500-ng/L CTC threshold value, the EVS-
PRO volume estimates at the 25 and 50% prob-
ability levels are less than the baseline GSLIB
estimates by factors of 0.8 and 0.4, respectively. At
the 75% probability level, the EVS-PRO estimateis
1/180 of the baseline GSLIB estimate. The 75%
probability level is the volume over which thereis at
least a 75% chance that the contamination will
exceed the threshold concentration. The 75% prob-
ability level EVS-PRO estimate for the 500-ng/L
CTC threshold value is extremely low and incon-
sistent with the baseline data, the baseline anaysis,
and the analytical solution. Upon review of the
volume estimates, C Tech aso provided a secondary
method of estimating contaminated volumes. In this
case, the EVS-PRO adaptive gridding model was
used. This model places more computational
elements in regions where concentrations are
changing most rapidly. This should lead to a better
volume estimate. The use of adaptive gridding did

not lead to mgjor changes in the nomina plume
(50% probability) or the maximum plume (25%
probability) volume estimates. It did, however,
substantially increase the estimate for the minimum
plume (75% probability) to avalue of 8.1~ 10° ft°.
This volume is afactor of 4 lower than the basdline
GSLIB estimate and more consistent with the data.

Based on the comparison of the finad EVS-PRO area
and volume estimates with the anaytical solution
and basdline estimates, the technical team concluded
that EVS-PRO accurately calculated these quantities
for this problem. However, initid EVS-PRO
estimates provided by C Tech were not agood
match to the baseline estimates. The cause of the
discrepancy was determined to be two separate
operator errors. This indicates that the EVS-PRO
analyst must be familiar with the operation of the
software to obtain the proper area and volume of
contamination estimates.

Site T Geology Interpretation
For the Site T problem, rather than perform another

analysis of the extent of contamination (smilar to
the analysis performed for Sites A, B, D, and S),

C Tech used EV S-PRO to anayze subsurface
stratigraphy. The subsurface stratigraphy at Site T is
characterized by many thin layers of different soil
types, including clays, silt, silty-sand, sand, and
gravel. The soil boring data were used to generate a
3-D animation of the subsurface stratigraphy. The
animation rotated the viewing angle of the soil
structure through 360° to provide a more complete
view of the layers. The animation aso provided an
exploded view (layers separated dightly) to alow
visualization of regions where the different layers
pinch out (i.e., where the layer has zero thickness).
Figure 23 provides an exploded view of one per-
spective from the animation and contains the various
subsurface layers as identified by the key. Pinching
out of the different layersis clearly shown in the
figure. Coordinate data, including elevation, are
provided as a frame of reference. Click here to view
an animation generated using EVS-PRO. The tech-
nica team evaluated the animation as well as
supporting visuaizations provided by C Tech. The
boring well locations were marked on some of the
supporting visualizations, and this helped in
checking the visuaizations. The review demon-
strated that the location of the geologic layers
matched the data at sample location points. Each
layer in the C Tech animation was consistent with
the data provided for the anaysis.
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Figure 23. EVS-PRO 3-D exploded view of the Site T subsurface stratigraphy. Soil types are identified
in the key at the left of the figure.

In addition to the animation of subsurface D animation. The result of the 3-D kriging of layers
stratigraphy in Figure 23, C Tech demonstrated allows for better representation of the subsurface
EVS-PRO’s ahility to generate another depiction of layers at unsampled locations and provides a better
the Site T subsurface using 3-D indicator kriging of representation of regions that transition from layer to
the subsurface data. The geologic indicator kriging layer. The technical team evauated the kriging
feature of EVS-PRO is a powerful geospatial tool parameters and the results presented in Figure 24
that provides multiple lines of reasoning for inter- and concluded that the subsurface data is adequately
preting subsurface soil or geologic information. represented and that the EVS-PRO depiction is

Figure 24 presents the results from the 3-D geologic consistent with the data provided.
indicator kriging for Site T. Click here to view the 3-
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Figure 24. EVS-PRO depiction of Site T subsurface stratigraphy based on indicator kriging modeling of soil layers.
Soil types are identified in the key at the left of the figure.

Multiple Lines of Reasoning

The C Tech analyst used EV S-PRO to perform
geostatistical analysis with the data. This
information provided a quantitative measure of the
probability of exceeding threshold concentrations
and allows the decision maker to judge the effects of
uncertainty on the decision. Although EVS-PRO
automates selection of contouring parameters and
sample optimization locations, the operator is able to
override the default values to optimize these
functions for the problem under study. Selection of a
particular scheme depends on the objectives of the
analysis and the amount of data. EVS-PRO provides
the capability to examine subsurface stratigraphy by
use of different interpolation algorithms, as
demonstrated on the Site T problem. In addition,
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EV S-PRO provides multiple visualization options
that assist in understanding the nature and extent of
contamination problems.

Secondary Evaluation Criteria

Ease of Use o
EVS-PRO is acomplex software package containing

over 150 modules. To assist the user, EVS-PRO
contains a graphical user interface (GUI) that
accesses dl of the features and modules. The EVS-
PRO network editor, which is part of the GUI, uses
object-oriented programming and alows the user to
select and link all of the modules necessary for the
simulation. The GUI and the drag-and-drop features
of the network editor make EVS-PRO easy to use.
An example of a network application is presented in



Figure 25. Modules at the top of the screen in this
figure can be dragged into the lower part of the
screen and connected to other modules through
MOuSe operations.

The GUI provides a platform for addressing
problems efficiently and for tailoring the anaysisto
the problem under study (e.g., contours at certain
threshold concentrations). EVS-PRO stores
alphanumeric data using an open database
connectivity (ODBC) protocol. This database
structure permits queries on any field (e.g., chemical
name, date, concentration, and well identifiers) and

also permits filtering (e.g., to include only data
within arange of elevations or to include selected
data points).

EVS-PRO can import and export text and image
filesin a number of formats. Image files can be
imported in drawing exchange format, ESRI shape
file format, bitmap, or .jpg format. Output files can
be produced in al of these formats and as animation
(.avi) and VRML (.wrl) files. One limitation of
EVS-PRO isthat it requires alphanumeric data to be
provided in afixed order. Consequently, in the
demondration, the analyst imported the data into
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Figure25. An example of the EVS network editor illustrating connection of different modules.
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Excel, sorted the data into the structure required by
EVS-PRO, and saved the file in ASCIlI comma-
delimited format (.csv) before using it in EVS-PRO.
Reorganizing the data was amagjor task in the
demonstration. This limitation has been removed in
subsequent versions of EVS-PRO.

During the demonstration, severa members of the
technical team received a 4-hour introduction to
EVS-PRO. The reviewers found that EVS-PRO was
alarge, feature-rich software program that has an
extensive on-line manua with case sudiesto guide
the novice user through the system and applications.
The reviewers concluded that with one or two days
of training, they would be able to use the funda
mental features found in EVS-PRO. However, it is
clear that more training and regular use of the
product would be needed to use dl of the features
found in the product efficiently. In particular, a
larger investment of time would be required to learn
to use the scripting language that permits automation
of repetitive processes. The reviewers were im-
pressed with the object-oriented structure of the
code, which permitted linking of the various
modules for an analysis.

Efficiency and Range of Applicability
EVS-PRO was used for four complete problems
(three sampl e optimization/cost-benefit problems
and one cost-benefit problem) and two partial
problems (visualization of the initial datafor one
sample optimization problem and one geology
interpretation problem) with 8 person-days of
effort. Approximately four days were spent
analyzing the data and another four days preparing
the report. EVS-PRO processed a large amount of
data and produced a large number of visualizations
in awide range of formats in avery short time. This
was made possible primarily because of the auto-
mation and scripting features available in EVS-
PRO. EVS-PRO provides the flexibility to address
problems efficiently and to tailor the analysis to the
problem under study. Databases can be queried and
information processed by any field in the database
(e.g., plot only TCE contamination over one samp-
ling period). Although default parameters are
available for most operations, the user has control
over the choice of the parameters that control the
geostatistical smulations. In addition, a wide range
of environmental conditions (e.g., multiple con-
taminants, different media such as groundwater or
s0il, complex subsurface stratigraphy) can be
evaluated. EVS-PRO should be applicable to
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almost any soil or subsurface contamination
problem.

Training and Technical Support

C Tech provides an extensive users manual
documenting code operation and use. The manual
discusses the general framework used by EVS-PRO,
construction of models using the object-oriented
network approach, input parameters for each of the
models, and examples of model applications. Self-
paced training modules are available as part of the
software package. Technical support is supplied by
telephone and through e-mail. Training courses are
available throughout the year. Software updates are
available over the Internet.

Additional Information about the
EVS-PRO Software

To make efficient use of the basic featuresin EVS
PRO, the operator must be familiar with contouring
environmenta data sets and managing database files.
To use the advanced geostatistical features, the
operator should also be knowledgeable in this area.

During the demonstration, EVS-PRO was run on a
Windows 95 operating system. The computer used
for the demonstration was a Pentium 11 400 with a
Titan Il graphics card, 128 MB of RAM, a4 GB-
hard drive, and a 20X CD (read only).

EVS-PRO, the C Tech product used in the demon-
stration, sells for $9995 for asingle license. The
pricing structure for EV S depends on the product
selected and the number of licenses purchased. A
detailed description of software products and prices
is provided in Section 2 of this report.

Summary of Performance
EVS-PRO’s performance is summarized in Table

10. The technical team concluded that the main
strengths of EVS-PRO are its outstanding 3-D
visualization capabilities and its capability to rapidly
process, analyze, and visuaize data. The capability
to produce true 3-D data analyses and visuaizations
under conditions of complex subsurface geological
characteristics and distribution of contaminants is
important. The range of visualization output formats
and their quality define EVS-PRO as a premier,
state-of -the-art visualization system. The ability to
sort and query the data and write scripts to automate
repetitive tasks permits EVS-PRO to examine large
amounts of data and quickly generate analyses and
visualizations of the data. EVS-PRO’s object-



Table 10. EVS-PRO performance summary

Feature/parameter

Perfor mance summary

Decision support

EV S-PRO provides decision support through 3-D visualization of environmental data such as
contaminant concentration contours, quantifying uncertainties in interpolation predictions,
recommending additional sample locations to reduce uncertainties, and providing statistical
information about the extent of contamination.

Documentation of

A detailed report documented the technical approach, assumptions, and parameters used in the

analysis analysis.

Comparison with EVS-PRO produced analyses and visualizations from six different sites. Visualizations
baseline analysis included 3-D representations of geologic structure, hydraulic head, concentration contours
and data above threshold values, and uncertainty maps. All the visualizations were consistent with the

data. The visualizations accurately incorporated maps of surface features (roads, buildings,
water bodies) and aerial photographs when available. Visualizations often provided well and
sample locations as a function of elevation. Sample locations were accurately color-coded to
match the measured data. Sample optimization was performed for Sites B, N, and S. The
analyses for Site B and S adequately characterized the plume with an acceptable number of
additional samples. The Site N analysis, which limited the number of samples, inadequately
characterized the extent of contamination, aresult of the use of the software’ s default
parameters for spatial correlation modeling. Cost-benefit analysis of the volume of
contamination as a function of threshold concentration and probability were provided for
Sites A, B, N, and S. Volume estimates were often a poor match to the baseline analysis.
Once again, thisis due to the use of EVS-PRO’s calculated default values for interpolation
of data and selection of boundary conditions for spatial modeling. Volume estimates for
plume extent at low-probability levels were typically greater than the baseline estimate by a
factor of 3 or more.

Multiple lines of
reasoning

EV S-PRO provides a number of different approaches for visualizing and examining the data,
including control over essential modeling parameters. This flexibility permits multiple
analyses of the data. EV S-PRO generates statistical information about the extent of
contamination that assists in data evaluation.

Ease of use

EVS-PRO is a sophisticated software product with over 150 modules. The use of visual
programming to link the modules makes use of EVS-PRO fairly easy. Most environmental
analysts would be able to use the major features of EVS-PRO after two days of training.
Advanced features such as use of the 3-D kriging of data sets and use of scripting language
would require more training. An ease-of-use inconvenience is EVS-PRO’ s requirement of a
fixed data field format. Enhancements to current versions of EVS-PRO have removed this
limitation.

Efficiency

EVS-PRO efficiently imported, analyzed, and visualized environmental data sets. The
program was used to analyze four complete problems (three sample optimization/cost-
benefit problems and one cost-benefit problem) and two partial problems (visualization and
geology interpretation) with 8 person-days of effort.

Range of
applicability

EVS-PRO is aflexible tool in which the operator can define the modeling parameters so as to
tailor the analysis and visualization to almost any problem involving contamination in soils
or groundwater.

Training and
technical support

Users' manual

On-line help with guidance on parameter selection

Technical support and training courses available for afee

Free Web-based support, including tutorials and documentation

Operator skill base

To efficiently use the basic features of EVS-PRO, the operator must be familiar with
contouring environmental data sets and managing database files. To use the advanced
geostatistical and statistical features, the operator should be knowledgeable in these areas.

Platform

Windows 95, 98, NT

Cost

$9995 for asingle user. The EV S pricing structure depends on the product and number of
licenses sold to the customer. Discounts are available to educational institutions.




oriented programming structure alows the many
modules to be easily linked together to perform a
complex anaysis.

EVS-PRO is a mature software system that does not
have any major limitations. A minor ease-of-use
limitation of EVS-PRO is the need to structure the
datain afixed order. This often requires the analyst
to take an existing database and reformat it. Current
versions of EVS-PRO dlow the user to directly
query ODBC compatible databases from within
EVS-PRO for the purpose of creating input filesin
EV S format representing both geology and
chemistry data.

EVS-PRO can perform sample optimization analysis
recommending sampling locations and cost-benefit
analysis of contaminated volume as a function of
probability. To assist the andyst, EVS-PRO calcu-
lates values for the essential parameters used in these
analyses based on the data. While the use of these
calculated default values makesiit easier for the
anayd, it was observed that the values were not
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always optimal for the sample optimization or cost-
benefit analysis. In particular, for the Site N sample
optimization problem approximately athird of the
site remained unsampled because of the approach
used in EVS-PRO and the limit on the number of
samples. For the cost-benefit problems, the estimates
of contaminated volumes were often a poor match to
the baseline analysis. This was especially true for the
low-probability plume volume estimates, where use
of the default parameters often caused the program
to predict contamination in regions upstream from
the main plume that did not contain data. The test
team concluded that operator intervention to opti-
mize geostatistical model parameters would have led
to better, more accurate analyses. The problems
identified are a function of the operator, not the
software, and emphasize the need to have qualified
analysts operate the software and for the analyst to
examine the model outputs for consistency with the
data. The C Tech analyst effectively provided afirst
iteration to conducting an analyss, thus emphasizing
the analysis and visualization capabilities of the
EVS-PRO software.



Section 5 — Environmental Visualization System Update
and Representative Applications

Objective
The purpose of this section isto allow C Tech

Development Corporation to provide information
regarding new developments with EVS-PRO since
the demonstration activities. In addition, C Tech
Development Corporation has provided a list of
representative applications in which its technology
has been or is currently being used.

Technology Update

The EV'S suite of products is continually evolving
and improving. Since the demonstration, a number
of changes have been made to EV'S products. The
following lists the changes with a brief description
of their function. For complete information contact
C Tech at www.ctech.com.

New Interfaces
EVSfor ArcView extension (which requires ESRI’s

ArcView Verson 3.1 or later) has been devel oped.
This ArcView extension is available for use (at no
cost) to al C Tech customers. It provides an
environment to create EV S chemistry and geology
files from within ArcView and to launch any version
of C Tech software from within ArcView. This
extension was devel oped to provide a more user-
friendly environment for casual (or less experienced)
users and to support the newest version of EVS,
EVSfor ArcView. Thisinterface removes the
limitations of fixed-format input identified in this
report.

Enhanced Modules _
The following enhancements are now available:

New input and output ports to all modules that
read ASCII geology or chemistry inpuit files.
New features for the Viewer, including a new
pull-down menu called “Instances,” which
automatically connect afew frequently used
modules.

An enhanced Light Editor that improves surface
topography visualizations.

Dramatic enhancements to the animator to allow
control of virtually any EVSMV S parameter
without editing of the animation script file.
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Spport in many modules for input of exponential
values.

Modifications to the Volume Render module for
better default values for software rendering.
Enhancement of 3D_Geology Map module to
perform automatic distribution of cellsinto
model layers based on the average thickness of
each layer.

Modifications to the “cut” module to alow for
the cutting to be based on an externally input
dice plane. The user can displace the cutting
surface any distance from this externa plane.
With two cuts, the user can create a region of
any width that is centered around an externa
dice. Using dice_horizontal, dice_easting, or
dice_northing (all of which can also be rotated),
as input, the operator can have much more
control over cutting. In addition, the rightmost
output port of “cut” now outputs the “other half”
of the model. Thisis useful for displaying a
solid model on one side of the cut model and a
plume on the other.

True 3-D text which utilizes any of the True
Type fonts installed on a computer. Three-
dimensional text objects are filled polygons with
no thickness or true 3-D solid objects (with
optional beveled edges). The new fonts will be
available in the Titles module, Color_legend,
Map_Spheres, and Generate_Axes.

The ability to assign specific user-defined colors
to individual objects (like geologic layers).
Enhanced single and multi-range datamap
editing.

Nonlinear interpolation in the Animator.
Multi-range data maps that are saved with
applications.

New Modules
EVS and MV S have been upgraded by the addition

of a number of new modules to perform specific
tasks during data processing, anaysis, and
visualization. Two of the more important modules
areasfollows:

MVS now includes C Tech’'s version of the
Stanford GSLIB 3-D kriging routine, KT3D,
which has enhanced functiondity. The MVS


http:www.ctech.com

gridding capability combined with a user-
friendly Windows interface is a mgjor
improvement over the Stanford GSLIB version.
Four new modules (Animate_Field,
Animate_UCD, Animate_netCDF, and
Animate_netCDF_Explode) are the foundation
for the newest product, MAS. These modules—
in MAS, EVS-PRO, and MV S—are complex
macro modules that incorporate the functionality
of several modules and integrate a customized
looping function that alows for creating
interpolated time sequences of framesto
produce animations.

In addition, modules have been written to

create bitmap files containing spatial reference
information; this module can be used to prepare
a georeferenced image that can be imported by
ArcView and other GIS applications,

create atop view of the site;

import and display image files (e.g., bitmap
files);

provide a ssimple means to add the numerical
output from up to four input ports, with the
capability of editing this module's expression to
perform subtraction or other math operations;
subdivide triangular and quadrilateral cells until
none of the sides of the output triangles exceed a
user-specified length;

create the fundamental geologic grid information
to afile format that Ground Water Vistas can
read, including x,y origin, rotation, and x-y
resolutions in addition to descriptive header
lines;

optimize output for Open_GL rendering;

create dicesin the vertical, easting, or northing
planes and manipulate their positions
interactively;

create 3-D buildings directly in EVSMVS
without using computer-aided design (CAD)
programs,

cut acylindrical cross-section tunnel along a 3-D
polyline path;

configure and set default values for most key
modules and default data paths, alowing the
user to add project- or user-specific settingsin
EVS, EVSPRO, and MVS; and

create additional animation files (including AV,
MPG, and HAV).

Representative Applications

The following companies have provided brief
descriptions of the work that they have performed
using C Tech’'s visudization software (EVS-PRO
and MVS). A short discussion of each project
follows. For more information contact C Tech or the
user company at the web address provided.

Research Triangle I nstitute (RTI)
www.rti.org

RTI used EVS-PRO to develop

animated visualizations of the migration of a
chlorinated solvent plume for an industria
facility in the southeastern United States. This
visualization supported the development of a
monitored natural attenuation corrective action,
saving the client hundreds of thousands of
dollars in potentia cleanup costs.
visudlizations of the geology and water levels
within heavily used aguifersin the Atlantic
coastal plain. RTI showed that water-level
declines in many areas exceed the natural
recharge of the water-supply aquifers,
potentialy leading to problems with decreasing
groundwater supplies, saltwater encroachment,
and land subsidence.

animated visuaizations of the advance of an
open-pit mine in the Atlantic coastal plain. The
complex geologic dataincluded 19 geologic
units in addition to the ore. The animations
showed the projected development of the mine
through ten years. The visualizations effectively
demonstrated technical mining geologic data to
upper-level management and to other
stakeholders in the mining operation.

analyses of ore-quality data using 3-D
geostatistics to determine the distribution of a
series of ore-quality parameters and aso to
project the variability in the ore quality
associated with future mine development.

U.S. Department of Energy, Grand Junction
(Colorado) Office (DOE-GJO)

DOE-GJO used EVS-PRO to

model and map contaminant plumes and tank
structures in the high-level radioactive waste
tank farms at the Hanford facility;

map surface and subsurface topography and
geologic structure for the Uranium Mill Tailings



Remedia Action (UMTRA) Ground Water
project; and
provide visual representation of various surface

and subsurface geophysica surveys done by
DOE-GJO.

Walden Associates, Inc.
www.wal den-assoc.com

Using EV S software, Walden Associates created a
3-D animation that illustrated subsurface conditions
at an airport below the runway deck and adjacent
taxiway. The intent of the animation was to illustrate
the depth and number of required structural pilings
proposed for construction. The 3-D model was
rotated and probed to show subsurface conditions
throughout the proposed construction area. The
animation was finalized with aerial photographs, a
3-D pile driver, and aircraft for location and scale.
The final movie file was presented to the port
authority on a VCR tape for in-house presentations.

URS Greiner Woodward Clyde (URS)
WWW.Urscorp.com

URS used EVS-PRO to

support a case for natural attenuation of a
groundwater plume at a former manufactured
gas plant site in southeastern Pennsylvania. The
presence of nonagueous phase liquids (NAPLYS)
and unremediated source areas threatened the
viability of this approach. An animated video
demonstrating plume stability was created in

EV S-PRO from the actual results of eight rounds
of quarterly monitoring. After the video was
presented to the regulators, subsequent site
closure discussions focused on the positive
aspects of plume stability, rather than on the
negatives of undefined NAPLs or unremediated
sources. The results achieved with the full-
motion video could not have been achieved with
conventional tabular or graphic output.

depict the proposed configuration and
construction of a new subway in amajor U.S.
city. The animation produced in EVS-PRO was
an effective means of showing existing and
developing subsurface information, existing
facilities, and proposed design and construction
concepts to the management team and to outside
third parties interested in or affected by the
project.

generate an animation that illustrates the
monitoring well network associated with a
groundwater pump and treat system and the

effectiveness of the remediation over time. The
animation begins by displaying the original
extent of the groundwater plume and then shows
how the plume regressed over time in response
to the pumping.

generate an animation depicting the results of a
preliminary geotechnical investigation for a
power generation facility. The animation shows
proposed structures and the layout of the
property to enhance an understanding of how the
geologic conditions benezath the site may
influence the type of foundations needed for
each structure. Based on the locations of the
structures and the underlying thickness of the
clay unit, locations for additional geotechnical
borings were proposed.

generate an animation to present the natural
atenuation remediation strategy over a 20-year
period at a chemical facility in Pennsylvania.
The extent of the groundwater plume in the
lower water-bearing unit was depicted from a
combination of actual groundwater quality data
(1990-95) and modeled predictions (from
Modflow/MT3D) to project the extent of the
plume until the year 2009.

generate an animation to illustrate the potential
cost savings of drilling piles into a shallower
sand unit rather than the proposed deeper sand
unit. The animation shows the location of the
proposed buildings, the stratigraphic units, and
representative piles drilled into the deeper sand
unit.

generate an animation for a Superfund site in
New Jersey to portray the vertical and horizontal
extent of two adjacent but non-intersecting
sources. The animation displayed the well
locations with the sample concentrations
represented by colored spheres and made readily
identifiable the regions where the plumes may
need to be remediated to meet regulatory
standards.

Environ Corporation
WWW.Eenvironcorp.com

Environ used EVS-PRO to

analyze the relative impact of two sources of
contamination to an aquifer used as a municipal
drinking water supply and allocate remedial
costs accordingly. EVS-PRO was a so used to
display the results of MODFLOW and MT3D
smulations that calculated the relative impact of



the sources at downgradient drinking water
wells.

investigate transport pathways to calculate and
visualize the 3-D boundaries of soil
contamination. Comparison of the vertical
contaminant profile with the known geologic
layers enabled the identification of preferential
transport pathways (in this case, sand lenses).
This information was key in selecting an
appropriate and cost-effective remedy.

Conestoga-Rovers & Associates (CRA)
WWW.IOVers.com

CRA hasused EVS and MVSin the visualization of
more than 30 sites in the United States in the last
two years. A few typical tasks were asfollows:

to demonstrate the nature and extent of
contamination in a multi-aquifer system
underneath an active manufacturing facility and
on-site landfill. Visualization presentations were
given to company officials, community groups,
and the Ohio Environmental Protection Agency.
The use of EVS and MV S dlowed for a clearer
focus on the sources and extent of contami-
nation. It also resulted in a greater understanding
of the complex chemica and hydrogeological
issues at the site, for al partiesinvolved.

to develop a model of aquifer and aguitard
materials using indicator kriging. The resulting
model challenged previous assumptions of a
two-aquifer system divided by a clay aquitard
and suggested potential pathways between the
aquifers. The new model showed that much of
the persistent contamination at the site was the
result of dense NAPLs in the subsurface on the
upgradient side of the site. The model was aso
used to aid in selection of both the location and
type of remedia design.

to visuaize in three dimensions the results of
MODFLOW and MT3D smulations of the spill
of VOCsin an aguifer system. The site had a
complex pumping history, with flow changing
directions with time and aso as a function of
depth. The use of EVS dlowed for asimple
demonstration of how contaminants had
migrated vertically and horizontally over the
decades.

to visualize the Site, extent of contamination, and
effect of remedial action for settlement
negotiations for cost-recovery litigation in
respect to alandfill, a former Superfund site, in
New Jersey. Although the remedia action was

completed severa years ago, cost-recovery had
been ongoing.

ThelT Group
www.theitgroup.com

IT used EVS-PRO to

visualize TCE data to guide investigation and to
ad in the determination of possible multiple
sources at an active nava air station;

visualize native geology in relation to fill and

cut areas at aformer treatment, storage, and
disposal facility being closed under the Resource
Conservation and Recovery Act (RCRA). EVS
PRO produced visualizations of remova of soil
with heavy metal concentrations exceeding
regulatory thresholds.

Hong Kong Geological Survey (HKGYS)

HKGS used MV S for visualization and
interpretation of complex geologica conditions
beneath reclaimed land a Tung Chung New Town,
Lantau, Hong Kong. MV S was used to investigate,
model, and visualize geologica conditions,
including the occurrence of marble xenoliths within
agranite intrusion, development of karst with
sinkholes, and extensive decomposition (weathering)
of country rock. Site investigation data included
about 1000 drill holes together with seismic
reflection and microgravity surveys.

Frontline Environmental M anagement, Inc.
www.onthefrontlines.com

Frontline used EVS-PRO to

delineate the extent of metal and polyaromatic
hydrocarbon contamination of soil at a former
starch plant. Statistical analysis provided the
confidence needed to secure funding investment
for redevelopment.

visualize the results of groundwater flow
modeling at a vinyl manufacturing facility
located adjacent to one of Canada's “Heritage
Rivers’ and across from a municipal wellfield.
The animations were used as a public
communications tool.

evauate the contamination levels in soil
adjacent to a former vinyl manufacturing
facility, where site redevelopment involves
realignment of a creek that is under the
jurisdiction of the Canadian Department of
Fisheries and Oceans.



visualize the distribution of gasoline components
(benzene, toluene, ethyl-benzene, and xylene) in
soil and groundwater in three dimensions. EVS
animation was used to demonstrate the changes
in the volume of impacted subsurface materials
that would occur with changesin required
cleanup guideline concentrations.

Geosismicay Ambiente, Ltd., Bogota, Columbia

Geosismicaisusng MVSin acoa mine to caculate
the volume of coal and the correlation of the coal-
bearing and intergtitial geologic layers and to design
the coa pit for economical exploitation.
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Appendix A — Summary of Test Problems

Site A: Sample Optimization Problem

Site A has been in operation since the late 1940s as an industrial machine plant that used solvents and
degreasing agents. It overlies an important aquifer that supplies more than 2.7 million gal of water per day for
industrial, commercial, and residential use. Site characterization and monitoring activities were initiated in the
early 1980s, and it was determined that agricultural and industria activities were sources of contamination.
The industrial plant was shut down in 1985. The primary concern is volatile organic compounds (VOCs) in
the aquifer and their potential migration to public water supplies. Source control is considered an important
remediation objective to prevent further spreading of contamination.

The objective of this Site A problem was to challenge the software’' s capabilities as a sample optimization
tool. The Site A test problem presents a 3-D (3-D) groundwater contamination scenario where two VOCs,
dichloroethene (DCE) and trichloroethene (TCE), are present. The data that were supplied to the analysts
included information on hydraulic head, subsurface geologic structure, and chemical concentrations from
seven wells that covered an approximately 1000-ft square. Chemical analysis data were collected at 5-ft
intervals from each well.

The design abjective of thistest problem was for the analyst to predict the optimum sample locations to
define the depth and location of the plume at contamination levels exceeding the threshold concentration
(either 10 or 100 ny/L). Because of the limited data set provided to the analysts and the variability found in
natural systems, the analysts were asked to estimate the plume size and shape as well as the confidence in
their prediction. A high level of confidence indicates that there is a high probability that the contaminant
exceeds the threshold at that location. For example, at the 10-ng/L threshold, the 90% confidence level plume
is defined as the region in which there is greater than a 90% chance that the contaminant concentration
exceeds 10 ny/L. The analysts were asked to define the plume for three confidence levels—10% (maximum
plume, low certainty, and larger region), 50% (nominal plume), and 90% (minimum plume, high certainty,
and smaller region). Theinitial data set provided to the analyst was a subset of the available baseline data and
intended to be insufficient for fully defining the extent of contamination in any dimension. The analyst used
theinitia data set to make a preliminary estimate of the dimensions of the plume and the level of confidence
in the prediction. In order to improve the confidence and better define the plume boundaries, the analyst
needed to determine where the next sample should be collected. The analyst conveyed this information to the
demonstration technical team, which then provided the analyst with the contamination data from the specified
location or locations. This iterative process continued until the analyst reached the test problem design
objective.

Site A: Cost-Benefit Problem
The objectives of the Site A cost-benefit problem were (1) to determine the accuracy with which the software

predicts plume boundaries to define the extent of a 3-D groundwater contamination problem on alarge scale
(the problem domain is approximately 1 square mile) and (2) to evaluate human health risk estimates resulting
from exposure to contaminated groundwater. The VOC contaminants of concern for the cost-benefit problem
were perchloroethene (PCE) and trichloroethane (TCA).

In this test problem analysts were to define the location and depth of the PCE plume at concentrations of 100
and 500 ng/L and TCA concentrations of 5 and 50 ng/L at confidence levels of 10 (maximum plume),

50 (nomina plume), and 90% (minimum plume). This information could be used in a cost-benefit analysis of
remediation goals versus cost of remediation. The analysts were provided with geological information,
borehole logs, hydraulic data, and an extensive chemical analysis data set consisting of more than 80 wells.
Chemical analysis data were collected at 5-ft intervals from each well. Data from afew wells were withheld
from the analysts to provide a reference to check interpolation routines. Once the analysts defined the PCE
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and TCA plumes, they were asked to cal culate the human health risks associated with drinking 2 L/d of
contaminated groundwater at two defined exposure points over the next 5 years. One exposure point was in
the central region of the plume and one was at the outer edge. This information could be used in a cost-benefit
analysis of reduction of human health risk as a function of remediation.

Site B: Sample Optimization and Cost-Benefit Problem

Site B islocated in a sparsely populated area of the southern United States on a 1350-acre site about 3 miles
south of alargeriver. The siteistypical of many meta fabrication or industrial facilities because it has
numerous potential sources of contamination (e.g., material storage areas, process activity areas, service
facilities, and waste management areas). As with many large manufacturing facilities, accidental releases
from laboratory activities and cleaning operations introduced solvents and other organic chemicals into the
environment, contaminating soil, groundwater, and surface waters.

The objective of the Site B test problem was to challenge the software’ s capabilities as a sample optimization
and cost-benefit tool. The test problem presents a two-dimensional (2-D) groundwater contamination scenario
with three contaminants—vinyl chloride (VC), TCE, and technetium-99 (Tc-99). Chemica analysis data were
collected at a series of groundwater monitoring wells on quarterly basis for more than 10 years along the
direction of flow near the centerline of the plume. The anaysts were supplied with data from one sampling

period.

There were two design objectives for this test problem. First, the analyst was to predict the optimum sample
location to define the depth and location of the plume at specified contaminant threshold concentrations with
confidence levels of 50, 75, and 90%. Theinitial data set provided to the analyst was a subset of the available
baseline data and was intended to be insufficient for fully defining the extent of contamination in two
dimensions. The andyst used the initial data set to make a preliminary estimate of the dimensions of the
plume and the level of confidence in the prediction. In order to improve the confidence in defining the plume
boundaries, the analyst needed to determine the location for collecting the next sample. The analyst conveyed
this information to the demonstration technical team, who then provided the analyst with the contamination
data from the specified location or locations. This iterative process continued until the analyst reached the
design objective.

Once the location and depth of the plume was defined, the second design objective was addressed. The second
design objective was to estimate the volume of contamination at the specified threshold concentrations at
confidence levels of 50, 75, and 90%. This information could be used in a cost-benefit analysis of remediation
goals versus cost of remediation. Also, if possible, the analyst was asked to cal culate hedlth risks associated
with drinking 2 L/d of contaminated groundwater from two exposure points in the plume. One exposure point
was near the centerline of the plume, while the other was on the edge of the plume. This information could be
used in a cost-benefit analysis of reduction of human health risk as a function of remediation.

Site D: Sample Optimization and Cost-Benefit Problem

Site D islocated in the western United States and consists of about 3000 acres of land bounded by municipal
areas on the west and southwest and unincorporated areas on northwest and east. The site has been an active
industrial facility since it began operation in 1936. Operations have included maintenance and repair of
aircraft and, recently, the maintenance and repair of communications equipment and electronics. The aquifer
benegth the site is several hundred ft thick and consists of three or four different layers of sand or silty sand.
The primary concernis VOC contamination of soil and groundwater as well as contamination of soil with
metals.

The objective of the Site D problem was to test the software’ s capability as atool for sample optimization and
cost-benefit problems. This test problem was a 3-D groundwater sample optimization problem for four VOC
contaminants—PCE, DCE, TCE, and trichloroethane (TCA). The test problem required the developer to
predict the optimum sample locations to define the region of the contamination that exceeded threshold
concentrations for each contaminant. Contaminant data were supplied for a series of wells screened at
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different depths for four quartersin a 1-year time frame. Thisinitial data set was insufficient to fully define
the extent of contamination. The analyst used the initial data set to make a preliminary estimate of the
dimensions of the plume and the level of confidence in the prediction. In order to improve the confidencein
the prediction of the plume boundaries, the analyst needed to determine the location for collecting the next
sample. The analyst conveyed this information to the demonstration technical team, who then provided the
analyst with the contamination data from the specified location or locations. This iterative process was
continued until the analyst determined that the data could support definition of the location and depth of the
plume exceeding the threshold concentrations with confidence levels of 10, 50, and 90% for each
contaminant.

After the analyst was satisfied that the sample optimization problem was complete and the plume was defined,
he or she was given the option to continue and perform a cost-benefit andysis. At Site D, the cost-benefit
problem required estimation of the volume of contamination at specified threshold concentrations with
confidence levels of 10, 50, and 90%. This information could then be used in a cost-benefit analyss of
remediation goals versus cost of remediation.

Site N: Sample Optimization Problem
Site N islocated in a sparsely populated area of the southern United States and istypical of many metal

fabrication or industria facilitiesin that it has numerous potentia sources of contamination (e.g., material
storage areas, process activity areas, service facilities, and waste management areas). Industrial operations
include feed and withdrawa of material from the primary process; recovery of heavy metals from various
waste materials and trestment of industrial wastes. The primary concern is contamination of the surface soils
by heavy metals.

The objective of the Site N sample optimization problem was to challenge the software’ s capability as a
sample optimization tool to define the areal extent of contamination. The Site N data set contains the most
extensive and reliable data for evaluating the accuracy of the analysis for a soil contamination problem. To
focus only on the accuracy of the soil sample optimization anaysis, the problem was simplified by removing
information regarding groundwater contamination at this site, and it was limited to three contaminants. The
Site N test problem involves surface soil contamination (a 2-D problem) for three contaminants—arsenic
(As), cadmium (Cd), and chromium (Cr). Initial sampling indicated a smal contaminated region on the site;
however, the initial sampling was limited to only a small area (less than 5% of the site ared).

The design objective of this test problem was for the analyst to develop a sampling plan that defines the
extent of contamination on the 150-acre site based on exceedence of the specified threshold concentrations
with confidence levels of 10, 50% and 90%. Budgetary congtraints limited the total expenditure for sampling
to $96,000. Sample costs were $1200 per sample, which included collecting and analyzing the surface soil
sample for all three contaminants. Therefore, the number of additional samples had to be less than 80. The
analyst used the initial data to define the areas of contamination and predict the location of additional
samples. The analyst was then provided with additional data at these locations and could perform the sample
optimization process again until the areal extent of contamination was defined or the maximum number of
samples (80) was attained. If the analyst determined that 80 samples was insufficient to adequately
characterize the entire 150-acre Site, the analyst was asked to use the software to select the regions with the
highest probability of containing contaminated soil.

Site N: Cost-Benefit Problem

The objective of the Site N cost-benefit problem was to challenge the software’ s ability to perform cost-
benefit analysis as defined in terms of area of contaminated soil above threshold concentrations and/or
estimates of human health risk from exposure to contaminated soil. This test problem considers surface soil
contamination (2-D) for three contaminants—As, Cd, and Cr. The analysts were given an extensive data set
for asmall region of the site and asked to conduct a cost-benefit analysis to evaluate the cost for remediation
to achieve specified threshold concentrations. If possible, an estimate of the confidence in the projected
remediation areas was provided at the 50 and 90% confidence limits. For human health risk analysis, two
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scenarios were considered. The first was the case of an on-site worker who was assumed to have consumed
500 mg/d of soil for one year during excavation activities. The worker would have worked in al areas of the
Site during the excavation process. The second scenario considered a resident who was assumed to live on a
200- by 100-ft area at a specified location on the site and to have consumed 100 mg/d of soil for 30 years.
Thisinformation could be used in a cost-benefit (i.e., reduction of human hedlth risk) analysis as a function of
remediation.

Site S: Sample Optimization Problem
Site S has been in operation since 1966. It was an industrial fertilizer plant producing pesticides and fertilizer

and used industrial solvents such as carbon tetrachloride (CTC) to clean equipment. Recently, it was
determined that routine process operations were causing a release of CTC onto the ground; the CTC was then
leaching into the subsurface. Measurements of the CTC concentration in groundwater have been as high as
80 ppm afew hundred ft down-gradient from the source area. The site boundary is approximately 5000 ft
from the facility where the release occurred. Sentinel wells at the boundary are not contaminated with CTC.

The objective of the Site S sample optimization problem was to challenge the software’ s capability asa
sample optimization tool. The test problem involved a 3-D groundwater contamination scenario for asingle
contaminant, CTC. To focus only on the accuracy of the analysis, the problem was simplified. Information
regarding surface structures (e.g., buildings and roads) was not supplied to the analysts. In addition, the data
set was modified such that the contaminant concentrations were known exactly at each point (i.e., release and
transport parameters were specified, and concentrations could be determined from an analytical solution).
This analytical solution permitted a reliable benchmark for evaluating the accuracy of the software’'s
predictions.

The design objective of this test problem was for the analyst to define the location and depth of the plume at
CTC concentrations exceeding 5 and 500 ng/L with confidence levels of 10, 50, and 90%. The initial data set
provided to the analysts was insufficient to define the plume accurately. The analyst used the initial datato
make a preliminary estimate of the dimensions of the plume and the level of confidence in the prediction. In
order to improve the confidence in the predicted plume boundaries, the analyst needed to determine where the
next sample should be collected. The analyst conveyed this information to the demonstration technical team,
who then provided the analyst with the contamination data from the specified location or locations. This
iterative process continued until the analyst reached the design objective.

Site S: Cost-Benefit Problem

The objective of the Site S cost-benefit problem was to challenge the software’ s capability as a cost-benefit
tool. The test problem involved a 3-D groundwater cost-benefit problem for a single contaminant, chlordane.
Anaysts were given an extensive data set consisting of data from 34 wells over an area that was 2000 ft long
and 1000 ft wide. Vertical chlordane contamination concentrations were provided at 5-ft intervals from the
water table to beneath the deepest observed contamination.

This test problem had three design abjectives. The first was to define the region, mass, and volume of the
plume at chlordane concentrations of 5 and 500 ng/L. The second objective was to extend the analysis to
define the plume volumes as a function of three confidence levels—10, 50, and 90%. This information could
be used in a cost-benefit analysis of remediation goals versus cost of remediation. The third objective was to
evauate the human health risk at three drinking-water wells near the site, assuming that a resident drinks

2 L/d of water from awell screened over a 10-ft interval across the maximum chlordane concentration in the
plume. The analysts were asked to estimate the health risks at two locations at times of 1, 5, and 10 yearsin
the future. For the health risk analysis, the analysts were told to assume source control preventing further
release of chlordane to the aguifer. This information could be used in a cost-benefit analysis of reduction of
human health risk as a function of remediation.
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Site T: Sample Optimization Problem
Site T was developed in the 1950s as an area to store agricultural equipment as well asfertilizers, pesticides,

herbicides, and insecticides. The site consists of 18 acres in an undevel oped area of the western United States,
with the nearest residence being approximately 0.5 miles north of the site. Mixing operations (fertilizers and
pesticides or herbicides and insecticides) were discontinued or replaced in the 1980s when concentrations of
pesticides and herbicides in soil and wastewater were determined to be of concern.

The objective of the Site T sample optimization problem was to challenge the software’ s capability as a
sample optimization tool. The test problem presents a surface and subsurface soil contamination scenario for
four VOCs: ethylene dibromide (EDB), dichloropropane (DCP), dibromochloropropane (DBCP), and CTC.
This sample optimization problem had two stages. In the first stage, the analysts were asked to prepare a
sampling strategy to define the areal extent of surface soil contamination that exceeded the threshold
concentrations listed in Table A-1 with confidence levels of 10, 50, and 90% on a 50- by 50-ft grid. Thiswas
done in an iterative fashion in which the analysts would request data at additional locations and repeat the
analysis until they could determine, with the aid of their software, that the plume was adequately defined.

The stage two design objective addressed subsurface contamination. After defining the region of surface
contamination, the analysts were asked to define subsurface contamination in the regions found to have
surface contamination above the 90% confidence limit. In stage two, the analysts were asked to suggest
subsurface sampling locations on a 10-ft vertica scale to fully characterize the soil contamination at depths
from 0 to 30 ft below ground surface (the approximate location of the aquifer).

Table A-1. Site T soil contamination threshold
concentrations

. Threshold concentration
Contaminant
(mg/kg)
Ethylene dibromide (EDB) 21
Dichloropropane (DCP) 500
Dibromochloropropane (DBCP) 50
Carbon tetrachloride (CTC) 5

Site T: Cost-Benefit Problem
The objective of the Site T cost-benefit problem was to challenge the software’ s capability as a cost-benefit

tool. The test problem involved a 3-D groundwater contamination scenario with four VOCs (EDB, DCB,
DBCP, and CTC). The analysts were given an extensive data set and asked to estimate the volume, mass, and
location of the plumes at specified threshold concentrations for each VOC. If possible, the analysts were
asked to estimate the 50 and 90% confidence plumes at the specified concentrations. This information could
be used in a cost-benefit analysis of various remediation goals versus the cost of remediation. For health risk
cost-benefit anaysis, the analysts were asked to evaluate the risks to a residentia receptor (with location and
well screen depth specified) and an on-site receptor over the next 10 years. For the residential receptor,
consumption of 2 L/d of groundwater was the exposure pathway. For the on-site receptor, groundwater
consumption of 1 L/d was the exposure pathway. For both human hedth risk estimates, the analysts were told
to assume removal of any and al future sources that may impact the groundwater. Thisinformation could be
used in a cost-benefit analysis of various remediation goals versus the cost of remediation.






Appendix B — Description of Interpolation Methods

A magjor component of the analysis of environmental data sets involves predicting physical or chemical
properties (contaminant concentrations, hydraulic head, thickness of a geologic layer, etc.) at locations
between measured data. This process, called interpolation, is often critical in developing an understanding of
the nature and extent of the environmenta problem. The premise of interpolation is that the estimated value of
aparameter is aweighted average of measured values around it. Different interpolation routines use different
criteria to select the weights. Because of the importance of obtaining estimates of parameters between
measured data points in many fields of science, a wide number of interpolation routines exist.

Three classes of interpolation routines commonly used in environmental analysis are nearest neighbor, inverse
distance, and kriging. These three classes cover the range found in the software used in the demonstration and
use increasingly complex models to select their weighting functions.

Nearest neighbor is the simplest interpolation routine. In this approach, the estimated value of a parameter is
set to the value of the spatialy nearest neighbor. This routine is most useful when the analyst has alot of data
and is estimating parameters at only afew locations. Another simple interpolation scheme is averaging of
nearby data points. This scheme is an extension of the nearest neighbor approach and interpol ates parameter
vaues as an average of the measured values within the neighborhood (specified distance). The weights for
averaging interpolation are al equa to 1/n, where n is the number of data points used in the average. The
nearest neighbor and averaging interpolation routines do not use any information about the location of the
data values.

Inverse distance weighting (IDW) interpolation is another simple interpolation routine that is widely used. It
does account for the spatia distance between data values and the interpolation location. Estimates of the
parameter are obtained from a weighted average of neighboring measured vaues. The weights of IDW
interpolation are proportional to the inverse of these distances raised to a power. The assigned weights are
fractions that are normalized such that the sum of al the weightsis equal to 1.0. In environmental problems,
contaminant concentrations typically vary by several orders of magnitude. For example, the concentration
may be afew thousand micrograms per liter near the source and tens of micrograms per liter away from the
source. With IDW, the extremely high concentrations tend to have influence over large distances, causing
smearing of the estimated area of contamination. For example, for alocation that is 100 m from a measured
vaue of 5 ng/L and 1000 m from a measured value of 5000 ng/L, using a distance weighting factor of 1 in
IDW yields aweight of 5000/1000 for the high-concentration data point and 5/100 for the low-concentration
data point. Thus, the predicted value is much more heavily influenced by the large measured value that is
physicaly farther from the location at which an estimate is desired. To minimize this problem, the inverted
distance weight can be increased to further reduce the effect of data points located farther away. IDW does
not directly account for spatial correlation that often exists in the data. The choice of the power used to obtain
the interpolation weights is dependent on the skills of the analyst and is often obtained through trial and error.

The third class of interpolation schemes is kriging. Kriging attempts to develop an estimate of the spatial
correlation in the data to assist in interpolation. Spatial correlation represents the correlation between two
measurements as a function of the distance and direction between their locations. Ordinary kriging
interpolation methods assume that the spatia correlation function is based on the assumption that the
measured data points are normally distributed. This kriging method is often used in environmental
contamination problems and was used by some DSS products in the demonstration and in the baseline
analysis. If the data are neither lognormal nor normally distributed, interpolations can be handled with
indicator kriging. Some of the DSS products in this demonstration used this approach. Indicator kriging
differs from ordinary kriging in that it makes no assumption on the distribution of data and is essentialy a
nonparametric counterpart to ordinary kriging.



Both kriging approaches involve two steps. In the first step, the measured data are examined to determine the
spatia correlation structure that exists in the data. The parameters that describe the correlation structure are
calculated as a variogram. The variogram merely describes the spatia relationship between data points.
Fitting a model to the variogram is the most important and technically challenging step. In the second step,
the kriging process interpolates data values at unsampled locations by a moving-average technique that uses
the results from the variogram to calculate the weighting factors. In kriging, the spatial correlation structure is
quantitatively evaluated and used to calculate the interpolation weights.

Although geostatistical-based interpolation approaches are more mathematically rigorous than the smple
interpolation approaches using nearest neighbor or IDW, they are not necessarily better representations of the
data. Statistical and geostatistical approaches attempt to minimize a mathematical constraint, similar to a least
squares minimization used in curve-fitting of data. While the solution provided is the “best” answer within the
mathematical constraints applied to the problem, it is not necessarily the best fit of the data. There are two
reasons for this.

Firgt, in most environmental problems, the data are insufficient to determine the optimum model to use to
assess the data. Typically, there are several different models that can provide a defensible assessment of the
spatia correlation in the data. Each of these models has its own strengths and limitations, and the model
choice is subjective. In principle, selection of a geostatistical model is equivaent to picking the functiona
form of the equation when curve-fitting. For example, given three pairs of data points, (1,1), (2,4), and (3,9),
the analyst may choose to determine the best-fit line. Doing so gives the expression y = 4x— 3.33, wherey is
the dependent variable and X is the independent variable. This has a goodness of fit correlation of 0.97, which
most would consider to be a good fit of the data. This equation is the “best” linear fit of the data constrained
to minimization of the sum of the squares of the residuals (difference between measured value and predicted
value at the locations of measured values). Other functional forms (e.g., exponential, trigonometric, and
polynomial) could be used to assess the data. Each of these would give a different “best” estimate for
interpolation of the data. In this example, the data match exactly with y = x*, and this is the best match of this
data. However, that thisis the best match cannot be known with any high degree of confidence.

This conundrum leads to the second reason for the difficulty, if not impossibility, of finding the most
appropriate model to use for interpolation—which is that unless the analyst is extremely fortunate, the
measured data will not conform to the mathematical model used to represent the data. This difficulty is often
attributed to the variability found in natural systems, but is in fact a measure of the difference between the
mode and the real-world data. To continue with the previous example, assume that another data point is
collected at x = 2.5 and the vdue isy = 6.67. This latest value falls on the previous linear best-fit line, and the
correlation coefficient increases to 0.98. Further, it does not fall on the curve y = X. The best-fit 2nd-order
polynomial now changes from y = x*to becomey = 0.85x* + 0.67x — 0.55. The one data point dramatically
changed the “ best”-fit parameters for the polynomial and therefore the estimated value at |ocations that do not
have measured values.

Lack of any clear basis for choosing one mathematical model over another and the fact that the data are not
distributed in a manner consistent with the smple mathematical functions in the model aso apply to the
statistical and geostatistical approaches, abeit in a more complicated manner. In natural systems, the
complexity increases over the above example because of the multidimensional spatial characteristics of
environmental problems. This example highlighted the difficulty in concluding that one data representation is
better than another. At best, the interpolation can be reviewed to determine if it is consistent with the data.
The example also highlights the need for multiple lines of reasoning when ng environmental data sets.
Examining the data through use of different contouring algorithms and model parameters often helpslead to a
more consistent understanding of the data and helps eliminate poor choices for interpolation parameters.



