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ABSTRACT

INTRODUCTION AND OBJECTIVES: Many impacted groundwater sites that employ active
remedies have encountered challenges in reducing risk or meeting closure criteria, often due to site
complexity and the role of matrix diffusion and other processes in prolonging contaminant
persistence. Transitioning from active remediation to Monitored Natural Attenuation (MNA) can
be a cost-effective strategy for managing these sites, particularly when constituent levels have been
significantly reduced through active treatment. However, the process for implementing a
Transition Assessment is still unfamiliar to many remediation practitioners. The objective of this
research was to provide a clear framework for site managers to answer several specific technical
questions that are important during a transition assessment.

TECHNICAL APPROACH: The project objectives were addressed primarily by developing a
framework that is incorporated into a web-based decision support tool (TA? Tool) that better
documents the technical basis for transition assessments and helps users perform a site-specific
transition assessment. This tool is designed to: (1) Evaluate and summarize site complexities and
implications; (2) Provide quantitative assessment of concentration and mass trends over time,
including establishing whether an active remediation has plateaued; and (3) Provide quantitative
information about processes that could reduce effectiveness of further active remediation (such as
in-situ source treatment or continued operation of pump-and-treat systems).

RESULTS: The technical basis for individual modules was developed and incorporated into the
final TA? Tool, including identifying the specific quantitative approaches for documenting
asymptotic behavior, plume stability, site heterogeneity, remedial performance, and remediation
timeframes. The final product contains 10 individual modules or “tools”, and users can engage
with those modules pertinent to their site or go through all the modules for a thorough, step-by-
step summary of relevant issues. Five Quantitative Tools include assessing asymptotic
groundwater concentrations from monitoring well programs, evaluating plume stability,
estimating remediation timeframes after a hypothetical source removal project, forecasting
remediation performance if a particular technology is applied in the field, and projecting
concentrations at downgradient points of compliance. Four Qualitative Tools provide information
on matrix diffusion, enhanced attenuation options, geologic heterogeneity, and related projects.
Finally, One Summary Tool metrics from the other tools and provides additional guidance on
conducting site-specific transition assessments. The summary tool is designed to walk users
through a site-specific Transition Assessment. It includes the Remediation Transition Assessment
Index (RTAI), which is a simple metric that reflects the relative persistence of contamination at a
site due to matrix diffusion and other site-specific considerations. It summarizes the results from
relevant tools within the TA? Tool, assigning an RTAI value to each result. An RTAI of 5 indicates
that the site is a strong candidate for transitioning to MNA or enhanced attenuation approaches
(assuming it meets relevant “bright line criteria”, while an RTAI of 1 suggests that the site is a
poor candidate.
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The tool was applied to several different case studies to illustrate its utility in supporting transition
assessments. A comparison of the TA? Tool to other Transition Assessment resources (e.g., from
ITRC) was provided to highlight the consistency of this approach with existing and/or on-going
efforts. Finally, several multi-site data studies were performed to help examine specific issues
related to transition assessments.

BENEFITS: The research generated a quantitative tool for Remedial Project Managers (RPMs)
to use to support a site-specific transition assessment. The goal was to establish a protocol for
evaluating sites where MNA could serve as an effective transition technology for longer-term
management. Consequently, it is intended to improve the technical basis for decision making and
thus foster consensus among stakeholders.
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EXECUTIVE SUMMARY

INTRODUCTION:

Many impacted groundwater sites that employ active remedies have encountered challenges in
reducing risk or meeting closure criteria, often due to site complexity and the role of matrix
diffusion and other processes in prolonging contaminant persistence. Transitioning from active
remediation to Monitored Natural Attenuation (MNA) can be a cost-effective strategy for
managing these sites, particularly when constituent levels have been significantly reduced through
active treatment. However, the process for implementing a Transition Assessment is still
unfamiliar to many remediation practitioners.

OBJECTIVES:

The objective of this research was to provide an easier way for site managers to answer several
specific technical questions that are important during a transition assessment, such as 1) Is the
plume at my site stable (and thus a good candidate for transitioning)? 2) What is the likelihood
that my site has a persistent source that will be resistant to further active treatment? 3) How can [
establish if the performance of an active remedial technology has plateaued? 4) What type of
contaminant removal rates can I expect after transitioning to MNA?

The project addressed this objective by developing a web-based application (the TA? Tool) that
supports the decision-making process at contaminated groundwater sites. Specifically, this tool
helps to document the technical basis for transition assessments and helps users perform a site-
specific transition assessment. This tool is designed to: (1) Evaluate and summarize site
complexities and implications; (2) Provide quantitative assessment of concentration and mass
trends over time, including establishing whether an active remediation has plateaued; and (3)
Provide quantitative information about processes that could reduce effectiveness of further active
remediation (such as in-situ source treatment or continued operation of pump and treat systems).

TECHNICAL APPROACH:

The following workflow was used to address project objectives and create the primary deliverable
(the TA? Tool):

o Develop and identify the primary learning objectives for potential end-users. These are
the knowledge gaps and/or critical information for completing a Transition Assessment.
The first objective is a quantitative assessment of concentration and mass trends that may
include projecting the remediation timeframe based on the current remedial approach,
demonstrating asymptotic behavior and plume stability, and estimating the attenuation
rates/remediation timeframe if the current remedial approach was discontinued. The
second objective is a description of site complexities and their implications for achieving
remedial objectives. The final objective is to identify alternative approaches for managing
the site along with their expected performance.
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o Translate these objectives into a series of individual modules that would be the key
elements of the tool’s home page. An initial list of modules for the tool was developed and
then expanded as part of an iterative process. Once this process was completed, the final
version of the tool included 9 individual modules plus an overall summary module.

o Develop the technical basis for the individual modules. This included identifying the
specific quantitative approaches for documenting asymptotic behavior, plume stability, site
heterogeneity, etc. It also included data-driven studies on remediation performance, as
well as compiling of modeling approaches, site characteristics, and relevant technologies
for further evaluation.

o Create initial storyboards. These were designed to provide a starting point for the
interfaces, including the basic layout, key elements that needed to be included, and data
entry requirements. These helped to guide graphical design and coding.

o Incorporate into a suitable web-based platform to facilitate learning. The tool has been
developed as an R Shiny app (Figure ES-1). This is a web-based, interactive platform
where R programming is used to perform all quantitative functions and the user can view
the results in a clean and simple interface that easily accommodates plots, charts, and
various mapping features. The resulting tool is free and does not require the user to install
software on their computer. A version of the code has been uploaded to GitHub for any
user who wishes to make their own custom modifications to the tool.

e Case studies applications. Three DoD sites were identified from a longer list of candidate
sites and then evaluated using individual module(s) from the TA? Tool to see how these
approaches would have supported previous or expected transitions to MNA and less
intensive site management approaches.

In addition, a comparison to other resources that addressed specific elements of a Transition
Assessment was performed to ensure that the approaches outlined in the TA? Tool are
complementary. Finally, several multi-site data studies were performed to help examine specific
issues related to transition assessments.
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TA2: THE SERDP TRANSITION ASSESSMENT TEACHING
ASSISTANT Figure ES-1. Home Page for TA?
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RESULTS AND DISCUSSION:
Tool Description

The TA? Tool is a web-based, interactive platform that includes a series of individual modules
designed to answer specific questions or research relevant topics (Figure ES-1). Users can engage
with those modules pertinent to their site or go through all the modules for a thorough, step-by-
step summary of relevant issues. Five Quantitative Tools (Figures ES-2 through ES-5) include
assessing asymptotic groundwater concentrations from monitoring well programs, evaluating
plume stability, estimating remediation timeframes after a hypothetical source removal project,
forecasting remediation performance if a particular technology is applied in the field, and
projecting concentrations at downgradient points of compliance. Four Qualitative Tools provide
information on matrix diffusion, enhanced attenuation options, geologic heterogeneity, and related
projects. Finally, One Summary Tool (Figure ES-7, Figure ES-8) compiles metrics from the
other tools and provides additional guidance on conducting site-specific transition assessments.

The four qualitative tools in the TA? Tool serve as resource modules and simple calculators,
providing users with access to more detailed tools, protocols, guidance, and straightforward
calculations. Tool 6 offers a summary of the current understanding of matrix diffusion's role in
influencing long-term concentration trends and remedial performance, as well as different
modeling approaches for quantifying its effects. Tool 7 describes various enhanced attenuation
options for sites where MNA alone may be insufficient to manage the plume, acting as a bridge
between intensive source treatments and MNA. Tool 8 provides a site-specific assessment of the
geologic heterogeneity that contributes to matrix diffusion, using user-entered data from boring
logs to characterize the potential impact of matrix diffusion on remediation based on simulations
performed using the REMChlor-MD model. Finally, Tool 9 presents information on several other
projects funded under the same SERDP Statement of Need as the TA? Tool, offering users access
to additional tools, guidance, reports, and publications that highlight key findings and benefits to
DoD and other interested parties.
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Figure ES-2. Tool 1 allows users to determine if asymptotic

conditions are present at specific locations or across the site

by calculating source attenuation rates from monitoring well

concentration vs. time data and estimating the time to reach a
user-specified cleanup goal.

Figure ES-3. Tool 2 evaluates plume stability by using
concentration vs. time data to calculate trends in monitoring
well data, determining if increasing or decreasing trends are
present, and displaying results on a base map generated from

user-entered geographic coordinates.

Tool 3 — Remediation Timeframe
If  remove the source now, how long will it take to
reach my cleanup goal?

1. See Timeframe to Reduce Plume Concentrations by 90%, 99%, and 99.9%
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Tool 4 — Remediation Performance:
What level of performance can | expect from in-situ
remediation?
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Figure ES-4. Tool 3 estimates the number of years required
to reduce chlorinated solvent plume concentrations by 90%,
99%, or 99.9% after complete source removal, using an
empirical match to hundreds of model runs based on site-
specific information.

Tool 5 — Meet Cleanup Goal After TA?
Can | meet my cleanup goal at a downgradient point of
compliance after transitioning from active treatment?

oot - 2. Well to be Evaluated Projected
Concentration of COC in Identified Wells Over Distance
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Figure ES-5. Tool 4 predicts the level of performance (i.e.,
reduction in concentration) that might be achieved at a
particular site using a database of remediation performance at
235 chlorinated solvent groundwater sites, displaying
relevant performance data in a "triangle chart" and estimating
the performance relative to site-specific cleanup goals.

Figure ES-6. Tool 5 evaluates if concentration-based cleanup
goals will be exceeded at a downgradient point of compliance
after transitioning from active treatment to passive treatment
(e.g., MNA) by estimating a site-specific attenuation rate
constant and projecting the concentration vs. distance from
the contaminant source.
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The Tool 10 Summary is designed to walk
users through a site-specific Transition
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relative persistence of contamination at a
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for transition
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specific considerations (Figure ES-7). It Tool POOR  FAR TYPICAL GOOD STRONG
summarizes the results from relevant tools RW=1  RW=2  RW=3 RW=4  RW=s
within the TA? Tool, assigning an RTAI ASymptoto? Tadl1 = : : . :
value to each result. An RTAI of 5 indicates Expanding? Tool2 ’ & g
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attenuation approaches, while an RTAI of 1

suggests that the site is a poor candidate. As Timeframe? Tool3 = s me=  =v< NS
shown on Figure ES-7, the RTAI Enhance? Tool 7 w NA NA NA NA
incorporates five key metrics: Asymptote VETRICVALUE 0 0 0 > 3

(Tool 1), Expanding Plume (Tool 2),

Forecast of Remediation Performance  Figure ES-7. The Remediation Transition Assessment Index
(Tool 4), ITRC Potential (Tool 4), (RTAI). Top: What RTAI index means. Bottom: Example
Potential Remediation Timeframe (Tool of RTAI result with 2 metrics with a Score of “4” and 3

3), and Potential for Enhanced metrics with a score of “5” giving a final RTAI = 4.6.
Attenuation (Tool 7). Users can see the

RTAI values generated by each tool and assign an overall RTAI for the site based on the weight
of evidence. The RTAI's main advantage is its ability to provide a quick, high-level assessment of
a site's suitability for transitioning away from active treatment. However, it is important to note
that a decision to transition to MNA should also consider the "bright line" criteria described in
Tool 10 (Figure ES-8) and ensure that relevant site information has been adequately documented.
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Figure ES-8.
Overview of Tool
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Case Study Example

Objectives and Background: The TA? Tool was
used to evaluate several sites, including a DoD
site (Plattsburgh AFB) with a chlorinated solvent
plume (TCE and its breakdown products) that
had been managed by a groundwater extraction
system (including a collection trench) for
approximately 10 years (Figure ES-9). In this
case, the objective was to determine how the tool
could have been used to support a transition
assessment for this site, specifically how it would
have supported the decision to transition from the
existing pump-and-treat system to MNA. The
plume at this site was present in a sandy aquifer
with a high seepage velocity overlaying low-k

Source

& |
[

i Extraction
i Wells

Trench
0N

Figure ES-9. Site Overview. Groundwater flow is
southeast from the source area. Modified from
Arcadis/Bhate/AFCEC/CIBE (2022).

clay till. At the time when the site was considering shutting off the source area extraction wells
and transitioning to MNA (2015), TCE concentrations were between 10 and 100 mg/L.
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Results: Based on the rate and timeframe estimates in Tool 1 and Tool 3, concentrations at the site
were already progressing towards acceptable levels (i.e., sub-MCL) within a reasonable timeframe.
The impact of matrix diffusion on the performance of the performance of the existing technology
was apparently low based on the lack of asymptotic behavior (Tool 1) and the relatively simple
geology (Tool 8), and this would have meant that transitioning to more aggressive technologies
may have also achieved meaningful concentration reductions (Tool 4). If only these modules had
been completed, the RTAI values would have ranged between 1 and 3, meaning the site was
technically not a strong candidate for transitioning to MNA due to the relatively favorable
performance of the existing technology. However, the more critical metrics for this site were the
declining concentration trends and plume stability (Tool 2) and the determination that the site
would meet concentration goals at the point of compliance with MNA (Tool 5; Figure 10) in a
reasonable timeframe (Tool 3). These would be considered “bright line” criteria for this type of
site where a risk management approach is applicable. In particular, the Tool 5 assessment showed
that the constituent of concern (COC) concentration was projected to attenuate rapidly with
distance due to natural processes, and parallel lab-based studies showed that the observed natural
attenuation rate was explainable by abiotic processes that degraded the groundwater contaminants
(Figure ES-10). The concentration data collected after the extraction wells were shut down
showed that the rate constant for attenuation was even faster than the rate constant before shutdown
(Figure ES-11).

Conclusions: The results from applying the TA? Tool would have provided a technical
justification for transitioning this site to MNA because the data analysis showed that natural
attenuation processes were active and helping achieve site objectives. This assessment would have
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been useful in supporting the decision to shut down the treatment plant and transition the site to a
more passive and less resource-intensive approach.

R R . R Geomean Concentration of COC in Selected Wells Over Time
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Figure ES-10. Results from Tool 5 showing that ~ Figure ES-11. Results from Tool 1 showing that concentrations

calculated “pre remediation” rate constant for were declining at a faster rate in the post-remediation period

natural attenuation is projected to reduce after the extraction wells were shut down. The slopes of the
concentrations from well MW-GWOU-15 below  solid blue lines represent the rate constants for each period and

the goal at the downgradient point of compliance the dotted blue lines represent the 95% confidence intervals.

Comparison to Other Transition Assessment Resources

Several other resources are available to understand key Transition Assessment concepts and to
help support a site-specific assessment. In addition to the other recently funded SERDP projects
on this topic (see Tool 9 of the TA? Tool), these include Adaptive Site Management (ITRC),
Enhanced Attenuation (ITRC), Pump-and-Treat Optimization (ITRC), Pump-and Treat
Performance Assessments (PNNL), BioPIC (ESTCP), and MAROS (DoD/ESTCP). Each of these
resources align effectively with the assessment process described here for the TA? Tool. This
includes statistical assessments of the asymptotic performance of existing systems, understanding
the natural attenuation capacity of the aquifer to determine if contaminant concentrations will be
reduced below limits at downgradient points of compliance, and plume stability assessments. The
TA? Tool has several relatively unique features, particularly its emphasis on quantifying the role
of matrix diffusion on remedial performance.

Data Studies

Several multi-site data studies were performed to help examine specific issues related to transition
assessments.

Evaluation of Technology Transitions Over Time: Pump-and-treat systems are still widely used,
but there is a perception that these systems—once installed and operating—can never be shut
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down. Ifthis assumption were true, then sites with pump-and-treat systems would never be closed,
and efforts to use site data to optimize and/or transition away from this technology would be
fruitless. Because of this perception, a more thorough evaluation of whether sites with pump-and-
treat systems are routinely transitioned to other technologies and/or eventually closed is a good
test case for documenting the potential value of performing transition assessments.

We examined multi-site data compiled by different regulatory agencies to help illustrate trends in
the use of pump-and-treat systems as a groundwater remedy. For example, USEPA reported that
pump-and-treat systems were included in approximately 25% of the groundwater remedy decision
documents (RODs) issued during the latest year available (2020) at Superfund sites (USEPA,
2023). The trend in the use of pump-and-treat at these sites has stabilized in recent years (three-
year average of 31% from 2018 —2020) after a period of long decline, though it is now at or below
the percentage of sites that have MNA (41% in 2020) or in situ treatment (50% in 2020) listed in
their decision documents as a groundwater remedy.

In a parallel evaluation, pump-and-treat systems have reportedly been used at 21% of all sites
where a cleanup technology was identified in the California GeoTracker Database (1709 of 8,021).
However, 73% of those sites are now listed as closed (1256 of 1709). This suggests that the
majority of sites where a pump-and-treat system was installed were petroleum sites and were
eventually able to shut off that system. However, only 24% (46 of 192) chlorinated solvent release
sites with pump and treat systems in their record are now listed as closed. For a smaller set of sites
that underwent detailed verification, we found that pump-and-treat systems were still operating at
30% of the open sites (38 of 127). Pump-and-treat systems were no longer operating at 77% (65
of 84) of the petroleum release sites and 59% (27 of 46) of the chlorinated solvent sites. Thus,
even at sites that have not yet attained regulatory closure, a majority have transitioned away from
the pump and treat systems. At sites where P&T systems have been shut down, the average
operating period was 9.1 years (Figure ES-12).
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Figure ES-12. Distribution of Start Dates (left panel) and End Dates (right panel) for Pump-and-Treat Systems that
were part of the Verification Site list (n = 243 sites).

0-

SERDP ER20-1429 Executive Summary-10 Final Report



WGSI

ENVIRONMENTAL

Evaluation of Site-Specific Temporal Monitoring Results for Predicting Remediation
Timeframes: at sites where the goal is to reduce concentrations across the entire site to a specific
level (i.e., the typical CERCLA application), where the data are used to track the overall progress
of a site to reach this specific remediation goal. The time required to reach this goal is usually
referred to as the “remediation timeframe”, and it is an important estimate for both active
remediation strategies as well as MNA (see Tool 1 and Tool 3 of the TA? Tool). It is typically
calculated using the highest-concentration (source) monitoring well, and it relies on concentration
vs time data for the projection. An implicit assumption is built into this type of use of LTM data
to track remediation progress, specifically that the observed trend in the past is predictive of the
direction and magnitude of the future trend.

To determine if this assumption was valid, we utilized the California GeoTracker database to
evaluate the power of historical groundwater monitoring results to predict future source attenuation
rates. For two data sets (petroleum sites and chlorinated solvent sites), we found a small negative
correlation between the first-order concentration vs.time attenuation rate observed during the
earlier part of the monitoring record and the later part of the monitoring record: benzene —
correlation coefficient (r) = -0.11, MTBE — r = -0.12, TCE = -0.12. For each data set, a small
negative correlation between the first-order attenuation rate observed during the earlier part of the
monitoring record and the later part of the monitoring record was also observed for a subset of
monitoring records exhibiting the best model fits (R>> 0.8), a subset with a statistically significant
(p <0.05) positive attenuation rate for the first half of the monitoring record (Figure ES-13). For
the TCE data set, this negative correlation was also observed for a subset of monitoring records
with no change in site remedy during the monitoring period (r = -0.22). Our analysis suggests that
the historical concentration vs. time attenuation rate for a contaminant at an individual site or
monitoring well is a poor predictor of the future rate at that site or well. Note that this evaluation
focused solely on concentration vs. time attenuation rates (i.e., source attenuation rates) and did
not evaluate changes in plume size over time or plume attenuation rates (based on concentration
vs. distance trends).
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Figure ES-13. Correlation in TCE Point Concentrations Attenuation Rates from First Half of Monitoring Record
and Second Half of Monitoring Record Wells with Statistically Significant Positive Attenuation Rates. Panel A
shows attenuation rates for 1656 monitoring records with at least 10 monitoring results and 100% detections of TCE
and a statistically significant positive attenuation rates for the first half of the monitoring record. Panel B shows
attenuation rates for 840 monitoring records with at least 10 monitoring results and 100% detections of TCE, a
statistically significant positive attenuation rates for the first half of the monitoring record, and a statistically
significant positive or negative attenuation rate for the second half of the monitoring record.

Thus, the use of observed source attenuation rates at a site to predict the remediation timeframe
for that site appears to be subject to large uncertainty. In cases where the long-term monitoring
data are being used as part of a Transition Assessment, it is highly recommended that the
assessment accounts for this uncertainty in the remediation timeframe estimate, as well as the
possibility that attenuation rates may not be consistent during different time periods. Both of these
important elements are included in Tool 1 of the TA? Tool that was developed as part of this
SERDP project.

IMPLICATIONS FOR FUTURE RESEARCH AND BENEFITS:

The TA? Tool provides a framework for remedial decision-makers to evaluate different types of
sites, including those with active treatment or where active source zone remediation is being
contemplated. It helps determine if transitioning from an active mass removal mode to MNA is
appropriate based on site conditions and/or the performance of ongoing or prospective remedial
measures. By walking users through key steps and providing checklists, the tool ensures that
necessary information is gathered to support a technically rigorous site-specific Transition
Assessment and then integrates the results from each separate tool. Ultimately, the TA? Tool
complements existing resources for site assessment and provides a sound framework to guide site
management decisions about if and when to transition to MNA.

SERDP ER20-1429 Executive Summary-12 Final Report



WGSI

ENVIRONMENTAL

1. OBJECTIVES

1.1 Project Objectives

At many Department of Defense (DoD) sites where an active remedy has been used, the
performance of the remedy has appeared to “hit a wall” in terms of being able to actually decrease
risk and/or achieve closure criteria. This is in part due to site heterogeneity and the role of matrix
diffusion in enhancing contaminant persistence at these complex sites. In 2012, a key National
Research Council (NRC) report identified the need to “transition from active remediation to more
passive strategies and provide more cost-effective and protective long-term management of
complex sites,” including conducting formal transition assessments (NRC, 2012). While the NRC
effectively describes the importance of a transition assessment, it understandably did not attempt
to prescribe how such an assessment should be performed. In the intervening years, there has been
continued interest in understanding and applying the concept, but little has been provided in terms
of guidance or tools for conducting transition assessments. Without a clear understanding of how
to proceed, it may be viewed as not worth the effort. These are the knowledge gaps that this
research is aiming to address, specifically by developing a framework for performing transition
assessments that includes Monitored Natural Attenuation (MNA) as a key transition technology.

The objective of this research was to provide an easier way for site managers to answer several
specific technical questions that are important during a transition assessment, such as 1) Is the
plume at my site stable (and thus a good candidate for transitioning)? 2) What is the likelihood
that my site has a “persistent source” that will be resistant to further active treatment? 3) How can
I establish if performance of an active remedial technology has plateaued? 4) What type of
contaminant removal rates can I expect after transitioning to MNA?

The project addressed this objective by developing a web-based decision support tool (TA? Tool)
that better documents the technical basis for transition assessments and helps users perform a site-
specific transition assessment. This tool is designed to: (1) Evaluate and summarize site
complexities and implications; (2) Provide quantitative assessment of concentration and mass
trends over time, including establishing whether an active remediation has plateaued; and (3)
Provide quantitative information about processes that could reduce effectiveness of further active
remediation (such as in-situ source treatment or continued operation of pump and treat systems).

The web-based tool developed as part of this project is free and publicly available. It can be
downloaded at the project webpage: https://serdp-estcp.mil/projects/details/350cbcOb-893a-43a6-
8a0c-c9c057bacac0. In parallel, a series of publications, webinars, and other tech transfer products
were developed to support the adoption of this tool. These can also be found on the project
webpage.
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Project Hypotheses

The study was designed to test the following hypotheses:

1.

Calculators that transform site-specific data into distilled, easy-to-understand knowledge
about persistence source areas will provide key insights about if transition to MNA is
merited.

The extensive DoD investment in understanding what has happened at remediation sites
can be transformed into a semi-quantitative forecasting tool that includes key processes
such as remediation technology, contaminant type, and rebound.

New groundwater computer models, such as ESTCP’s REMChlor-MD model, now have
the ability to simulate matrix diffusion impacts based on site-specific data, thereby
illustrating the potential impacts of persistence sources and providing high-quality
information regarding timing for transitioning to MNA. In particular, this approach is
useful for sites where additional active measures to remediate the source (e.g., in situ
chemical oxidation) are being considered.

A Transition Assessment need not be an all-or-nothing proposition; in some cases,
enhanced MNA approaches can substitute for intensive, continued active remediation
approaches.

A web-based tool will make transition assessments easier to perform, more transparent,
and more convincing.
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2. BACKGROUND

2.1 Defining a “Transition Assessment”

Many contaminated groundwater sites that employ active remedies have encountered challenges
in reducing risk or meeting closure criteria, often due to site complexity and the role of matrix
diffusion and other processes in prolonging contaminant persistence. This has been a particular
issue for the Department of Defense (DoD) and has been a focus of ongoing research initiatives
funded by their two research and development arms, the Strategic Environmental Research and
Development Program (SERDP) and the Environmental Security and Technology Certification
Program (ESTCP). As the DoD remediation portfolio ages, more and more active remediation
projects appear to “hit a wall” in terms of being able to actually decrease the size of its impacted
footprint and/or close sites. The resulting experience for many remedial project managers is that
remediation can become a Sisyphean process with no clear end in sight.

In 2012, a significant National Research Council (NRC) report underscored the importance of
shifting from active remediation to passive strategies for more cost-effective and protective long-
term management of contaminated groundwater sites, including the use of more rigorous
evaluations of existing data to support these efforts. This report, titled Alternatives for Managing
the Nation’s Complex Contaminated Groundwater Sites, described Transition Assessments as a
process to determine when to transition from an active treatment to a long-term, more passive
treatment such as MNA (NRC, 2012). In the NRC document, the authors note that despite years
of effort and considerable investment, many sites “will require long-term management that could
extend for decades or longer.” They discuss the need for developments that can aid in “transition
from active remediation to more passive strategies and provide more cost-effective and protective
long-term management of complex sites,” including conducting formal transition assessments:

At many complex sites, contaminant concentrations in the plume remain stalled at levels
above cleanup goals despite continued operation of remedial systems. There is no clear
path forward to a final end state embodied in the current cleanup programs, such that
money continues to be spent, with no concomitant reduction in risks. If the effectiveness of
site remediation reaches a point of diminishing returns prior to reaching cleanup goals
and optimization has been exhausted, the transition to monitored natural attenuation or
some other active or passive management should be considered using a formal evaluation.
This transition assessment would determine whether a new remedy is warranted at the site
or whether long-term management is appropriate. (NRC, 2012)

While the NRC report effectively describes the importance of a transition assessment, it
understandably did not attempt to prescribe how such an assessment should be performed. In the
intervening years, there has been continued interest in understanding and applying the concept, but
little has been provided in terms of guidance or tools for conducting transition assessments. In
other words, we know “why”, but we don’t necessarily know “how”.
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Based on our interpretation of the NRC report and other related guidance, a transition assessment
is expected to include the following components:

1. A description of site complexities and their implications for achieving remedial objectives.

2. A quantitative assessment of concentration trends that may include projecting the
remediation timeframe based on the current remedial approach, demonstrating asymptotic
behavior and plume stability, and estimating the attenuation rates/remediation timeframe
if the current remedial approach was discontinued.

3. Identifying alternative approaches for managing the site along with their expected
performance.

The task of figuring out how to address each of these components is left to the site manager.
Without a clear understanding of how to proceed, it may be viewed as not worth the effort. These
are the knowledge gaps that we address within this study, including the introduction of a new
software tool that serves as a framework for performing transition assessments with MNA as a key
transition technology.

2.2 Challenges in Applying Active Remediation to Reduce Concentrations

The goal of active remediation at most sites is to reduce contaminant concentrations below specific
cleanup thresholds at a rate that results in more rapid site closure. However, there is increasing
empirical evidence that our existing remediation technologies have limitations in the level of
performance that they can achieve. For example, McGuire et al (2016) evaluated the performance
of various in situ treatment technologies at 235 sites and found that the typical project reduced
site-wide parent compound concentrations by approximately 0.5 to 2.0 orders of magnitude (i.e.,
concentration reductions of 71 — 99%). Furthermore, only 7% of the 235 sites were able to reduce
concentrations below typical maximum contaminant levels (e.g., 5 mg/L for TCE) at every
monitoring well after in situ remediation. While this level of performance may provide some
benefit in terms of mass removal, these data suggest that post-treatment concentrations are likely
to be above those required for site closure. Other remedial technologies like groundwater pump-
and-treat systems or soil vapor extraction can also remove contaminant mass, but they largely
focus on source control and/or containment, such that concentrations may initially decrease but
then plateau as the system continues to operate and the source ages (Truex et al., 2015; Brusseau
and Guo, 2014).

While there are several reasons why concentrations may plateau over time at these sites, a primary
contributor is likely to be the general inaccessibility of contaminant mass in lower-permeability
zones within a groundwater-bearing unit. Specifically, a large portion of the remaining mass may
be associated with so-called “immobile porosity” in clays or silts due to matrix diffusion over the
course of decades (i.e., the post-release period) (Sale et al., 2013). Mass in the more accessible
(transmissive) portions of the site may have already been removed through extensive treatment (or
flushing) of the source, but the remaining portion of mass is slowly diffusing back out of the lower-
permeability soils. Because of mass transfer limitations, concentrations can plateau at sites
dominated by matrix diffusion, and the use of groundwater extraction to capture mass may not be
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a cost-effective approach for improving the remediation timeframe. In addition, these matrix
diffusion effects make the remaining mass difficult to treat using more aggressive methods because
amendments cannot be easily delivered to lower-permeability soils. Furthermore, plume
development can transport significant mass beyond the source area, where the potential interaction
with low-permeability materials in downgradient areas may exacerbate the problem of matrix
diffusion. In some mature sites (Sale et al., 2013), concentrations near the source and in the
downgradient plume may be low, meaning there is little incentive—from a cost or efficiency
perspective—to attempt further source treatment. These “dilute plumes” may be characterized by
a plume footprint that is typically (but not always) large and relatively stable. These sites are
generally better candidates for less-intensive management strategies that focus on reducing mass
discharge rates, stabilizing the plume, and protecting potential downgradient receptors. Given the
treatment limitations at these sites, understanding and quantifying how natural attenuation
processes are contributing to concentration trends is also critical.

In parallel, the past several years have seen the evolvement of critical new thinking about when
and how MNA should be applied at contaminated sites. The United States Environmental
Protection Agency (USEPA, 1999) published a directive on the use of MNA and specified that it
be shown that the site-specific remediation objectives can be attained within a time frame that is
reasonable compared to that offered by other more active methods. The use of MNA is consistent
with the growing appreciation that long-term and lengthy restoration processes may be inevitable
(Leeson et al., 2013; ITRC, 2011). This is coupled with increased recognition of the viability of
natural attenuation processes besides biological reductive dichlorination, the documentation of
degradation and retention pathways for a broader number of contaminants like 1,4-dioxane, PFAS,
and inorganics (Adamson et al., 2022; Newell et al., 2021; USEPA, 2007), and the development
of quantitative frameworks for evaluating monitored natural attenuation as a site remedy or
management approach (Danko et al., 2022).

23 The Use of MNA as a Transition Technology

MNA can be used as a remedy or site management approach, and its applicability as a transition
technology will generally depend on the regulatory requirements for a particular site.

o Sites regulated under the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA or Superfund) typically have a requirement that the concentrations
of all contaminants of concern must meet specific cleanup standards within a specified
“reasonable timeframe”. At the site level, this requires two key things: 1) stakeholders
agreeing on what is a “reasonable timeframe”’; and 2) a method to calculate the remediation
timeframe. While the first requirement has no firm rules or guidelines established, it can
rely on established methods for estimating the remediation timeframe. These involve
reviewing long-term monitoring data to determine if attenuation within the assessment
period is sufficient to achieve the cleanup objective by the designated deadline. As
described in the next section, this is a key element of a new tool designed to support
transition assessments.
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e If a site is regulated as part of the Resource Conservation and Recovery Act (RCRA) or
the risk-based regulatory programs employed by many states, the typical objective is to
ensure that contaminants are reduced to acceptable levels before groundwater can migrate
off-site and affect receptors. Within this application of MNA, groundwater must meet a
cleanup standard before it reaches a specific downgradient location (the point of
compliance). To facilitate this process, fate and transport models or statistical projections
are typically employed. For example, a quantitative model (the MNA Rate Constant
Estimator) has been developed as part of an existing decision framework for MNA
(BioPIC) (Adamson et al., 2022). An alternative projection-based approach is included in
the new decision tool described in the next section.

In either case, MNA can be used alone or in combination with other remedies to achieve the site
objectives. Regardless of how it is implemented, the key is demonstrating that MNA can achieve
the applicable concentration-based goals (the primary line of evidence for acceptance of MNA)
and that the relevant attenuation processes are well understood and sustainable (the secondary and
tertiary lines of evidence for MNA).
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3. TECHNICAL APPROACH
Figure 3-1 shows the task structure that was employed for this project.
TASK 1 TASK 2 TASK 3
Development of Modeling Forecasting of
Simple <:| Data and Remedial
“Calculators” Guidance Performance
TASK 4 TASK 5
MNA TA2? Tool
Enhancements (prototype)
@ Go/No-Go
TASK 6 TASK 7
TA2? Tool Case Tech
(final) Studies Transfer

Figure 3-1. Task Structure for SERDP ER20-1429.

These tasks were then used to develop the following workflow:

Develop and identify the primary learning objectives for potential end-users. These are
the knowledge gaps and/or critical information for completing a Transition Assessment.
The first objective is a quantitative assessment of concentration and mass trends that may
include projecting the remediation timeframe based on the current remedial approach,
demonstrating asymptotic behavior and plume stability, and estimating the attenuation
rates/remediation timeframe if the current remedial approach was discontinued. The
second objective is a description of site complexities and their implications for achieving
remedial objectives. The final objective is to identify alternative approaches for managing
the site along with their expected performance.

Translate these objectives into a series of individual modules that would be the key
elements of the tool’s home page. An initial list of modules for the tool was developed and
then expanded as part of an iterative process. Once this process was completed, the final
version of the tool included 9 individual modules plus an overall summary module.
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o Develop the technical basis for the individual modules. This included identifying the
specific quantitative approaches for documenting asymptotic behavior, plume stability, site
heterogeneity, etc. It also included data-driven studies on remediation performance, as
well as compiling of modeling approaches, site characteristics, and relevant technologies
for further evaluation.

o Create initial storyboards. These were designed to provide a starting point for the
interfaces, including the basic layout, key elements that needed to be included, and data
entry requirements. These helped to guide graphical design and coding.

o Incorporate into a suitable web-based platform to facilitate learning. The tool was
developed as an R Shiny app. This is a web-based, interactive platform where R
programming is used to perform all quantitative functions and the user can view the results
in a clean and simple interface that easily accommodates plots, charts, and various mapping
features. The resulting tool is free and does not require the user to install software on their
computer. A version of the code has been uploaded to GitHub for any user who wishes to
make their own custom modifications to the tool.

Initially, the first four steps of this process were to be completed before starting on the web-based
tool. Early on, the project team decided to complete the coding in parallel to improve the overall
workflow and avoid unexpected complications.

Figure 3-2 shows each of the modules that were incorporated into the tool, along with a guide for
how the project tasks are tied to these modules.
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TASK 1 1. Has a concentration vs time
asymptote been reached at
my site?

6. Model a groundwater plume for a TASK 2
Transition Assessment

TASK 1 [ 2. Is my plume still

expanding?
UL SR 7. Enhance Monitored TASK 4
- and Natural Attenuation
TASK 2 3. How long will it take to Remediation processes.
reach cleanup goals after Transition
source remediation at my site? Anooaament
Index (RTAI) 8. Understand how much geologic | TASK 1

TASK 3 4. Whatlevel of performance
can | expect from an in-situ
source remediation projects?

heterogeneity there is at a site.

TASK 5, TASK 6,
TASK 7

9. Learn from other SERDP TASK 7
TASK 1 5. Can | meet my cleanup goal at a Transition Assessment Projects.
downgradient point of compliance

after stopping active treatment?

Quantitative Analysis Tools Qualitative Learning Tools

Figure 3-2. Modules for the TA? Tool and Mapping to Project Tasks.
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4. RESULTS AND DISCUSSION

4.1 Overview and Intended Users of the TA2 Tool

The overall objective of the project was to develop a learning and decision tool to help stakeholders
gather information for a site-specific Transition Assessment. This free software, the Transition
Assessment Teaching Assistant (TA?) Tool, was developed to address what our project team saw
as the critical learning objectives for potential end-users (SERDP, 2024; https://serdp-
estcp.mil/projects/details/350cbc0b-893a-43a6-8a0c-c9c057bacac0/er20-1429-project-
overview).

The first learning objective is to help users perform a quantitative assessment of concentration and
mass trends that may include projecting the remediation timeframe based on the current remedial
approach, demonstrating asymptotic behavior and plume stability, and estimating the attenuation
rates/remediation timeframe if the current remedial approach was discontinued. The second
learning objective focuses on describing site complexities and their implications for achieving
remedial objectives. The final objective is to identify alternative approaches for managing the site
along with their expected performance.

These objectives were translated into a series of individual modules (tools) are the key elements
of the home page (Figure 4-1). This includes the 9 individual modules plus an overall summary
module, as described in detail in Section 4.2. The technical basis for the individual modules was
then developed, including identifying the specific quantitative approaches for documenting
asymptotic behavior, plume stability, site heterogeneity, etc.
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About Datalnput 1.Asymptote 2. Expansion 3. Clean-up Goals 4. Performance 5. Plume Projections 6. Matrix Diffusion 7. EA 8. Heterogeneity 9. Other Projects  10. Summary

TA% THE SERDP TRANSITION ASSESSMENT TEACHING
ASSISTANT

Instructions:
(1) Use Tools #1 — 9 to evaluate specific issues that are important for Transition Assessments.
(2) Use Summary Tools #10 to see how to integrate this information into a full Transition Assessment.

I want to do calculations to answer the question...

5. Can | meet my
cleanup goal ata
downgradient
point of
compliance after
stopping active
treatment?

4. What level of
performance can
1 expect from an
in-situ source
remediation
projects?

1.Hasa 3. How long wil it
cconcentration vs
time asymptote

2. Is my plume take to reach

still expanding? cleanup goals
been reached at “aftor source

my site? remediation at
my site?

I would like to learn more about how to...

9. Incorporate
new insights from
other recent
SERDP
Transition
Assessment
Projects

6. Model a
groundwater
plume and

7. Enhance 8. Understand
Monitored how much

Natural geologic
Attenuation heterogeneity
processes. there is at a site.

account for

matrix diffusion.

Summary

10a. Step-by-Step Guide for an MNA 10b. Remediation Transition Assessment » .
Transition Assessment Index (RTAI) 10c. Transition Assessment Checklists

Figure 4-1. Home Page for TA? Tool. Users can click on buttons to access various tools that
are designed to answer specific questions or research relevant topics.

The tool provides a framework for remedial decision makers to evaluate different types of sites,
including where active treatment (e.g., pump and treat) as well as sites where active source zone
remediation is being contemplated. It also includes a description of enhanced MNA alternatives
at sites where MNA alone may not be sufficient to control risk. As shown in Figure 3, the tool can
be used to answer specific questions that have a primarily quantitative basis or to provide focused
qualitative information for researching specific topics. Users can engage with those individual
modules that might be pertinent to an individual site assessment, or they can go through all the
modules to perform a more thorough, step-by-step summary of the relevant issues for their site.

The tool has been developed as an R Shiny app (version 1.8.0) (Chang et al., 2023). This is an
interactive platform where R programming is used to perform all quantitative functions and the
user can view the results in a clean and simple interface that easily accommodates plots, charts,
and various mapping features in a Web browser. The resulting tool is free and does not require the
user to install R software (R Core Team, 2023) or R code on their computer. In addition to the
Shiny web-browser interface, a version of the codes has been uploaded to GitHub
(https://github.com/GSIEnvironmental/5648 TA2-Transition-Assessment-Assistant 1a) for users
interested in making custom modifications to the tool. These codes are readily accessible and can
be executed on users' local machines. A list of various R package libraries used in this R shiny
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platform can also be found on GitHub. Over 40 packages are utilized in this platform, with some
of them being customized to meet specific requirements.

Within the framework of the TA? application tool, an integrated data input tab has been developed
to facilitate the seamless uploading and editing of monitoring well concentration time series and
location data. This tab serves as a critical component, enabling users to import pertinent
information from an Excel file. To ensure compatibility and streamline the data entry process, a
tailored template has been developed within this tab. This template is designed to accommodate
the unique requirements and formats pertinent to the TA? Tool, which helps to ensure efficiency
and accuracy in data handling and analysis. The data tab is rendered with each module and the user
is typically prompted to enter other relevant site-specific data by either uploading an Excel file or
modifying the data tab on the screen by hand, and the results are automatically generated in each
module. Help buttons (icons marked with an “?”’) are provided within the individual tools to guide
users on how to answer questions or select representative parameter values.

The following sections describe the modules contained within the app, and the project webpage
includes a Technology Guide that provides additional information on its structure and application.

4.2 Detailed Description of Individual Modules in the TA? Tool
4.2.1 Quantitative Tools

Tool 1 uses concentration vs. time data from site monitoring wells to help determine if asymptotic
conditions are present at particular locations or across the site (Figure 4-2). This is a crucial
component of understanding if performance has plateaued at wells where an active treatment is in
place (e.g., a groundwater extraction well located within a source area). The tool accomplishes
this by calculating source attenuation rates from a monitoring well’s concentration vs. time data
(assuming a first-order relationship with a designated confidence interval), and then estimating the
time to reach a user-specified cleanup goal if that attenuation rate were to continue. The user can
select a “change point” within the monitoring record to see if there is evidence that the rate has
changed over time. This type of change point analysis has proven successful in evaluating MNA
and documenting the technical basis for transitioning sites (e.g., Ferrey et al., 2024). For example,
a relatively rapid attenuation rate may be observed early in the monitoring period, followed by a
leveling off as most of the accessible mass has been removed. The user can then manually select
the date when this change appears to have occurred (based on visual interpretation) or use a date
suggested automatically by the tool (based on a binary segmentation protocol). Once this change
point has been entered, the tool will then calculate a rate for the early period and a rate for the later
period, and then go through five lines of evidence for whether these rates are consistent with
asymptotic conditions (e.g., are the two rates of attenuation significantly different?). If the
collective results suggest that the performance of the existing remediation approach is asymptotic
and will result in long remediation timeframes, then this serves as a technical justification for
performing a transition assessment.
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Geomean Concentration of COC in Selected Wells Over Time

1000)

Jul 2012 Jan 2013 Jul 2013 Jan 2014 Jul 2014 Jan 2015 Jul 2015 Jan 2016 Jul 2016 Jan 2017

Overall Results

First Order Source Attenuation Rates _Estimated Time-to-Clean

(per year) Year Upper Bound Year

Entire Record 0.248 2021 2023
Period 1 0.626 2016 NA
Period 2 0.243 2021 2025

Lower and upper bound years based on 95% confidence interval

r time.

Asymptote Analysis

Possible Asymptotic Conditions Is the Condition Met?
1. Are the two rates of attenuation for the two periods significantly different? YES
2. Is attenuation rate in period 2 significantly close to 0? NO
3. Is the attenuation rate of the first period more than two times the second rate? YES
4.1s the the absolute difference between the last points on each regression line less than 10? NO

5. Is the period 2 attenuation rate less than 0.0693 per year (10 year half-life)? NO

2 of the 5 possible asymptotic conditions are present.

Figure 4-2. Example of an Asymptote Analysis Using Concentration vs. Time data in Tool 1
of the TA? Tool. The source attenuation rate and corresponding remediation timeframe can be
estimated for different periods of the monitoring record, and the tool then evaluates several lines
of evidence for asymptotic behavior.

Tool 2 focuses on plume stability by using concentration vs. time data to calculate trends in the
data for site monitoring wells (Figure 4-3). The user has the option to evaluate well data separately
or evaluate after aggregating data into different groups, such as: (1) Source wells; (2) Mid-plume
wells; and (3) Downgradient wells (or any other grouping of wells).

The tool then uses a non-parametric statistical trend test (Mann-Kendall Test) to determine if
increasing or decreasing trends are present. A stable or decreasing trend for individual
downgradient wells, or the entire group of downgradient wells, suggests that attenuation within
the plume is contributing to a stable or shrinking plume footprint. This is a primary line of evidence
for natural attenuation when MNA is used as a remedy and/or as a risk management strategy.
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Concentration trend results for individual wells are displayed on a base map that is automatically
generated from the user-entered geographic coordinates. The tool will also evaluate the mass trend
for groups of wells using the concentration vs. time data and the representative areas for the wells.
A site-wide trend can be established by selecting all wells, and a stable or decreasing site-wide
trend suggests that the plume is attenuating.

OVERALL MANN-KENDALL TEST RESULTS
Groups of Wells Trend S Statistic p-Value Coefficient of Variation Sen’s Slope o
All Monitoring Wells  No Trend 15 0.907 0.437 0.0223
MANN-KENDALL TEST RESULTS BY WELL
Monitoring Well Trend S Statistic p-Value Coefficient of Variation Sen’s Slope
MW-1 Decreasing -937 <0.05 0.405 -0.160 O
MWwW-4 Decreasing -112 <0.05 161 -0.775 O
MW-5 No Trend 13 0.146 0416 0.575 O
MW-6 No Trend 13 0.146 0.384 0.575 O
MwW-7 No Trend 13 0.146 0416 0.575
Mw-8 Decreasing -48 <0.05 1.01 -0.781 O O
MwW-9 Decreasing -112 <0.05 161 -0.775 O
PW-1 Decreasing -636 <0.05 114 -4.87
PW-3 Decreasing ~ -888 <005 1.07 -938 B Insufficent Data
No Trend
Increasing O
Decreasing
Stable
Is the plume still expanding?
AllM Well e L
onitoring Wells es T

Figure 4-3. Example of a Plume Stability Analysis in Tool 2 of the TA? Tool. Trend analysis
is performed for individual or groups of wells, and results are automatically plotted by location
based on user-entered coordinates.

Tool 3 is a simple tool that will estimate the number of years it will take to reduce the concentration
in a chlorinated solvent plume monitoring well by 90%, 99%, or 99.9% after complete source
removal (Figure 4-4). This information is then used to predict the remediation timeframe (the year
when the cleanup goal concentration is reached) for the site as a result of completely removing the
source. The basis for this tool was developed by the late Dr. Bob Borden (Borden and Cha, 2021)
and it relies on tens of thousands of simulations generated using the REMChlor-MD model (Falta
et al., 2018). The tool provides an empirical match based on site-specific information. The model
has also been linked to a probabilistic simulation package within R Shiny which uses a Monte
Carlo approach to assess how uncertainty in the input parameters affects the timeframe estimates.
The overall goal is to better document the influence of matrix diffusion on achieving the cleanup
goal. For instance, the remediation timeframe estimate from Tool 3 can be compared to the
remediation timeframe estimate from Tool 1 to understand if source removal provides benefits. If
not, it means that matrix diffusion processes are significant enough where a transition from an
active remediation strategy to a more passive approach is merited. Having this information readily
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available before an active remedy is implemented, could assist site stakeholders select more
appropriate remedies and improve effective risk communication with regulators and the public.

View Results*

1. See Timeframe to Reduce Plume Concentrations by 90%, 99%, and 99.9%

Concentration Reduction  Concentration (ug/L) Year Achieved Estimated Ranges of Year Achieved  Years From Now (2024)

90% (1 OoM) 1000 2028 2026 - 2034 4
99% (2 OoMs) 100 2054 2037 - 2100 30
99.9% (3 OoMs) 10 2220 2074 - 2474 196

Travel Time from Source to Well: 1 years

Monte Carlo Number of Realizations: 1000 out of 1,000

2. See Approximate Timeframe to a Reach Clean-up Goal (optional)

Target Clean-up Level (ug/L): 5

The monitoring well will achieve the clean-up goal of 5 ug/L in 2378.

10000

,_.
o
S
=)

Monitoring Well (ug/L)
S
S

TCE Concentration at

Clean-up

2050 2100 2150 2200 2250 2300 2350 2400

Year

Confidence Interval 10% Confidence Interval 90% -—e— Mean

Figure 4-4. Example of Remediation Timeframe estimates after complete source removal in
Tool 3 of the TA2 Tool. The time to reach concentration goals is estimated from RemCHLOR-
MD simulations that are based on site-specific hydrogeologic parameters to account for the
effects of matrix diffusion. A Monte Carlo approach is used to account for uncertainty in the
parameter values.
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Tool 4 leverages the extensive ESTCP investment in understanding what has happened at
remediation sites to create a semi-quantitative forecasting tool for understanding what level of
performance (i.e., reduction in concentration) might be achieved at a particular site (Figure 4-5).
This is then used to predict whether the selected technology would be able to obtain the
concentration reduction needed to achieve a site-specific cleanup goal. It is based on the database
of remediation performance at 235 chlorinated solvent groundwater sites described in McGuire et
al. (2016). Users select the contaminant type(s), maximum concentration range, and technologies
that they wish to evaluate, along with a site-specific starting concentration and cleanup goal. The
tool displays the relevant performance data in a “triangle chart” that includes the before-treatment
concentrations (x-axis) and after-treatment concentrations (y-axis) for each site. The higher-
performing sites are those that have achieved a higher Order of Magnitude (OoM) reduction in
concentration, meaning that they plot on the lower right portion of the graph. A table at the right
of the chart shows how close one would be expected to get to the site-specific cleanup goal based
on the performance range of the selected technology. This is important for setting expectations on
whether a given technology typically achieves the degree of concentration reductions that might
be required at the site being assessed, which can then be used as part of a cost-benefit analysis of
performing additional source remediation.

Remediation Chart Forecasting Results

Remediation Performance: Chlorinated Solvents
Number of Remediation Projects: 253

10,000,000-

Middle Low High
Range Range Range

1,000,000~
Empirical Remediation Performance Stats

100,000+

% reduction 82 Increasing 100

OoM

v 14 1
reduction L) 8

10,000- : .
After In-Situ Remediation is Performed, How Much
Closer to the Cleanup Goal Will You Get?

1,000- Forecast %
reduction still 43 Increasing

needed

Goal
Achieved
100- OoM
reduction still 025 24
needed

Goal
Achieved
10- % way to

reach criteria Goal
(based on : Achieved
OoMs)

1-

0.1-

Maximum Concentration After Treatment (ug/L)

Maximum Concentration Before Treatment (ug/L)
@ Bioremediation (n=117) @ Chemical Oxidation (n=70)
@ Chemical Reduction (n=17) @ Chemical Reduction / Bioremediation (n=4)
@ MNA (n=18) @ Surfactant (n=4) @ Thermal Treatment (n=23)

Figure 4-5. Example of the Remediation Performance Forecasting Results in Tool 4 of the
TA? Tool. Each symbol on the chart represents a site where in situ remediation has occurred
based on the concentration before treatment (x-axis) vs the concentration after treatment (y-axis).
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Tool 5 uses site monitoring data to evaluate if concentration-based cleanup goals will be exceeded
at a downgradient point of compliance (e.g., site boundary) after transitioning from active
treatment (e.g., pump-and-treat) to passive treatment (e.g., MNA) (Figure 4-6). This is a key
criterion for sites where MNA is being used as part of a risk-based management strategy. The tool
includes several different options to estimate a site-specific attenuation rate constant, and then uses
this rate constant to project the concentration vs. distance from the contaminant source. The
predicted concentration at the downgradient point of compliance is then compared to the
concentration goal to see if the natural assimilative capacity along the aquifer flow path can
achieve the concentration goal.

For example, the tab labeled “Use Pre-Remediation Rate Constant” lets the user project
concentrations with distance based on a rate constant that is derived from the pre-remediation
period. It first plots the logarithm of the concentration of contaminants from the period before
active treatment began against the distance from the source well. Ideally, the data from the plume
centerline should plot near a straight line. The user edits the data to exclude low concentrations
that are obviously not along the plume centerline. The tool then fits a linear regression to the natural
logarithm of concentrations of contaminants on distance from the source. The slope of the
regression is the rate constant for natural attenuation in concentrations with distance from the
source. This rate constant includes the contributions of degradation and dispersion. This rate
constant can be used to forecast the concentration with distance from the well of concern after the
end of active treatment. This graph showing this projection is also included on this Tool 5 tab, and
it uses the well locations and data selected by the user. To allow the user to address uncertainty in
the rate constant, Tool 5 will calculate the slower one-tailed confidence interval on the rate constant
for attenuation at a level of uncertainty selected by the user. The user can then see how the slower
confidence interval impacts the projected concentrations along the flow path on the same graph.
Similar approaches are provided within Tool 5 for using rate constants estimated from lab-based
(or even field-based) assays, as well as rate constants derived from post-remediation data.
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Concentration of COC in Identified Wells Over Distance
1054 :
~104
=
o
24103
=107
o
o
5102
o
o
8 101
9
o 14
p
10—t T
0 500 1000 1500 2000 2500 3000
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______ Cleanup Goal (10 ug/L) Point of Compliance
° Post Remediation ° Pre Remediation
Regression:Projected 0 0—===--- Regression:Projected with confidence
Regression:Evaluation Well Projected Regression:Evaluation Well Projected with confidence
Estimated Concentration at Point of Without With
Compliance ug/L Confidence Confidence
Limit Limit
0.2 0.27
Cleanup Goal Achieved at Point of Without With
Compliance? Confidence Confidence
Limit Limit
Yes Yes
Estimated Attenuation Rate Constant (per Without With
meter) Confidence Confidence
Limit Limit
0.0029 0.0028

Figure 4-6. Example of a Concentration vs. Distance Projection in Tool 5 of the TA? Tool.
The natural attenuation rate is calculated based on pre-remediation data (other options are
available) and then used to determine if the cleanup goal will be achieved at the downgradient
point of compliance.

4.2.2 Quantitative Tools

Tool 6 is a summary of our current understanding on the role of matrix diffusion in influencing
long-term concentration trends and remedial performance at contaminated groundwater sites, as
well as different modeling approaches for better quantifying the effects of matrix diffusion. This
includes a detailed case study from a large pump-and-treat site where concentrations plateaued
over time in extraction wells, and modeling showed that these effects were related to matrix
diffusion. This module also compares eight different modeling approaches for estimating the
impact of matrix diffusion on remediation, including lower-effort (screening-level) modeling
approaches vs. more detailed simulations using numerical models. A key portion of this module
is the step-by-step description of how REMChlor-MD can be applied to support Transition
Assessments. REMChlor-MD is a free model that helps answer the question “what benefits will

SERDP ER20-1429 18 Final Report



WGSI

ENVIRONMENTAL

a hypothetical remediation project provide?”, making it well-suited for deciding if additional
remediation is warranted at sites where complex geologic conditions might limit performance.

Tool 7 describes different enhanced attenuation (EA) options that can be explored at sites where
MNA might be insufficient to manage the plume by itself. At these types of sites, a Transition
Assessment has likely identified significant technical limitations that make it unlikely that
aggressive remedial measures will result in short-term achievement of site goals. This means that
it makes sense to transition the site from an active mass removal phase to more passive long-term
management, but some additional remediation measures may be required to meet site objectives
(e.g., limit future plume growth, maintain certain concentration goals at a point of
compliance). For these sites, it is important to evaluate EA approaches that may serve as a
“bridge” between intensive source treatments for mass removal and MNA, as described in ITRC
guidance (2008). This can include methods to reduce contaminant loading from the source (e.g.,
caps/covers, containment barriers, and hydraulic control) or increase attenuation capacity within
the source or plume (nutrient injections, phytoremediation).

Tool 8 provides a site-specific assessment of the geologic heterogeneity that contributes to matrix
diffusion. This includes the presence of aquitards and the distribution of low-permeability layers
and lenses within your plume. With this information, the impact of matrix diffusion on remediation
performance and cleanup times can be categorized as Low, Moderate, or High. Users start by
reviewing a menu of different hydrogeologic settings to identify the one that is most representative
of the conditions for the plume at their site. They then enter data from site-specific boring logs to
determine the distribution of low permeability layers/lenses that are in contact with the plume.
These data are used to characterize the geologic heterogeneity at the site and the potential impact
of matrix diffusion on remediation based on simulations automatically performed using the
REMChlor-MD model.

Tool 9 provides information on several other projects that were funded under the same SERDP
Statement of Need (“Quantitative Groundwater Plume Characterization to Support Transition
Assessments”) as the TA? Tool. These projects also aim to improve our ability to identify
transition points from active to more passive remedial measures, and to allow us to better assess
the impacts of interim remedial measures. The information found at these pages—which will
continue to be updated as these projects progress—include tools, guidance, reports, and other
publications that highlight key findings and benefits to DoD and other interested parties.

4.2.3 Summary Assessment Tools

Tool 10 walks through the key steps that should be followed when conducting a site-specific
transition assessment. In this case, the primary objective is to determine if transitioning to MNA
is appropriate based on site conditions and/or the performance of ongoing or prospective remedial
measures by utilizing information from different modules with the TA? Tool.
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For example, Figure 4-7 shows the step-by-step procedure that includes evaluating two primary
bright line criteria that are likely to be relevant (depending on the specific site objectives) as a first
step: (1) Can the relevant concentration goals be met at the point of compliance with MNA?; and
(2) Is the remediation timeframe for MNA reasonable and/or similar to the timeframe if source
remediation was used?. This tool also provides checklists to ensure that the user has gathered the
necessary information to support a technically rigorous site-specific Transition Assessment. It
further maps out how each of the other tools in this app can be used to assist in the overall
assessment. These checklists are based on three key site-specific elements shown in the graphic to
the right. For the purposes of this tool, we have included the initial steps of documenting site
conditions and complexities, as well as the quantitative assessment of asymptotic trends and plume
stability, in the Transition Assessment.

the primary “bright line” criteriafor be met with MNA

Step 1. Determine if the site meets Determine if the concentration goal at the point of compliance can
transitioning to MNA (Tool 5)

and/or similar to the timeframe after source remediation

Determine if the remediation timeframe for MNA is reasonable
(Tool 3)

Step 2. Establishthe “persistence
index” for the site

(Tool 10b)

Calculate Remediation Transition Assessment Index ]

for the 3 key elements of a

Step 3. Documentthe relevant info ‘
Transition Assessment

Complete Checklists (Tool 10c) l

| ' P Ptjrform ( ‘ \ [ ]

1. Describe site quantitative
complexities and |  assessment of
implications for concentration
3b. Enhanced

achieving ; trends (e.g.,
cleanup goals ’ “asymptotic” ’ Attenuation / Active
performance) ; Remediation

Figure 4-7. Summary of Transition Assessment Framework Presented in Tool 10 of the
TA? Tool.

Tool 10 also integrates information from several other tools in the app into a Remediation
Transition Assessment Index, or “RTAI”. The RTAI serves as a simple metric that reflects the
relative persistence of contamination at a site due to matrix diffusion and other site-specific
considerations (Figure 4-8). It summarizes the results from relevant tools that have been
completed by the user, and then assigns a RTAI value to each of those results. An RTAI of 5
indicates that the results suggest that the site is a strong candidate for transitioning to MNA or
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enhanced attenuation approaches, while an RTAI of 1 suggests that the site is a poor candidate.
The user can review the RTAI values generated by each tool and assign an overall (average) RTAI
for the site based on the preponderance of evidence (Figure 4-9). Alternatively, the user can
choose to weight specific RTAI values more heavily based on their relevancy to the site-specific
drivers. Note that a user can calculate an RTALI for their site without going through the other steps
in Tool 10. However, a decision to transition to MNA will likely require that the “bright line”
criteria described in Tool 10 have also been met, and that relevant site information (described in
the Tool 10 checklists) has been adequately documented.

<« RTAI »

RTAI=1 RTAI=5
Site is poor Site is
candidate strong
for candidate
transition for transition

Figure 4-8. Remediation Transition Assessment Index (RTAI)
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RTAI
Tool Poor Fair Typical Good Strong Rationale
Candidate Candidate Candidate Candidate Candidate
RTAI =1 RTAl = 2 RTAI =3 RTAI = 4 RTAI =5
The RTAl is higher if there are more Lines of Evidence
L-ASymptots (ool 1) 1 2 3 4 B that concentrations at the site are asymptotic.
The RTAl is higher if key downgradient/sentinal
2. Is my Plume expanding? (Tool 2) Pl ST PD D well(s) exhibit stable or declining concentration
trends.
The RTAl is higher for sites where a higher
concentration is needed and may not be achievable
3. Expected performance (Tool 4) <0.5 0.5 to <0.75 0.75 to <1.25 1.25 to <2 22
based on the expected level of performance of
remediation technologies.
The RTAl is higher for sites with challenging cleanup
" . . goals and difficult conditions. It is based on a similar
4. Remedial Potential (Tool 4) High High-Mod Moderate Mod-Low Low

methodology developed by ITRC for evaluating
remediation potential.

The RTAl is higher for sites where additional source
remediation does not result in short remediation

5. How long? (Tool 3) <5 5to <10 10 to <25 25 to <50 >50 timeframes. It is based on the estimated number of
years to reach the cleanup goal after source
remediation.

The RTAl is higher for sites where EA technologies or
approaches can be easily implemented. It is based on

6. Enhanced Attenuation (Tool 7) - - - v - the depth and width of the area being targeted,
which are used as proxies for cost and ease of
installation.

Metric 0 1 1 2 1

Figure 4-9. Example of how the Remediation Transition Assessment Indicator (RTAI) is
estimated within Tool 10 of the TA2 Tool. A high RTAI from an individual tool (or multiple
tools) supports transitioning away from active treatment.

4.3 How the TA? Tool Compliments Other Transition Assessment Resources
4.3.1 Adaptive Site Management (ITRC)

ITRC developed guidance on remediation management of complex sites using a process labeled
Adaptive Site Management that focuses on key concepts and tools and techniques to reduce
uncertainty and manage the process of remediation. closure has been difficult to achieve (ITRC,
2017; Price et al., 2017). The goal was to show that meeting closure objectives at these sites may
be difficult but would benefit from an adaptable, iterative evaluation process that may require
modifying remedies over time. The steps outlined in the ITRC guidance are consistent with those
described here for Transition Assessments, including the need to understand the complexities of a
site that may influence remediation potential. There is less emphasis on specific quantitative tools
or approaches to analyze site data, and quantifying exactly how site complexities influence
remediation timeframes is not specifically addressed. However, the ITRC did emphasize the need
for developing interim objectives that can be used to modify and/or transition away from existing
remedies. They also pointed out that the concepts that apply at complex sites are also applicable
to smaller or less resource-intensive sites.

4.3.2 Enhanced Attenuation (ITRC)
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Enhanced attenuation as a concept was comprehensively described in ITRC guidance as a bridge
between active treatment and natural attenuation (ITRC, 2008). It includes a variety of techniques
that can be used to reduce contaminant loadings to aquifers (or within aquifers) and/or increase
attenuation rates of natural processes beyond those that might otherwise occur without intervention
(Wilson et al., 2007). These concepts were directly integrated into the TA? Tool and thus are
consistent with the Transition Assessment approach proposed here. They are an important element
of transitions away from active treatment because they represent potentially viable remedial
options for sites where MNA is insufficient to manage an entire site. As such, they can be used in
combination with MNA to ensure that the natural assimilative capacity of an aquifer is not
exceeded. In addition, there is increased recognition that active treatment processes such as
biological reductive dechlorination can be implemented in a way that will contribute to longer-
lasting effects (Horst et al., 2022). These benefits of these so-called “long-term passive phases”
of remediation are based on empirical evidence that biotic and abiotic attenuation rates can remain
enhanced for many years after the end of active treatment (e.g., once amendment injections have
stopped). These processes can be evaluated as part of Transition Assessment, particularly when
evaluating attenuation rates at sites where in situ treatment has already occurred.

4.3.3 Pump-and-Treat Optimization (ITRC)

ITRC recently published technical guidance for sites where a pump-and-treat remedy is already in
place or planned (ITRC, 2023). The document includes a section on “transition and termination”
of these systems, which complements the approach for transition assessments described in the TA?
Tool. For example, the first step in the ITRC guidance is to “identify the trigger conditions” for
transitioning away from pump-and-treat, which includes an assessment of asymptotic performance
and an updated CSM where matrix diffusion is a limiting factor for performance. The TA? Tool
includes modules that directly support the assessment of these trigger conditions. Similarly, the
second step in the ITRC guidance involves identifying the transition approach, including an
understanding of whether MNA is feasible based on the assimilative capacity of the aquifer.
Again, this type of assessment is directly supported through several of the modules in the TA?
Tool, meaning it is well suited to support transition planning at sites with pump-and-treat systems.

4.3.4 Pump-and-Treat Performance Assessments (PNNL)

Researchers from the Pacific Northwest National Lab (PNNL) published several reports related to
assessing the performance of pump-and-treat systems, with a goal of understanding if a site-
specific transition was warranted (Truex et al., 2015; Truex and Johnson, 2017; Truex et al., 2017).
These included a structured decision framework that identified a series of decision elements (e.g.,
contaminant concentrations and trends, attenuation capacity of the aquifer, and future plume
behavior) that can be used to support different decision outcomes (e.g., transitioning to MNA).
This framework aligns nicely with the assessment process described here for the TA? Tool. For
example, the PNNL reports emphasize that the natural attenuation capacity of the aquifer should
be assessed to determine if it can reduce contaminant concentrations below limits at downgradient
boundaries or points of compliance after shutting off extraction wells. This use of an attenuation
zone (or assimilative capacity zone) provides benefits for transitioning from pump-and-treat
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remedy to MNA, particularly to monitor the short-term behavior of the plume in the initial
transition stages. A case study describing how this assessment framework could be applied to the
remedy decision process is in Truex and Johnson (2017).

4.3.5 BioPIC

BioPIC is a free decision support software developed for ESTCP that is designed to help evaluate
whether MNA is an appropriate site remedy based on collecting the relevant lines of evidence for
MNA (LeBron et al. 2015; Danko et al.,, 2021; Adamson et al., 2022; https://serdp-
estcp.mil/toolsandtraining/details/4bact717-26a3-4a7a-a53d-bff9cfbaec77). In assessing MNA,
the objective is to adhere to established protocols while integrating recent insights that enhance
the potential effectiveness of this method across a broader range of contaminants. This entails
utilizing data that supports primary evidence for MNA, such as the decrease in concentration trends
over time at appropriate sampling sites, as well as secondary and tertiary evidence. BioPIC was
originally developed to evaluate sites with chlorinated ethenes as the primary contaminant, but it
has recently been updated to include 1,4-dioxane and chlorinated ethanes. This quantitative
software tool furnishes systematic guidance for gathering and assessing additional lines of
evidence, including a methodology for estimating site-specific biodegradation rate constants using
site data or targeted '*C assays, isotope fractionation data, degradation biomarkers, geochemical
parameters, and co-contaminant concentrations. BioPIC shares similarities with the TA? Tool in
that both assess MNA as a potential remedy, but unlike the TA? Tool, it does not directly address
how to gather information to support transitioning away from existing (or proposed) active
treatments due to site complexities and performance issues.

BioPIC is also being updated as part of two other projects, including one that is examining natural
attenuation pathways for low concentrations of minor constituents (SERDP ER23-3904; PI Dr.
Anthony Danko, NAVFAC EXWC) and another that is investigating how abiotic processes
support transitions to MNA (ESTCP ER23-7881; PI Dr. Ramona lery, NAVFAC EXWC).

4.3.6 MAROS

MAROS is another free software tool that was originally developed for DoD in the late 1990’s and
is currently being updated as part of an ESTCP-funded project (ER22-7422). This tool focuses on
optimizing remediation monitoring networks but includes evaluation of well-specific and site-wide
trends with a particular emphasis on geospatial data visualizations. The current update involves
transitioning the elements from the former software package to the web-based R Shiny platform
(while incorporating new data visualization and analysis features), making it a good complement
to the TA? Tool for sites that are in long-term management phases.

Once the update is complete, the new version of MAROS will be available for download at its
ESTCP  project page: https://serdp-estcp.mil/projects/details/015¢c87e4-3737-43a9-9a35-
dbee577cabe3/building-the-next-generation-long-term-monitoring-optimization-toolbox-
revitalizing-the-maros-platform-on-the-web.
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4.4  Evaluation of Technology Transitions Over Time
4.4.1 Overview

As described previously, alternative technologies or approaches have emerged over time that offer
complementary or more efficient approaches to groundwater remediation in certain situations
compared to conventional technologies like pump-and-treat. Pump-and-treat systems can be
effective in containing groundwater contaminants and reducing migration, they have well-
recognized limitations that include high operating costs, long treatment times, and difficulty in
completely removing certain contaminants in less accessible portions of an aquifer. Pump-and-
treat systems are still widely used, but there is a perception that these systems—once installed and
operating—can never be shut down. If this assumption were true, then sites with pump-and-treat
systems would never be closed, and efforts to use site data to optimize and/or transition away from
this technology would be fruitless. Because of this perception, a more thorough evaluation of
whether sites with pump-and-treat systems are routinely transitioned to other technologies and/or
eventually closed is a good test case for documenting the potential value of performing transition
assessments.

4.4.1 Methods and Results

We examined multi-site data compiled by different regulatory agencies to help illustrate trends in
the use of pump-and-treat systems as a groundwater remedy. For example, USEPA reported that
pump-and-treat systems were included in approximately 25% of the groundwater remedy decision
documents (RODs) issued during the latest year available (2020) at Superfund sites (USEPA,
2023). The trend in the use of pump-and-treat at these sites has stabilized in recent years (three-
year average of 31% from 2018 —2020) after a period of long decline, though it is now at or below
the percentage of sites that have MNA (41% in 2020) or in situ treatment (50% in 2020) listed in
their decision documents as a groundwater remedy. However, USEPA does not summarize if or
when any changes to the selected remedies may have occurred after the decision documents were
issued.

A second example is the California Geotracker database, which is a publicly accessible data
management system maintained by the California State Water Resources Control Board
(https://geotracker.waterboards.ca.gov/). Among other data, it contains extensive information on
all sites that are part of the state’s corrective action program, including millions of individual
records dating back to the early 2000s. It has been used for many prior studies where multi-site
data are used to understand patterns in groundwater conditions, contaminant occurrence, and
remedial performance (Beckley et al., 2022; McHugh et al., 2022; Adamson et al., 2021). It also
records information on the type of remediation technologies that have been employed at individual
sites, and it provides access to site investigation reports and other administrative documents that
can be used to support further evaluation of their operating histories.

For the purposes of this study, the GeoTracker Database was downloaded in December 2022. The
database contained 14,156 corrective action sites with groundwater monitoring data. Of these
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sites, 8,021 included information on the remediation technologies applied at the site. The
technologies identified were capping (11 sites), dual phase extraction (490), ex situ biological
treatment (9), ex-situ physical/chemical treatment (211), ex situ thermal treatment (5), excavation
(4353), free product removal (1233), in site biological treatment (272), in situ physical/chemical
treatment (2031), in situ thermal treatment (10), monitored natural attenuation (567), other (769),
permeable reactive barrier (21), pump & treat (1709), and soil vapor extraction (3008). For 4,098
sites the database indicated that one remediation technology had been applied and for 3,923 sites
the database indicated that two or more technologies had been applied.

Based on prior work with the GeoTracker database, we were aware that information in the database
on remediation technologies was not always consistent with information provided in the site
investigation reports. In particular, we have previously observed that the start date and end date
for remediation technologies recorded in the database were often inaccurate. Therefore, in order
to better understand the use of pump and treat as a remediation technology, we selected a subset
of the 243 sites out of the 1709 where pump and treat was identified as the remediation technology
for verification. For each verification site, we downloaded one or more site investigation reports
from the GeoTracker website. These reports were reviewed to 1) confirm use of pump and treat as
a remediation technology at the site, and ii) identify the start date, current status, and end date (if
applicable) of the pump and treat system. Although most pump and treat sites in the database were
petroleum release sites that have attained regulatory closure, the verification sites were selected to
include similar numbers of petroleum and chlorinated solvent release sites and similar numbers of
open and closed sites (Table 4-1).

Table 4-1. Primary Contaminant and Regulatory Status for Pump-and-Treat Sites

El;)ilrlltl:;z;n ant Site Status Verification Sites All Sites
Petroleum CCI)(I)):eI:ld g‘l‘ 1310746
Chlorinated Solvent COI(I)):; 4 g? T66
Other g(r)’se:d 110 334

The distribution of sites is displayed in Figure 4-10. Key findings from this evaluation include
the following:

e Based on the entire dataset, pump-and-treat systems have reportedly been used at 21% of
all sites where a cleanup technology was identified in GeoTracker (1709 of 8,021).
However, 73% of those sites are now listed as closed (1256 of 1709). This suggests that
the majority of sites where a pump-and-treat system was installed were petroleum sites and
were eventually able to shut off that system. However, only 24% (46 of 192) chlorinated
solvent release sites with pump and treat systems in their record are now listed as closed.
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e For the 243 verification sites, we verified the use of pump and treat systems at 228 sites
(94%). This included 127 open sites and 101 closed sites. As part of other site reviews,
we also identified some sites with pump and treat systems documented in site investigation
reports but not identified in the database as having had pump-and-treat systems. Overall,
the 1709 sites identified in the GeoTracker database as having pump-and-treat systems
likely represent a reasonable estimate (within +/- 10%) of the total number of sites in
California that have had pump and treat systems installed.

e For the verification sites where the presence of a pump-and-treat system was confirmed,
we found that these pump-and-treat systems were still operating at 30% of the open sites
(38 of 127). Pump-and-treat systems were no longer operating at 77% (65 of 84) of the
petroleum release sites and 59% (27 of 46) of the chlorinated solvent sites. Thus, even at
sites that have not yet attained regulatory closure, a majority have transitioned away from
the pump and treat systems.

e At sites where P&T systems have been shut down, the average operating period was 9.1
years (Figure 4-11).

e MNA is rarely identified as a remediation technology at sites where pump-and-treat
systems were reportedly present (3.5%; 59 of 1709), however it is also not commonly
identified as a remediation technology across all sites (7%; 563 of 8,021).

e Similarly, MNA was identified for at 3.5% of the pump-and-treat verification sites where
the pump-and-treat system has already been shut down (8 of 229). This includes 4.1% of
the closed sites (4 of 98) and 3.2% of the open sites (3 of 92). Only 0.8% of the pump-
and-treat verification sites that are open (1 of 127) had both an operating P&T system and
MNA listed as a cleanup technology.

It should be noted that there are often regulatory requirements for additional groundwater
monitoring at sites where P&T systems have been shut down, including possible requirements for
post-closure monitoring at sites that have been closed.
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Figure 4-10. Distribution of Sites and Identified Cleanup Technologies from GeoTracker
Survey (n = 8,021 sites).
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Figure 4-11. Distribution of Start Dates (top panel) and End Dates (bottom panel) for
Pump-and-Treat Systems that were part of the Verification Site list (n = 243 sites).

These results likely underestimate the number of sites where natural attenuation has been used
because it only counts those sites where MNA is specifically listed as a cleanup technology in the
California GeoTracker database. It is likely that many sites have had significant time periods with
no operating active remediation system and thus, that natural attenuation was the a de facto site
management approach during these time periods. For example, California State Water Resource
Control Board relies on a low-threat closure policy that allows for petroleum underground storage
tank sites to be closed even though residual COCs are present at levels above typical (numerical)
cleanup criteria. In these cases, the site can still be closed if it meets other criteria that establish
that there is low risk, under the assumption “that petroleum fuels naturally attenuate in the
environment” (California State Water Resources Control Board, 2012).
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4.5  Evaluation of Site-Specific Temporal Monitoring Results for Predicting
Remediation Timeframes

(The text in this section is largely reproduced from a project-funded study that was previously
published (McHugh et al., 2023)).

4.5.1 Overview

At contaminated groundwater sites where remediation is being implemented or considered,
periodic monitoring of a monitoring well network is typically required to evaluate progress in site
clean-up. This long-term monitoring (LTM) data can be used in several ways depending on the
site objectives, including to determine if plumes are expanding or if plume behavior has changed,
(e.g., Aziz et al., 2003; McHugh et al., 2014) to support an assessment of Monitored Natural
Attenuation (MNA) (e.g., Wilson, 2011). Another important application is at sites where the goal
is to reduce concentrations across the entire site to a specific level (i.e., the typical CERCLA
application), where the data are used to track the overall progress of a site to reach this specific
remediation goal. The time required to reach this goal is usually referred to as the “remediation
timeframe”, and it is important estimate for both active remediation strategies as well as MNA
(see Tool 1 and Tool 3 of the TA? Tool). It is typically calculated using the highest-concentration
(source) monitoring well, and it relies on concentration vs time data for the projection.

However, an implicit assumption is built into the use of LTM data to track remediation progress:
that the observed trend in the past is predictive of the direction and magnitude of the future trend
(i.e., the observation of a decreasing concentration trend in historical monitoring data at a source
well or another well is predictive of a decreasing concentration trend in the future). This is the
groundwater remediation field’s version of “past performance does indicate future results”.

On the surface, this assumption seems intuitively reasonable. The use of a first-order source
attenuation rate to represent the nature of source attenuation has been a fixture of the groundwater
remediation field (e.g., Newell et al., 1996; USEPA, 1999; TNRCC, 2001; Farhat et al., 2004;
Newell et al., 2005; WDOE, 2005; Wilson, 2011; McHugh et al., 2014; Adamson et al., 2022).
For many individual contaminant plumes, historical monitoring data are used to estimate a first-
order attenuation rate, and that observed attenuation rate is used to estimate future attenuation and
to predict overall site remediation timeframes. Some researchers have proposed and utilized other
source models that may be more appropriate for certain conditions, such as a power function model
using a key input variable (gamma > 1.0) to generate a long-term concentration vs. time “tail” for
source zones impacted by matrix diffusion (Farhat et al., 2018). Seyedabbasi et al. (2012) showed
very different concentration vs. time trends for different time periods of a source lifecycle
depending on whether the source was dominated by DNAPL dissolution, matrix diffusion, or a
mix of these source processes. However, all of these alternative models still rely on the assumption
that historical monitoring results inform future concentration trends.

This assumption that historical monitoring results are predictive of future trends has not, to our
knowledge, been fully validated through empirical analysis. If this assumption is incorrect, then

SERDP ER20-1429 30 Final Report



WGSI

ENVIRONMENTAL

the use of historical monitoring data to predict remediation timeframes and evaluate whether the
site clean-up is “on track” may be more challenging. To investigate this issue, we analyzed sites
with long groundwater monitoring records to determine if source attenuation rates are relatively
constant over time, or more specifically, whether first-order concentration vs. time attenuation
rates derived from the early portion of the monitoring record are correlated to the first-order rates
from the later portion of the monitoring record. Our hypothesis echoed the conventional wisdom:
early-period and later-period first-order attenuation rates are correlated, so that at most sites the
attenuation rate does not change significantly over the lifetime of the site (realizing of course that
LTM data have considerable noise that complicates estimating attenuation rates). Contaminant
concentrations in groundwater at any site are the result of a complex interaction of climate,
hydrogeology, groundwater geochemistry, in-situ biological processes, source architecture, and
other factors. As a result, many monitoring records exhibit significant short-term variability that
can add uncertainty to the estimation of the long-term trend (McHugh et al., 2011). However,
when utilizing large data sets, true correlations should be apparent even in the face of other sources
of variability. Note that this evaluation focuses solely on concentration vs. time attenuation rates
and did not evaluate changes in plume size over time or plume attenuation rates (based on
concentration vs. distance trends).

4.5.2 Methods

Long-term monitoring data was obtained from GeoTracker, which is a database of corrective
action sites maintained by the California State Water Resources Control Board (SWRCB). The
SWRCB requires parties to report site investigation results which are then made publicly available
through the database (Beckley et al., 2022). The web-based interface provides access to
investigation results for individual sites and also allows users to download data sets of results for
larger sets of sites (GeoTracker, 2022). GeoTracker has been used previously to evaluate high-
level trends in the progress of groundwater remediation (e.g., McHugh et al., 2014, McHugh et al.,
2022). For this study, the GeoTracker database was used to obtain two data sets of long-duration
groundwater monitoring records: one focused on petroleum-contaminated sites and one focused
on chlorinated volatile organic compound (CVOC) contaminated sites.

To obtain a data set of monitoring results for petroleum-contaminated sites, all sites with
groundwater monitoring results for benzene or methyl tert-butyl ether (MTBE) within the time
period of 2002 to 2017 were retrieved from GeoTracker. Because MTBE was banned from
gasoline in January 2003, monitoring results for MTBE reflect remediation and attenuation of
historical releases, while monitoring results from benzene could also reflect additional releases.
The initial data set of 9,712 petroleum-impacted groundwater sites was further screened to identify
sites with detections of one or more of these constituents during 4 or more years from 2002 to 2008
and during 4 or more years from 2009 to 2017. This step yielded 1905 benzene site and 1901
MTBE petroleum sites. For each site, the maximum site constituent concentration was determined
for each 6-month period in the monitoring record to focus on apparent source attenuation rates
(i.e., the driver for remediation timeframe estimates). Six-month periods were used to provide
consistency across sites with quarterly or semi-annual monitoring. For each of the sites, this
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yielded eight or more maximum constituent concentration results for the monitoring period
between 2002 to 2008 and eight or more maximum constituent concentration results for the
monitoring period between 2009 to 2017. For each site, three maximum concentration attenuation
rate constants (kec-max) were calculated for: 1) the full monitoring record, ii) the first half of the
monitoring period (between 2002 to 2008) and iii) the second half of the monitoring period
(between 2009 to 2017). Each k was calculated as the best-fit attenuation rate using least squares
regression for zero-order and first-order attenuation (Newell et al., 2002):

[Cmax.t] = [Co] — kmax-zerot (Equation 1; zero-order attenuation)

Where:

Cmaxt = Maximum constituent concentration at site for the 6-month monitoring period (ng/L)

t = Representative time (i.e., the first day) for the 6-month monitoring period (years)

kmax-zero = Maximum concentration attenuation rate constant (determined using regression
analysis, year™)

Co = Initial concentration (determined using regression analysis, pug/L). Note that the value
for Co was determined for an arbitrary “zero” time and the resulting values were not
used for any subsequent analysis.

Ln[Cpoint] = Ln[Co] — kpointt (Equation 2)

Where:

C = Maximum concentration measured in the groundwater sample (ng/L)

t = Sample date (years)

kpoint = Concentration attenuation rate constant (determined using regression analysis, year™)
Co = Initial concentration (determined using regression analysis, pg/L). Note that the value

for Co was determined for an arbitrary “zero” time and the resulting values were not
used for any subsequent analysis.

The evaluation of attenuation rates at petroleum release sites did not attempt to control for site-
specific changes in remediation technology that may have occurred within or between the two
evaluation time periods. Although the GeoTracker database does provide some information on
the types of remediation technologies implemented at sites, the database does not provide reliable
information regarding the time periods during which specific remediation technologies were
operated.

A more focused approach was used to obtain a data set from CVOC-contaminated sites while
controlling for any changes in remediation technology. First, the GeoTracker database was
evaluated to identify sites with monitoring wells sampled and analyzed for trichloroethene (TCE)
at least 10 times with a 100% detection frequency. This yielded a data set of 6665 monitoring
wells from 831 sites. For this CVOC data set, first-order source attenuation rates (kpoint) were
calculated for each site for the full monitoring record, the first half of the monitoring record, and
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the second half of the monitoring record. Each kpoint was calculated as the best-fit attenuation rate
using least squares regression for zero-order and first-order attenuation:

Cpoint = Co — kpoint-zerot (Equation 3, zero-order attenuation)

Where:

Cpoint= TCE concentration measured in the groundwater sample (ug/L)

t= Sample date (years)

kpoint-zero = Concentration attenuation rate constant (determined using regression analysis,
pg/L-year)

Co= Initial concentration (determined using regression analysis, ug/L). Note that the
value for Co was determined for an arbitrary “zero” time and the resulting values
were not used for any subsequent analysis.

Ln[Cpoint] = Ln[Co] — kpointt (Equation 4; first-order attenuation)

Where:

C = TCE concentration measured in the groundwater sample (ng/L)

t = Sample date (years)

kpoint = Concentration attenuation rate constant (determined using regression analysis, year™)

Co = Initial concentration (determined using regression analysis, pg/L). Note that the value

for Co was determined for an arbitrary “zero” time and the resulting values were not
used for any subsequent analysis.

In addition to evaluating attenuation rates for this full data set, eight sites with large numbers of
monitoring wells (20 or more) were selected for detailed analysis. For each of these eight sites,
site investigation reports were downloaded from GeoTracker and reviewed to identify the
remediation history including remediation technologies and timeframes (Table 4-2).
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Table 4-2. Summary of Data Analysis Procedures

Benzene and Maximum site First half of No control for
MTBE concentration = monitoring record change in site Benzene: 1905
vs. second half of remediation MTBE: 1901
monitoring record technology
TCE Monitoring First half of No control for
(full data set) well monitoring record change in site
. L 6665
concentration  vs. second half of remediation
monitoring record technology
TCE Monitoring First half of Used monitoring
(focused well monitoring record  results collected
evaluation)  concentration  vs. second half of during time period 327
monitoring record with consistent site
remedy

Next, for each monitoring well, a time window was identified during which the well was under the
influence of a consistent remediation environment. Finally, the available TCE monitoring results
were compiled for each monitoring well for the identified time window, and only monitoring wells
with at least 10 TCE detection monitoring results were retained. This resulted in a data set of
monitoring results from 327 monitoring wells at the eight sites. Attenuation rates for this data set
were calculated as shown in Equation 3 and Equation 4.

Statistical Analyses: The statistical significance and 95% confidence intervals for the attenuation
rates were determined using the F-test. Correlations in attenuation rates between earlier (first half
of the temporal record) and later time periods (second half) were calculated using the Pearson
correlation coefficient.

4.5.3 Results

Evaluation of Model Fits: As an initial step in the evaluation, the two datasets (petroleum sites and
chlorinated solvent sites) were evaluated using zero-order and first-order attenuation rate models.
These evaluations were conducted using the first half of each monitoring record consistent with
the logic that the first half of the record would be used to predict changes in the second half of the
record; however, model fits were similar when applied to the full monitoring records. Consistent
with prior analyses (Newell et al., 2006), the zero-order and first-order models provide similar fits
for all three constituents evaluated (Table 4-3). For all three constituents, the first-order model
provided a slightly better fit than the zero-order model although the 95% confidence intervals for
the median R? values for the zero-order and first order models overlapped in all three cases.
Although the model fits were similar, we conducted our remaining analyses using only the first
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order attenuation model because this model is more commonly applied to characterize
concentration vs. time trends in groundwater monitoring records.

Table 4-3. Evaluation of model fit for first-order and zero-order concentration vs. time
attenuation rate models

Benzene 1905 0.210 (0.195-0.233) 0.199 (0.184-0.217)
MTBE 1901 0.388 (0.364-0.419) 0.301 (0.283-0.326)
TCE 6665 0.293 (0.278-0.306) 0.289 (0.277-0.299)

Petroleum Contaminated Sites: For petroleum-contaminated sites, the site selection criteria
yielded 1,905 sites for benzene and 1,901 sites for MTBE. A total of 1,487 sites met the selection
criteria for both benzene and MTBE.

The general nature of the first-order decay rates at the 1,487 sites can be seen in Figure 4-12:

e The median ke-max was 0.14/yr +/-0.01/yr (half-life = 4.9 years). 82% of sites had positive
benzene maximum concentration vs. time attenuation rates (i.e., decreasing maximum
site concentrations over time)

e The median ke-max was 0.28/yr +/-0.01/yr (half-life = 2.5 years). 92% of sites had positive
MTBE maximum concentration vs. time attenuation rates.

Across sites, there was a positive correlation between the benzene and MTBE ke-max values (r =
0.09, Figure 4-12). A total of 1,152 of the 1,487 sites (77%) had either positive ke-max values or
negative ke-max values for both benzene and MTBE, indicating an overall consistency in the
temporal trends for these two groundwater constituents.
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Figure 4-12. Correlation in Benzene and MTBE Maximum Concentration Attenuation
Rates. Plot shows attenuation rates for 1,487 sites meeting selection criteria for benzene and
MTBE. Correlation coefficient (r) = 0.09.

Each monitoring record was then divided into the two time periods, early (first half) and later
(second half), to test the hypothesis that concentration vs. time attenuation rates at a particular site
are correlated over time. Surprisingly, there was effectively no correlation between the early rates
and the later rates, which did not support the original hypothesis “past performance does indicate
future results”:

e Benzene (r =-0.11) (small correlation but slightly negative, Figure 4-13A)
e MTBE (r=-0.12, Figure 4-14A).

For 57% of the benzene monitoring records and 60% of the MTBE monitoring records, the first-
order attenuation rate calculated for the second half of the monitoring record was outside of the
95% confidence interval for the attenuation rate calculated for the first half of the record indicating
that the difference in attenuation rates between the two time periods was statistically significant.

The small negative correlation was observed even when the analysis was limited to monitoring
records where the first-order attenuation model provided a good fit to the first half of the
monitoring record defined by an Rz for the model fit of greater than 0.8 (r = -0.30 for benzene,
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Figure 4-13B; r = -0.07 for MTBE, Figure 4-14B). Note that for the subset of monitoring records
where the first-order attenuation model provided a good fit to the data, all of the first order
attenuation rates were statistically significant (p=0.002 or less). Thus, limiting the evaluation to
sites with statistically significant attenuation rates does not result in a positive correlation between
the early and late concentration vs. time attenuation rates. This absence of correlation is both
counterintuitive and inconsistent with the groundwater field’s commonly held assumption that
dissolved constituent concentrations within each site source area can be represented by a first order
concentration vs. time attenuation rate that can be used to forecast site remediation timeframes.
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Figure 4-13. Correlation in Benzene Maximum Concentration Attenuation Rates from
from First Half of Monitoring Record and Second Half of Monitoring Record. Plot A shows
attenuation rates for 1,905 sites with at least eight years of monitoring results. Correlation
coefficient (r) = -0.11. Plot B shows attenuation rates for the subset of 77 monitoring records
where the first-order attenuation model provided a good fit to the first half of the monitoring
record (R?> 0.8). Correlation coefficient (r) = -0.30.

SERDP ER20-1429 37 Final Report



WGSI

ENVIRONMENTAL

N

=]
=
]
N
o

-
n

233 Sites

-
n

434 Sites . . 1206 Sites

-

(=]
-
o
)

o

n
4
n

=4
o

b4
o

|
e
wn
|
4
[

|
[y
[-]
|
g
=]

I
[
w

Attenuation Rate (per year): Second Half
|
-
n

Attenuation Rate (per year): Second Hal

-2.0 =15 =10 -0.5 0.0 05 1.0 15 20
Attenuation Rate (per year): First Half

-2.0 -15 -10 -0.5 0.0 05 1.0 15 20

J
N
-]

|
N
=]

Attenuation Rate (per year): First Half

Figure 4-14. Correlation in MTBE Maximum Concentrations Attenuation Rates from First
Half of Monitoring Record and Second Half of Monitoring Record. Plot A shows attenuation
rates for 1,901 sites with at least eight years of monitoring results. Correlation coefficient (r) = -
0.11. Plot B shows attenuation rates for the subset of 282 monitoring records where the first-
order attenuation model provided a good fit to the first half of the monitoring record (R*>> 0.8).
Correlation coefficient (r) = -0.07.

This evaluation of attenuation rates at petroleum hydrocarbon sites did not control for site factors
that would be expected to change the maximum concentration attenuation rate, such as a change
in the site remedy. Therefore, it is possible that a change in the remediation technology applied at
a site between the two time periods is a confounding variable. Two or more different active
remediation technologies have been implemented at most petroleum release sites in California with
long monitoring records (McHugh et al., 2014). However, for many sites, the GeoTracker database
does not fully document the timeframes for remedy implementation. Therefore, it was not possible
to control for changes in petroleum site remediation in evaluating correlations in attenuation rates
between the early and later time periods based on information available in the GeoTracker
database.

Chlorinated Solvent Sites: The initial screening of the GeoTracker database yielded a data set of
6665 monitoring records that included 10 or more samples analyzed for TCE and a detection
frequency of 100%. Using the first-order model attenuation rates for the 6,665 monitoring wells,
the median kpoint was 0.061/yr +/- 0.004 (half-life = 11 years) over the full monitoring period. 70%
of monitoring wells had positive attenuation rates (i.e., decreasing concentrations over time).
Looking at the first-order attenuation rates for the first half of each monitoring record vs. the
second half of each record, the median attenuation rate was 0.039/yr +/-0.006 (half-life = 18 years)
for the first half and 0.072/yr +/-0.005 (half-life = 10 years) for the second half. Similar to the
evaluation of attenuation rates at petroleum release sites, a small negative correlation was observed
in TCE attenuation rates calculated for the first half vs. the second half of the monitoring record
(Figure 4-15A, r=-0.12). For 49% of the TCE monitoring records, the first-order attenuation rate
calculated for the second half of the monitoring record was outside of the 95% confidence interval
for the attenuation rate calculated for the first half of the record indicating that the difference in
attenuation rates between the two time periods was statistically significant.
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For the sub-set of 676 monitoring records where the first-order model provided a good fit to the
first half of the monitoring record (i.e., R2> 0.8), we still observed a negative correlation in TCE
attenuation rates calculated for the first half vs. the second half of the monitoring record (Figure
4-15B, r=-0.11).
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Figure 4-15. Correlation in TCE Point Concentrations Attenuation Rates from First Half
of Monitoring Record and Second Half of Monitoring Record. Plot A shows attenuation rates
for 6,665 monitoring records with at least 10 monitoring results and 100% detections of TCE.
Correlation coefficient (r) = -0.12. 104 records with attenuation rates of greater than three per
year or less than negative two per year not displayed on graph. Plot B shows attenuation rates for
the subset of 676 monitoring records where the first-order attenuation model provides a good fit
(R2> 0.8) for the first half of the monitoring record. Correlation coefficient (r) =-0.11. 32
records with attenuation rates of greater than three per year or less than negative two per year not
displayed on graph.

In order to account for how monitoring records are commonly used in site decision making, we
also looked at the subset of monitoring records where the attenuation rates for the first half of the
monitoring records were positive (i.e., decreasing concentrations) and statistically significant
(p<0.05). A statistically-significant decreasing concentration is commonly used as evidence that
the current remedy is effective and such a monitoring record is most likely to be utilized to estimate
remediation time frames. However, for this subset of 1,656 monitoring records, there was still a
small negative correlation in TCE attenuation rates calculated for the first half vs. the second half
of the monitoring record (Figure 4-16A, r = -0.05). Looking only at the 840 monitoring records
where the attenuation rate for the second half of the monitoring record was also statistically
significant, a small positive correlation was observed (Figure 4-16B, r = 0.20). However, for this
data mining exercise, the monitoring data from the second half of the monitoring record was used
as a proxy for future monitoring data collected after the estimation of a remediation time frame (or
other site management prediction). In reality, it would not be possible to identify which of the
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monitoring wells would exhibit statistically-significant attenuation during future monitoring. Even
for this set of 840 monitoring records, 175 (21%) exhibited statistically-significant negative
attenuation rates (i.e., increasing concentrations) during the second half of the monitoring record
indicating that the observation of statistically-significant positive attenuation does not guarantee
that concentrations in that monitoring well will continue to decrease in the future.
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Figure 4-16. Correlation in TCE Point Concentrations Attenuation Rates from First Half
of Monitoring Record and Second Half of Monitoring Record Wells with Statistically
Significant Positive Attenuation Rates. Plot A shows attenuation rates for 1656 monitoring
records with at least 10 monitoring results and 100% detections of TCE and a statistically
significant positive attenuation rates for the first half of the monitoring record. Correlation
coefficient (r) = -0.05. 42 records with attenuation rate of greater than three per year or less than
negative two per year not displayed on graph. Plot B shows attenuation rates for 840 monitoring
records with at least 10 monitoring results and 100% detections of TCE, a statistically significant
positive attenuation rates for the first half of the monitoring record, and a statistically significant
positive or negative attenuation rate for the second half of the monitoring record. Correlation
coefficient (r) = 0.20. 12 records with attenuation rate of greater than three per year or less than
negative two per year not displayed on graph.
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As described above, a more focused evaluation was conducted at eight sites to identify monitoring
records at chlorinated solvent sites that were known to be unimpacted by a change in remediation
technology. The selection process yielded a data set of monitoring results from 327 monitoring
wells from the eight sites. The monitoring record for each monitoring well included 10 or more
samples analyzed for TCE and a detection frequency of 100%. Looking at the full monitoring
records for the 327 monitoring wells, the median kpoint was 0.06/yr (95% CI = 0.43/yr to 0.072/yr)
corresponding to a median half-life of 12 years. Similar to the full data set of TCE monitoring
records without control for site remedy, a negative correlation was observed between the TCE
attenuation rate for the first half and second half of the monitoring record (r = -0.22, All points
shown on Figure 4-17).

77 Wells = 136 Wells

25

1.5

0.5 .

-0.5 _—

-15 .

Attenuation Rate (per year): Second half of monitoring record

36 Wells 78 Wells

-2 -1.5 -1 -0.5 0 0.5 1 15 2 2.5 3
Attenuation Rate (per year): First half of monitoring record

Figure 4-17. Correlation in TCE Point Concentrations Attenuation Rates from First Half
of Monitoring Record and Second Half of Monitoring Record for Focused Evaluation. Plot
shows attenuation rates for 327 monitoring records from the eight focused evaluation sites with
at least 10 monitoring results and 100% detections of TCE. are the subset of 191
monitoring records with at least 20 monitoring results covering at least 8 years. Correlation
coefficient (r) = -0.22. One record with attenuation rate of greater than three per year not
displayed on graph.
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In order to evaluate whether the apparent negative correlation in attenuation rates was an artifact
of including wells with a relatively small number of monitoring events or short time periods, the
attenuation rate analysis was also conducted for a subset of monitoring records with at least 20
monitoring results and a monitoring duration of at least eight years. These more stringent criteria
resulted in the early and later attenuation rates determined based on at least 10 monitoring results
collected over at least four years during each time period. These more stringent criteria yielded a
data set of 191 monitoring wells (Orange squares on Figure 4-17). For this set of monitoring
records, the median number of samples was 33 and the median monitoring period was 12.5 years.
This smaller data set showed an overall distribution of attenuation rates similar to the larger data
set of 327 chlorinated solvent monitoring wells. Looking at the full monitoring records for the
191 monitoring wells the median kpoint was 0.05/yr (95% CI = 0.040/yr to 0.069/yr) corresponding
to a half-life of 14 years. For this smaller set of 191 monitoring wells, 73% of monitoring wells
had positive attenuation rates (i.e., decreasing concentrations over time). However, there was still
no positive correlation between the TCE attenuation rate for the first half and second half of the
monitoring record, but rather, a slight negative correlation (r = -0.14). Together, the data from
the chlorinated solvent data set also appeared to contradict the hypothesis that attenuation rates are
correlated over time at a particular site.

4.5.4 Discussion

The use of observed attenuation rates to evaluate remedy effectiveness and forecast remediation
timeframes implies that the observed source attenuation rate based on the available monitoring
period is predictive of the future attenuation rate. In other words, it assumes a positive correlation
between the observed past source attenuation rate and the future source attenuation rate. Our
analysis suggests that this assumption is not correct. For both benzene and MTBE at petroleum
sites and TCE at chlorinated solvent sites, no positive correlations were observed between source
attenuation rates for the earlier monitoring period and the attenuation rates for the later monitoring
period. This pattern was observed even when limiting the analysis to monitoring records that
exhibited either (or both) i) a good model fit (defined as R? > 0.8) for the first half of the monitoring
record or ii) a statistically significant positive attenuation during the first half of the monitoring
record. For many monitoring records, the future concentration vs. time attenuation rate was outside
the range predicted by the 95% confidence interval for the early time period attenuation rate.

Similar results were obtained for attenuation rates at petroleum release sites and chlorinated
solvent release sites despite using different data analysis procedures for petroleum sites and
chlorinated solvent sites (Table 2), suggesting that the results are not an artifact of the data analysis
methods. For the chlorinated solvent site data set, small negative correlations between earlier and
later attenuation rates were observed both for the full data set of 6,665 monitoring wells and for
the smaller set of monitoring records reflective of time periods without change in site remediation
technology. The observation of negative correlations between earlier and later attenuation rates
even after controlling for changes in site remedy suggests that changes in site remedy over time
do not account for the observed negative correlations in the larger data sets. Although this study
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did not control for other possible changes at the site such as changes in groundwater elevation or
flow direction, such changes typically cannot be predicted in advance and are beyond the control
of the site manager. Therefore, these factors are unlikely to be considered when using observed
concentration vs. time attenuation rates to forecast site remediation timeframes.

Researchers have long hypothesized that contaminant plume length would be correlated with site
geologic factors such as soil type or depth to groundwater. However, “plume-a-thon” studies
evaluating differences in plume lengths across large numbers of sites have consistently failed to
identify any such correlations (Rice et al., 1995, Mace et al., 1997, Kulkarni et al., 2018). The
current study did not examine plume length, but the results suggest that site characteristics are also
not strongly correlated with concentration versus time attenuation rates. In other words, the
absence of a positive correlation between early and late attenuation rates suggests that there are no
specific site characteristics that make certain sites inherently faster to remediate than others.

Some contaminant fate processes such as matrix diffusion (Parker et al., 1994) and dissolution of
soluble components from complex non-aqueous mixtures (Garg and Rixey, 1999) are likely to
yield changes in concentration versus time that deviate from the first-order decay model used in
this study. Researchers have proposed models other than first-order decay for source attenuation
(e.g., Farhat et al., 2018; Seyedabbasi et al., 2012). If one of these alternative models were more
predictive of concentration versus time at most sites, then attenuation rates calculated using a first-
order decay model would be expected to change over long monitoring periods. For example,
matrix diffusion processes are expected to result in a decrease over time in the observed first-order
attenuation rate. In this situation, we would not expect a one-to-one correlation between early and
late source attenuation rates; however, we would still expect positive correlation between the first-
order attenuation rate for the early time period and the later time period because processes such as
dissolution or matrix diffusion result in predictable changes in attenuation over time. While
processes such as matrix diffusion may slow the rate of source attenuation over time at individual
sites, attenuation models that account for such processes still predict that the sites exhibiting more
rapid source attenuation during the earlier phase of attenuation would also exhibit more rapid
attenuation during the later phase of attenuation. In other words, although alternative source
attenuation models do not predict a one-to-one correlation between the first-order attenuation rate
for the early and late time period at individual sites, they still predict a positive correlation.

The observation of a weak negative correlation between the source attenuation rate for the early
time period and the later time period in all of the data sets suggests that the source attenuation rates
estimated from individual monitoring records include a significant component of randomness,
such that the records with the fastest and slowest attenuation rates are most likely to exhibit
regression to the mean. This hypothesis is supported by an analysis of the benzene attenuation
rates calculated from the full monitoring records at each site. Figure 4-18 shows the distribution
of benzene attenuation rates as a function of the length (in years) of the total monitoring record at
the site. Although there is relatively little change in the median attenuation rate between shorter
monitoring records and the longer monitoring records, the range of attenuation rates observed
across sites decreases for the data set of longer monitoring records confirming that attenuation
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rates based on shorter monitoring records (i.e., five to nine years) include a large component of
randomness.

Benzene Attenuation Rates
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Figure 4-18. Effect of Monitoring Record Length in the Distribution of Benzene Source
Attenuation Rates. Sites with longer monitoring records exhibit a narrower range of source
attenuation rates.

The weak negative correlations between the attenuation rate for the early time period and the
attenuation rate for the later time period observed in all of the data sets further suggest that the
attenuation rate for an individual site estimated using the historical monitoring record for that site
is not a strong predictor of future attenuation at that site. Thus, the use of the observed source
attenuation rates at a site to predict the remediation timeframe for that site is subject to large
uncertainty. In the case where the long-term monitoring data are being used as part of a Transition
Assessment, it is highly recommended that the approach accounts for the uncertainty in the
remediation timeframe estimate, as well as the possibility of differing attenuation rates during
different time periods. Both of these important elements are included in Tool 1 of the TA? Tool
that was developed as part of this SERDP project. The TA2 Tool uses first-order fits of
concentration vs. time data to predict the attenuation rate at the source (or any other monitoring
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location) along with a 95% confidence interval on the slope (rate constant) to show the uncertainty
in the resulting remediation timeframe estimates.

If the uncertainty in the site-specific time-to-clean estimate generated by the TA? Tool (or other
statistical methods) is large (based on user judgement or stakeholder discussions), then it may be
better to use generic values for rate constants. For example, as an alternative, the distribution of
source attenuation rates for the same constituent from a comparable portfolio of sites could be used
to understand the range of possible future attenuation rates at the individual site. The median
attenuation rate from a comparable portfolio of sites may provide a better basis to predict future
attenuation at an individual site that the historically observed attenuation rate from the individual
site. For example, at a leaking underground storage tank (LUST) site, the median attenuation rate
for benzene from a large portfolio of LUST sites is likely to be a more accurate predictor of future
benzene attenuation at an individual site than the historical benzene attenuation rate for that
individual site. Similarly, the distribution of benzene attenuation rates from a large portfolio of
LUST sites can be used to characterize the likely range of future attenuation rates at the individual
site. This would be analogous to financial markets where the historical performance of a market
sector is more predictive of the future performance of an individual company within that sector
than the historical performance of that individual company. This study focused on changes in
concentration over time and did not evaluate whether past plume attenuation or changes in plume
length at a site are predictive of future plume attenuation or changes in plume length.
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5. CASE STUDIES

5.1 Overview

The objective of the case studies was to document ways that the TA? Tool can be used to support
transition assessments. The scope involved identifying candidate sites, and then determining how
the TA? Tool could have been used to help them analyze site-specific data. Several sites were
identified (with the help of SERDP and other DoD representatives) that have ongoing remedial
programs and/or have yet to transition to less active technologies. However, these sites were
ultimately not selected as case studies due to a variety of factors, including: 1) a high level of
complexity that would have made it challenging to evaluate given our project scope; 2) ongoing
efforts or external factors that were not well documented in site reports that would have limited our
ability to assess whether transitioning to MNA was justified. As a result, we did not choose these
types of sites to avoid making ill-founded conclusions based on a planning-level assessment.

Instead, the project team focused on a subset of three sites where a decision to transition to MNA
(and away from active treatment) had already been made by site managers. This allowed us to
evaluate relevant historical data and document how that decision may have been supported by the
tool (had it been available), as well as evaluating more recent data to confirm that the decision was
justified. Because the remedial decisions at these sites were largely driven by compliance at a
downgradient point of compliance, the focus here is on the application of Tool 5 of the TA? Tool.
At the end of each case study, an example application of the Tool 10 summary (including the RTAI)
is described.

5.2 Case Study #1 — Twin Cities Army Ammunition Plant (Site A)
5.2.1 Introduction

Investigations of groundwater contamination at the Twin Cities Army Ammunition Plant (TCAAP)
in Arden Hills, Minnesota started in 1983 (Ferrey et al., 2000). The water table aquifer at Site A
was contaminated with PCE, TCE and their transformation products cDCE and /DCE.

In 1985, high concentrations of PCE, TCE and 1,2-DCE were discovered at the site, and an interim
pump-and-treat system with one well was installed in 1988. In 1994 the interim system was
replaced with a full-scale system using eight pumping wells.

Cleanup goals for Site A were specified in a Record of Decision (ROD) issued in 1997. The goal
was 7.0 ug/L for PCE, 30.0 ug/L for TCE, 70 pg/L for 1,2-DCE (cis- plus trans-) and 6.0 pg/L for
1,1-DCE. No goal was specified for Vinyl Chloride because it was not detected in groundwater at
Site A.

In 2000, staff of the Minnesota Pollution Control Agency (MPCA) and the Office of Research and
Development of the U.S. Environmental Protection Agency (U.S. EPA) provided an evaluation of
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the contribution of natural attenuation to manage the risk of groundwater pollution at two specific
receptor wells that were identified for the site (Ferrey et al., 2000). The evaluation used the
BIOPLUME III computer application to model concentrations of contaminants at the site, based on
a rate constant for natural degradation that was extracted from the field data. Although
concentrations of chlorinated alkenes at Site A remained above the cleanup goals set in 1997 in the
Record of Decision (ROD), the simulations showed that chlorinated alkenes should not impact the
receptor wells at concentrations above the goals.

In 2000, four of the full-scale wells were shut down and in 2008 the other four were shut down. In
2015, A Technical Memo submitted by the Responsible Party recommended changing the remedy
from continued pump-and-treat to Monitored Natural Attenuation (MNA). The recommendation
was based on the on-going monitoring data and the evaluation provided in Ferrey et al. (2000). The
recommendation was accepted, and the ROD was amended in 2018.

The decision to transition to MNA was made based on simulations of a computer application that
was calibrated for conditions at the source of contamination and a forecast of conditions in the
downgradient portion of the plume. The simulation assumed uniform conditions throughout the
plume. Real plumes of groundwater contamination are heterogeneous and vary over time. Tool 5
in the TA? Tool allows the user to evaluate risk to a receptor for conditions that apply to individual
monitoring locations at particular points in time. To support a decision to transition to MNA, data
from each available well can be evaluated.

After pumping ceases, concentrations of contamination often rebound. Tool 5 also allows the
regulator or site manager to review the monitoring data as it comes in and support a decision to
resume active remedy if necessary.

In this case study, Tool 5 was used to evaluate risk to identified receptor wells in four circumstances:
(1) current concentrations at the site as part of ongoing monitoring of the MNA remedy (ca. 2021),
(2) concentrations at the time the site owner petitioned the regulatory authority to transition from
groundwater pumping to MNA (ca. 2015), (3) concentrations when a decision was made to cease
active pumping in various extraction wells (between 1994 and 2008), and (4) concentrations
attained at various times after the concentrations rebounded when active pumping ceased (ca. 2012).

5.2.2 Distribution of Contamination at Initial Site Characterization

It is not known when chlorinated solvents were disposed at Site A at the TCAAP, but aerial
photographs suggest pits and trenches were used at the site to dispose of waste in the 1940s, shortly
after the TCAAP was established.

The water table aquifer occurs in lacustrine silt or medium sands. The water table aquifer varies
from a thickness of 15 feet to 28 feet across the site, and it is considered unconfined. It is underlain
by a glacial till unit that serves as a aquitard that restricts vertical migration from the aquifer to
deeper intervals. The hydraulic gradient in the shallow aquifer varies from 0.0025 to 0.005 ft/ft to
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the west-northwest, with a reported hydraulic conductivity of 8.6 feet per year. If the gradient is
0.005 and the effective porosity is 0.2, the seepage velocity is estimated to be near 215 feet per
year.

The most contaminated well at the site was 01U108, with concentrations of PCE exceeding 1000
pug/L in 1985, and concentrations of TCE and ¢DCE exceeding 500 ug/L. The groundwater moves
off-site of the TCAAP into a residential neighborhood with private wells (Panel A of Figure 5-1).
Two potential receptors are 1,500 feet downgradient of well 01U108. In 3/21/1994, TCE was
detected in the southern potential receptor wells at 1.58 pg/L, and ¢cDCE + tDCE was detected at
8.74 ug/L. The concentrations of PCE and 1,1-DCE were <1 pg/L and the concentration of Vinyl
Chloride was < 1.9 ug/L. In the northern potential receptor well, in 1/22/1991, the concentrations
of PCE, TCE, ¢DCE + tDCE, and 1,1-DCE were <1.0 pg/L and Vinyl Chloride was <1.9 pg/L.

The contaminant plume has been characterized with an adequate number of wells. The wells
presented in Figure 5-1 are the wells where chlorinated solvents or their transformation products
were detected. The centerline wells in panel B of Figure 5-1 are the wells with the highest
concentrations along the flow path. Table 5-1 provides the concentrations of PCE and TCE and
their transformation products in the centerline wells shortly after the wells were installed. Data are
provided for selected sampling dates when the detection limits for the analytes were low, and
concentrations of detected analytes were relatively high.

Table 5-1. Distribution of contamination before remediation, showing the transformation
and attenuation of chlorinated alkenes with distance from the most contaminated well

(01U108).
Date Distance from cDCE + 1,1-

Well Sampled | Source PCE TCE tDCE DCE Ve

feet ug/L ug/L ug/L ug/L ug/L
01U108 | 4/11/1988 | 0 900 550 800 <1 <1.9
01U350 | 9/13/1988 | 16 620 380 540 <1 <1.9
01U352 | 8/3/1994 | 323 0.59 3.8 110 <1 <1.9
01U353 | 8/3/1994 | 380 <1 7.9 190 <1 <1.9
01U355 | 6/9/1994 | 592 <1 1.5 220 <1 <1.9
01U356 | 6/9/1994 | 715 <1 2.4 290 <1 <1.9
01U140 | 9/7/1993 | 833 <1 0.58 110 <1 <1.9
Goal 7 30 70 6 2
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Figure 5-1. Relationship between well 01U108 (which is the most contaminated well at Site
A and is located near the source of contamination), other wells at the Site, and two private
domestic wells that are considered to be the potential receptors of concern in the case study.
Blue arrow denotes groundwater flow direction (west-northwest).
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Both PCE and TCE were present in the groundwater in the most contaminated wells near the source
of contamination. By the time the groundwater moved 300 feet farther downgradient,
concentrations of PCE and TCE were low. The only transformation products detected in the
groundwater were cDCE plus tDCE. Vinyl Chloride and 1,1-DCE were not detected. The cleanup
goal for 1,2-DCE is the relevant goal to evaluate the progress of remediation at Site A.

5.2.3 Efficacy of Remediation by Pumping of an Extraction Well in the Source Area

Nine extraction wells have been operated at Site A. Extraction Well 01U350 was installed as an
interim response action to remove the high concentrations of contaminants at the source. The well
began operating in September 1988 at approximately 4 gpm and was discontinued in 1994. Figure
5-2 shows the location of extraction well 01U350 and the associated monitoring wells 01U117,
010102, and 01U108. Panel B of Figure 5-2 presents the time course of concentrations of total
chlorinated alkenes in extraction well 01U350. The initial concentration of 12.2 pmole/L was
quickly reduced to values below the cleanup goal for 1,2-DCE of 0.72 umole/L. However, the
concentrations of total chlorinated alkenes stabilized and was not further reduced during pumping.

In 1994 pumping started up in eight new extraction wells further downgradient (see next section).
At this time, pumping was shut down in the interim remedy extraction well 01U350. At the time
pumping ceased in extraction well 01U350, the concentration of total chlorinated alkenes in the
extraction well and the three monitoring wells was below the cleanup goal for 1,2-DCE.

When pumping ceased in well 01U350, the concentrations of total chlorinated alkenes rebounded
to near the value before pumping began. Pumping was not started up again in extraction well
01U350 because the contaminated groundwater was in the capture zone of the full-scale pumping
system farther downgradient. After rebound, the concentrations of total chlorinated alkenes then
showed an extended decline in all four wells (Panels A, B, C and D of Figure 5-2).

In 2015, the site owner asked the Minnesota Pollution Control Agency and the U.S. EPA to
transition the remedy at Site A from pump-and-treat to MNA based on the results of these wells
and the downgradient wells (discussed in subsequent sections). The green arrows in Panels A
through D of Figure 5-2 identifies the time after the proposed transition to MNA. In this time, the
concentrations in these four source area extraction wells were below the cleanup goal for 1,2-DCE.
At the current time, remediation by pumping of extraction well 01U350 and natural attenuation of
the source had reduced the chlorinated alkenes in the known source area of the plume to
concentrations below their respective cleanup goals (see Table 5-2).
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Table 5-2. Current concentrations of chlorinated alkenes in groundwater in wells near the
former source area of the plume of contamination at Site A.

Well LastDate | p TCE ¢DCE | /DCE 1,1-DCE | vC
Sampled

pg/L pg/L pg/L pg/L pg/L pg/L
01U102 | 9/14/2021 | <1 <1 <1 NR*, <1 | <1 NR, <1
01U108 | 6/25/2015 | 0.4 <1 <1 NR, <l | <I NR, <1
01U117 | 9/14/2021 | 1.7 <1 13 NR, <0.5 | <I NR, <l
01U350 | 9/14/2021 | 0.6 <1 0.2 NR, 02 | <I NR, <1
Goal 7 30 70 6 2

*NR means not reported for that date. The value is from the latest previous sample for which a value was reported.

SERDP ER20-1429

52

Final Report




WGSI

ENVIRONMENTAL

[y
o
o

=
o

o
-

o
o
=

Chlorinated Alkenes (umoles/L)
=

0.001 +rrrrrrrrr
Jan-85 Jan-90 Jan-9

- 01u117 e Before Pumping
A o During Pumping
- * After Pumping

1 o 0%, . Goal DCE

3 : (%) A o ° .. . . ole . .

F 8 o ‘."”' °« ° ©,%e00°"° e ‘e

5 Jan-00 Jan-05 Jan-10 Jan-15 Jan-2

Date Sampled

Chlorinated Alkenes (umoles/L)

0.001 +== o I L S S .
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-2

100

=
o

iy

o
[

0.01

01U350 (EW prime)

os Goal DCE
ce,,
L]
e Before Pumping *e, .
o During Pumping 0o’ @
o After Pumping

Date Sampled

O

Receptors

O

Source

= 01U102 e Before Pumping
<. 100 13 C K X
3 E o During Pumping
[e) ]
5 10 Ry
E o
] ° g Goal DCE
= 1 o
2 )
< .
% o1 %,
2 3 °0 o ° .
= b oé,. L] . o o °
S 0.01 3 ® IR I — ee o
S E . oo
1 L]
0.001 L e o LI o e o B e e B e e e LB e e
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-2
Date Sampled

Chlorinated Alkenes (umoles/L)

0.001 e
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-20

=
o
o

=
o

[y

o
-

o
o
=

01uU108

e Before Pumping
o During Pumping
o After Pumping

Goal DCE

Date Sampled

Figure 5-2. Effect of Pumping near the source of contamination at Site A.

5.2.4 Efficacy of Remediation by Pumping in the “First Line” of Extraction Wells Downgradient
of the Source

A second system of eight extraction wells downgradient of the source area was started up in May
of 1994 with a combined pumping rate of approximately 30 gallons per minute. Four wells were
in the “First Line” downgradient of the source. These “First Line”” wells were shut down in

September of 2008. They are depicted in Figure 5-3.
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The northern most well (01U351) never produced water with concentrations of total chlorinated
alkenes above the goal for 1,2-DCE (Panel B of Figure 5-3). Pumping reduced the concentrations
by an order of magnitude. After pumping stopped, concentrations continued to decline.

Notice that extraction well 01U352 produced a concentration of total chlorinated alkenes of 3.6
umole/L just before pumping was shut down in 2008, which is above the cleanup goal for 1,2-DCE
(Blue arrow in Panel A of Figure 5-3), but the concentrations after pumping ceased were below the
goal. The adjacent extraction well 01U353 produced concentrations below the goal when pumping
ceased in 2008, but concentrations rebounded to 9.8 pmole/L in 2009 after pumping ceased (Blue
arrow in Panel D of Figure 5-3). It is likely that the contaminated flow path shifted from well
01U352 to well 01U353 after pumping ceased.

In the southernmost extraction well (01U354), pumping reduced the concentrations by an order of
magnitude, but concentrations rebounded by an order of magnitude after pumping ceased (Panel C
of Figure 5-3). However, the concentrations were always below the goal for 1,2-DCE.

The green arrows in Panels A through D of Figure 5-3 identifies the time after the proposed
transition to MNA. In this time, the concentrations were below the cleanup goal for 1,2-DCE in all
four wells. Table 5-3 provides the current concentrations of the individual chlorinated alkenes, and
each is below its respective goal.

Table 5-3. Current concentrations of chlorinated alkenes in groundwater in extraction wells
in the “First Line” of extraction wells downgradient of the former source of contamination.

Well Date PCE TCE ¢DCE tDCE 1,I-DCE | VC
Sampled

pg/L pg/L pg/L pg/L pg/L pg/L
01U351 | 7/12016 | <I <1 0.5 NR*, <1 | <1 NR, <1
01U352 | 6/30/2020 | <1 <1 <1 NR, 1.6 |<I NR, <1
01U353 | 6/30/2020 | <1 <1 0.5 NR.2.1 |<I NR, <1
010354 | 6/30/2020 | <1 <1 <1 NR, <1 <1 NR, <1
Goal 7 30 70 6 2

*NR means not reported for that date. The value is from the latest previous sample for which a value was reported.
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Figure 5-3. Effect of pumping in the “First Line” of extraction wells downgradient of the
source of contamination.
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5.2.4 Efficacy of Remediation by Pumping in the “First Line” of Extraction Wells on
Monitoring Wells Immediately Downgradient

There are two monitoring wells immediately downgradient of the “First Line” of extraction wells.
In these wells, pumping of the “First Line” of extraction wells reduced the concentration of total
chlorinated alkenes by two to three orders of magnitude (Panel A and Panel B of Figure 5-4). After
pumping ceased in the “First Line” wells in 2008, the concentrations in the downgradient wells
rebounded to concentrations near or above the concentration before pumping started.

The green arrows in Panels A and B of Figure 5-4 identifies the time after the proposed transition
to MNA. In 2015, when the Responsible Party requested a transition to MNA, the total
concentration of chlorinated alkenes in monitoring wells 01U115 and 01U157 were below the
cleanup goal. However, in well 01U157 in June 2017, the concentration of total chlorinated alkenes
was 3.9 umole/L (blue arrow in Panel A of Figure 5-4). This is above the cleanup goal.

In the following sections, Tool 5 of the TA? Tool was used to determine whether it was an
appropriate decision to not resume pumping of extraction wells based on the concentration of total
chlorinated alkenes in monitoring well 01U157 in 2017.
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Figure 5-4. Effect of pumping in the “First Line” of extraction wells on concentrations in
monitoring wells immediately downgradient.
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5.2.5 Efficacy of Remediation by Pumping in the “Second Line” of Extraction Wells
Downgradient of the Source

Four wells in the second system of eight extraction wells were in the “Second Line” of extraction
wells (Figure 5-5). The “First Line” of extraction wells ceased pumping in 2008. The “Second
Line” of wells ceased pumping at a much earlier time, in July 2000.

In well 01U355, which is closest to the source, the highest concentration before pumping was 2.3
pmole/L (Panel B of Figure 5-5). Pumping caused a two order of magnitude reduction in the
concentration of total chlorinated alkenes, and the final concentrations were far below the cleanup
goal for 1,2-DCE. In the two years after pumping stopped, the concentrations continued to decline,
and sampling and analysis of water from well 01U355 was discontinued in 2002. When monitoring
resumed in 2012, the concentrations of total chlorinated alkenes had rebounded to concentrations
near the initial concentration before pumping.

The next two wells along the flow path followed essentially the same pattern as the first well
(compare well 01U356 in Panel A and well 01U357 in Panel D to well 01U355 in Panel B of Figure
5-5). Extraction well 01U358, the well in the “Second Line” of extraction wells that was most
downgradient of the source, had an extensive reduction in concentration during pumping but
showed no evidence of rebound after 2012 (Panel C of Figure 5-5).

It is likely that the rebound in concentrations occurred in these wells earlier than 2012. The decision
to stop sampling these wells in 2002 was made before the phenomenon of back diffusion was widely
understood. The decision was reasonable at the time. The “First Line” of extraction wells were
still pumping in 2002, and from 2000 to 2002 concentrations were at or below the goal for 1,2-DCE
in all the “Second Line” of extraction wells (Figure 5-5). As discussed above, there were two
monitoring wells between the extraction wells in the “First Line” and the “Second Line” and the
concentrations in these wells were well below the goal in in 2002 (Panel A and Panel B of Figure
4). Eight quarters may not be enough time to capture the effects of back diffusion on rebound of
concentrations at Site A.

The green arrows in Panels A through D of Figure 5-5 identifies the time after the proposed
transition to MNA. In 2015, when the Responsible Party requested a transition to MNA, the total
concentration of chlorinated alkenes in well 01U356 was 2.3 pmole/L (the blue arrow in Panel A
of Figure 5-5), which was above the cleanup goal for 1,2-DCE.

In the following sections, Tool 5 was used to determine whether it was an appropriate decision to
not resume pumping of the “Second Line” of extraction wells after the rebound of concentrations
in well 01U356 in 2015.

At the current time, remediation by pumping of the extraction wells and natural attenuation of the
source has reduced the chlorinated alkenes in the “second line” of extraction wells to concentrations
below the cleanup goals (See Table 5-4).
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Table 5-4. Current concentrations of chlorinated alkenes in groundwater in extraction wells
in the “Second Line” of extraction wells downgradient of the former source of
contamination at Site A.

Well Date PCE TCE ¢DCE | tDCE 1,1-DCE | VC
Sampled

pg/L ng/L pg/L ng/L pg/L ng/L
01U355 | 6/25/2020 | <1 <1 0.4 NR*, 0.7 | <I NR, <1
01U356 | 6/19/2020 | <1 <1 5.1 NR, 13 | <1 NR, <1
01U357 | 6/19/2020 | <1 <1 <1 NR, 1.6 | <1 NR, <1
01U358 | 6/19/2020 | <1 <1 <1 NR, 0.6 | <1 NR, <1
Goal 7 30 70 6 2

*NR means not reported for that date. The value is from the latest previous sample for which a value was reported.
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Figure 5-5. Effect of pumping in the “Second Line” of extraction wells downgradient of the
source of contamination.

5.2.6 Efficacy of Remediation by Pumping in the “Second Line” of Extraction Wells on Nearby
Monitoring Wells

There are three monitoring wells closely associated with the “Second Line” of extraction wells. In
the three wells, pumping of the “Second Line” of extraction wells reduced the concentration of total
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chlorinated alkenes by roughly an order of magnitude (Figure 5-6). Pumping ceased in the “Second
Line” of extraction wells in 2000 and in the “First Line” of extraction wells in 2008.

In general, concentrations decreased over time when both lines of extraction wells were pumping
(until 2000) and were stable while only the “First Line” of wells were pumping. After pumping
ceased in the “First Line” of extraction wells, the concentrations of total chlorinated alkenes
rebounded in all the monitoring wells, reaching a local maximum in 2012 to 2013.

The green arrows in Panels A through C of Figure 5-6 identifies the time after the proposed
transition to MNA. In 2015, when the Responsible Party requested a transition to MNA, the total
concentration of chlorinated alkenes in well 01U139 was 3.2 pmole/L (the first blue arrow in Panel
A of Figure 5-6). This is above the cleanup goal for cDCE.

After rebounding above the goal for cDCE, concentrations of total alkenes declined below the goal
in two of the three wells (Figure 5-6). However, in well 01U139, the concentration of total
chlorinated alkenes has remained above the goal until the current sample (10.6 umole/L, see second
blue arrow in Panel A of Figure 5-6). In the following section, Tool 5 will be used to determine
whether it was appropriate to not resume pumping of the extraction wells based on current
concentrations of cDCE in well 01U139.

Table 5-5 provides the current concentrations of chlorinated alkenes in the monitoring wells that
were closely associated with the “Second Line” of extraction wells.

Table 5-5. Current concentrations of chlorinated alkenes in wells in close association with
the “Second Line” of pumping wells.

Well Date PCE TCE ¢DCE tDCE 1,I-DCE | VC
Sampled
ng/L ng/L pg/L ng/L pg/L ng/L
01U139 | 9/14/2021 | <1 0.6 1030 NR*, <1 | <1 NR, <1
01U140 | 9/14/2021 | <1 0.2 33 NR, 0.95 | <1 NR, <1
01U158 | 9/14/2021 | <1 <1 <1 NR,04 | <l NR, <1
Goal 7 30 70 6 2

*NR means not reported for that date. The value is from the latest previous sample for which a value was reported.
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Figure 5-6. Effect of pumping in extraction wells on monitoring wells near the “Second
Line” of extraction wells.
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5.2.7 Efficacy of Remediation by Pumping of Extraction Wells on Monitoring Wells in the
Residential Neighborhood Adjacent to Site A.

Four monitoring wells were located in a residential area immediately north of the former TCAAP
(Panel A of Figure 5-1 and Figure 5-7). In three of the four wells, concentrations of total
chlorinated alkenes never exceeded the cleanup goal for cDCE (Panels B, C and D of Figure 5-7).

The green arrows in Panels A through D of Figure 5-7 identifies the time after the proposed
transition to MNA. After pumping ceased in the extraction wells, concentrations increased in
monitoring well 01U902 (Pane A of Figure 5-7). At the time the Responsible Party proposed the
transition, the concentration of total chlorinated alkenes was below the goal for cDCE. However,
the current concentrations in well 01U902 are above the cleanup goal (blue arrow in Panel A of
Figure 5-7). Table 5-6 provides the current concentrations of chlorinated alkenes in the monitoring
wells in the residential neighborhood adjacent to Site A.

Table 5-6. Current concentrations of chlorinated alkenes in monitoring wells in the
residential neighborhood adjacent to Site A.

Well Date PCE TCE ¢DCE | tDCE 1,1-DCE | VC
Sampled

pg/L pg/L pg/L pg/L pg/L pg/L
01U901 | 9/14/2021 | <1 <1 0.2 NR*, <1 |<1 NR, <1
01U902 | 9/14/2021 | <1 <1 173 NR, 13 |<1 NR, <1
010903 9/14/2021 | <1 <1 <1 NR, <1 <1 NR, <1
01U904 | 9/14/2021 | <1 <1 <1 NR,0.2 |<1 NR, <1
Goal 7 30 70 6 2

*NR means not reported for that date. The value is from the latest previous sample for which a value was reported.

In the following sections, Tool 5 was used to determine whether it is appropriate to not resume
pumping of the extraction wells based on current concentrations of cDCE in well 01U902.
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Figure 5-7. Effect of pumping of extraction wells on monitoring wells in the residential
neighborhood adjacent to Site A.

5.2.7 Calibration of the Rate Constant for Natural Attenuation with Distance Along the Flow

Path (Tool 5)

Panel A of Figure 5-8 compares the concentration of total chlorinated alkenes in all monitoring
wells at Site A when the wells were first installed to the distance of the well from the most
contaminated well (01U108). Panel A of Figure 5-8 was created from a cropped screen shot of
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output of Results tab Well to be Evaluated Projected from the Tool 5 Plume Projections in the
TA? Tool. There was a wide variation in the extent of attenuation of concentrations with distance
from the source of contamination. Panel B of Figure 5-8 depicts the distribution of the wells in
plan two-dimensional space.

Concentrations can be lower with distance from the source because natural attenuation processes
such as dispersion or degradation have reduced the concentrations, or the concentrations can be
lower because the well is askew of the plume centerline and the well is in the margin of the plume,
or because the screened interval of the well is longer than the vertical extent of the plume and the
plume is diluted with clean water in the sample produced from the well. Professional judgement
was used to select wells that had the highest concentrations for a given distance from the source
and had screened intervals that were largely confined to the most contaminated depth interval in
the water table aquifer. These seven wells will define the centerline of the plume.

These seven wells are identified in Panel A and Panel B of Figure 5- 8 with red symbols and Panel
C of with black symbols. The centerline wells lie along a line extending from the most
contaminated well, taken as the source of contamination, toward the two private residential wells
that were identified by the Minnesota Pollution Control Agency as potential receptor wells. The
receptor wells are enclosed in an open square symbol in Panel B.

None of the chlorinated alkenes were detected in the most distal potential receptor well (the northern
well in Panel B). The concentration plotted for the most distal receptor well in Panel A is the
detection limit for the least sensitive analyte. The relevant cleanup goal is the MAC for 1,2-DCE
(70 pg/L or 0.722 umole/L total 1,2-DCEs), as depicted in Panel A and C of Figure 5-8. The Point
of Compliance is the distance to the southern potential receptor well.

As part of its risk evaluation, Tool 5 extracts a first-order rate constant for attenuation along the
centerline wells with distance from the source, then uses the rate constant to extrapolate the
concentration of contaminants at a particular well to the point of compliance, and then compares
the extrapolated concentration at the point of compliance to the cleanup goal. The tab Site-Specific
Info of Tool 5 Plume Projections was selected, and Step 5 was used to select the five centerline
wells. The user has the option to select from different types of rate constants, such as rate constants
derived from data from either the Pre-Remediation Period, the Post-Remediation Period, or lab
microcoss; in this case, the data from the Pre-Remediation Period is used to extract the rate constant.

The rate constant for attenuation along the centerline wells is illustrated in Panel C of Figure 5-8.
Panel C of Figure 5-8 was created from a cropped screen shot of output of Results tab Pre-
Remediation Period (actual) from the Tool 5 Plume Projections of the TA? Tool. The solid dark
blue line (Regression: Projected) in Panel A and Panel C is a linear regression of the natural
logarithm of the total concentration of chlorinated alkenes in the centerline wells on distance from
the most contaminated well, well 01U108. The projection of the solid dark blue line indicates that
when groundwater in the centerline wells reaches the point of compliance, the concentration will
not exceed the MAC.
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Tool 5 provides an option to evaluate the uncertainty in the projection. The tool projects the slower
one-tailed confidence interval on the rate of attenuation. The tool provides the option of an 80%,
90%, 95% or 99% confidence interval. For the purposes of this case study, assume that an
acceptable probability of error in the projection is 5% corresponding to a 95% confidence interval.
The dashed dark blue line (Regression: Projected with confidence) is the 95% confidence interval
on the rate of natural attenuation. The projection of the slower confidence interval in Panel A and
Panel C indicates that the possibility that the concentrations will be greater than the MAC cannot
be excluded at 95% confidence.

The well that provides the greatest risk to the receptor is not the well with the highest concentrations
of contaminants. The well with the greatest risk is the well with the highest concentrations
compared to the regression line for the centerline wells. When the wells were first installed, that
well was 01U140 (Panel A). The solid line extending from the symbol for well 01U140
(Regression: Evaluation Well Projected) extrapolates the rate constant for attenuation from well
01U140. Again, the projection indicates that the concentration of contaminants in groundwater in
well 01U140 will not exceed the MAC when the groundwater reaches the point of compliance. The
dotted line extending from well 01U140 (Regression: Evaluation Well Projected with confidence)
extrapolates the 95% confidence interval. Again, the possibility that the concentrations will be
greater than the MAC cannot be excluded at 95% confidence.

In Panel A, the projections from the centerline wells and the projections from the well being
evaluated are difficult to distinguish. Tool 5 also provides the projected concentrations in the well
being evaluated at the point of compliance and compares the concentrations against the cleanup
goal. See the boxes at the bottom of Panel A.

The risk evaluation provided by Tool 5 after the fact in this case study is consistent with the decision
to install a pump-and-treat remedy at the site.

The projections of Tool 5 at Site A are essentially equivalent to the evaluation provided by Ferrey
et al. (2002). To calibrate BIOPLUME 111, they assumed a seepage velocity of 200 feet per year.
A rate constant for degradation of PCE of 0.6 per year was required to make the simulation match
the field data. This would be equivalent to a rate constant for attenuation with distance along the
flow path of 0.6/200 = 0.003 per foot. The rate constant extracted using Tool 5 was 0.0022 per foot
(Lower left-hand box in Panel C of Figure 5-8).
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Figure 5-8. Calibration of Tool 5 for the rate of natural attenuation with distance along the
flow path toward the receptor.

5.2.8 Risk to Potential Receptors from Concentrations in Well 01U139 Under Current

Conditions

After the request was made in 2015 to transition to MNA, the highest concentration of total
chlorinated alkenes in any well at Site A was in the latest sample taken from well 01U139 (10.6
umole/L in September 2021, see the blue arrow in Panel A of Figure 5-9). When pumping ceased
in the “First Line” of extraction wells in 2008, concentrations in well 01U139 rebounded. They
exceed the cleanup goal in 2012 and reached a local maximum in 2013. Concentrations had
consistently been above the cleanup goal for 1,2-DCE for eight years leading up to the current

sampling date.
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Panel C of Figure 5-9 provides output from Tool 5 as applied to the current conditions at Site A.
The current concentrations at well OU139 and concentrations in other available wells are plotted
as a function of distance along the flow path from the source well, 01U108. Current concentrations
are plotted as blue circles. The original concentrations in the centerline wells before pumping are
plotted as red circles. In general, the current concentrations are much lower than they were before
active remediation, and with two exceptions, the concentrations are below the cleanup goal.
However, the current concentration of total chlorinated alkenes in well 01U139 is higher than
concentrations in the centerline wells at a similar distance from the source before pumping began.

The solid blue line extending from well 01U139 projects the rate constant for attenuation with
distance that was calibrated to the centerline wells. The projection assumes that the natural
attenuation processes that operated before pumping will operate with the same effect after pumping
ceases. The dashed blue line projects the slower 95% confidence interval on the rate constant for
natural attenuation with distance. Both projections indicate that the concentration of total
chlorinated alkenes will exceed the goal for 1,2-DCE when the groundwater in well 01U139 reaches
the point of compliance.

Panel B of Figure 5-9 presents the location of well 01U139 in relation to the seven centerline wells
and one other relevant monitoring well in the flow path from the source to the potential receptor
wells. Wells 01U356, 01U104 and 01U904 lie directly between well 01U139 and the potential
receptor wells.

The downgradient receptor wells are at most 1040 feet downgradient of well 01U139 (compare
Panel B). At a seepage velocity of 215 feet per year, the groundwater would move from well
01U139 to the receptor wells in five years. The concentrations of chlorinated alkenes have been
high in well 01U139 for the previous eight years (compare Panel A). Contaminated groundwater
from well 01U139 has had adequate time to move past the downgradient monitoring wells on Site
A and impact the potential receptor wells.

At the rate constant for attenuation with distance in the centerline wells, the high concentrations of
total alkenes in 2013 should have been moved from well 01U139 to wells 01U356, 01U104 and
01U904. They did not. The concentrations in well 01U356, 01U104 and 01U904 are much below
the projection and much below the cleanup goal (Panel C of Figure 5-9).
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Figure 5-9. Risk to potential receptors from concentrations of total chlorinated alkenes in

well 01U139 under current conditions.

5.2.9 Rate Constants for Abiotic Degradation in Microcosm Studies on Sediment from TCAAP

Site A

Microcosm studies provide another option for estimating the rate constant for natural degradation
of the contaminant over time in the aquifer sediment. At this site, He et al. (2009) conducted a
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conventional microcosm study of degradation of ¢DCE in sediment collected near well 01U108.
The rate constant for attenuation of concentrations over time was 0.73 + 0.18 per year (Table 3.1,
He et al., 2009). The rate constant for attenuation in container controls without sediment from Site
A was 0.21 £0.004 per year. The rate constant for degradation of ¢cDCE is the difference, 0.52 per
year. The degradation occurred in sediment that was sterilized by autoclaving, indicating that
degradation occurred though an abiotic process.

Sediment to construct the conventional microcosms was acquired in 2005. When wells at Site A
were sampled in 1998, the plume was anoxic, based on nondetectable concentrations of oxygen in
the contaminated wells compared to high concentrations in background wells, detectable
concentrations of iron II, and relatively low values for oxidation reduction potential in the
contaminated wells (Table 5-7). The location of the wells sampled for oxygen and redox indicators
is provided in Figure 5-10.

Table 5-7. Change from anoxic geochemical conditions before pumping to aerobic
conditions after pumping ceased and Site A was transitioned to MNA. Values complied from
Table 1 of Ferrey et al. (2000) and Table B.2 of He et al. (2009).

Parameter Date 01U067* | 01U119 | 01U108 | 01U117 | 01U115 | 01U904
Background Contaminated

Dissolved 1998 5.3 <1 <1 <1 <1

Oxygen June 2016 096 | 0.61 4.71 0.54

(mg/L)

Fe(II) 1998 <0.1 0.4 0.06 <0.1 <0.1

(mg/L) June 2016 0.10 <0.03 <0.03 0.01

ORP 1998 240 55 -104 75 114

(mV) June 2016 223 153 243 225

* Upgradient well, not on map.
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Figure 5-10. Locations of wells used to characterize redox conditions at Site A.

When the wells were sampled again 2016, after pump-and-treat and after the transition to MNA,
geochemical conditions were marginally aerobic, with detectable concentrations of dissolved
oxygen in all the wells, lower concentrations of ferrous iron (Fe(Il)), and higher values of redox
potential comparable to the clean well upgradient to the formerly contaminated wells.

Olivia Dunn in David Freedman’s Laboratory at Clemson University measured the rate of abiotic
degradation of ¢cDCE in sediment from Site A by determining the rate of production of carbon-14
labelled transformation products from carbon-14 labelled cDCE (Dunn, 2023). The sediment was
collected from near well 01U108 in 2021. She incubated sediment under two redox conditions: 1)
aerobic conditions and 2) anoxic conditions.

In the three treatments of the Clemson microcosm study under anoxic conditions, the rate constant
for degradation of ¢DCE is 0.054 &+ 0.014 per year, 0.007 + 0.004 per year and 0.057 + 0.016 per
year at 95% confidence (Dunn, 2023, Table 3.3). The median rate constant is 0.054 per year. The
Clemson microcosm system has 0.7 mL of water per 1.0 g of sediment. Natural aquifer material is
near 0.124 mL/g. The rate of degradation is inversely proportional to the amount of water in contact
with the aquifer solids. Correcting to a natural water content, the expected rate constant in the
aquifer is 0.054*0.7/0.124 = 0.30 +£0.079 per year at 95% confidence. The Clemson study included
a control without sediment to account for the production of degradation products from radiolysis of
the cDCE. The rate constant in the control was 0.0055 + 0.0024 per year, which is less than the
significant figures in the rate constant for the microcosms with sediment. The rate constant from
the Clemson microcosms (0.30 per year) is in reasonable agreement with the rate constant from the
conventional microcosm study (0.52 per year).
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As described above, the estimated seepage velocity of the groundwater is near 215 feet per year.
Assuming no other contributions to attenuation such as sorption or dilution and dispersion, the rate
constant for degradation of 0.52 per year would be equivalent to a rate constant for attenuation with
distance along the flow path 0f 0.52/215 =0.0024 per foot of travel. This is in reasonable agreement
with the rate constant for attenuation with distance along the flow path of the centerline wells as
projected by Tool 5 (0.0022 per foot, Pane A of Figure 5-8). At Site A, abiotic degradation of
¢DCE under anoxic conditions is a plausible explanation for the observed rate constant for
attenuation with distance in the centerline wells.

In the three treatments in the Clemson microcosm study under aerobic conditions, the rate constant
for degradation of ¢DCE is 0.544 &+ 0.033 per year, 1.094 + 0.124 per year and 0.399 + 0.010 per
year at 95% confidence. The median rate constant is 0.544 + 0.033 per year.

Correcting to a natural water content, the expected rate constant in the aerobic sediment is 3.1 +
0.19 per year at 95% confidence. The Clemson study included a control without sediment to
account for radiolysis of the cDCE. The rate constant in the control was 0.0077 + 0.0031 per year.
The rate constant for degradation of ¢cDCE under aerobic conditions would be equivalent to a rate
constant with distance of 3.1/215 = 0.014 per foot of travel.

It is not understood why the rate constant for degradation of cDCE should be an order of magnitude
faster under aerobic conditions, but this has important implications for the distribution of ¢cDCE in
the plume.

5.2.10 The Aerobic Rate Constant for Degradation Can Explain Why High Concentrations Did
Not Move Downgradient of Well 01U139

The solid blue line originating from well 01U139 in Panel D of Figure 5-9 projects concentrations
that would be expected in the downgradient wells in two to three years when the groundwater from
well 01U139 reaches well 01U356 or well 01U904, based on attenuation expected from the rate
constant in the aerobic microcosms. The expected concentrations are more consistent with the
current concentrations if the rate constant for attenuation along the flow path is the rate constant
that would be expected from the rate of degradation in aerobic microcosms.

The rate of attenuation over time in a well is a net rate that includes the rate for recruitment of new
contaminated material during desorption and back diffusion, a rate of change in concentrations in
groundwater moving into the capture zone of the well from upgradient, and the rate of degradation
of the contaminant in the groundwater.

Figure 5-11 compares the rebound and subsequent attenuation over time of total chlorinated
alkenes in four wells in the flow path from well 01U139 to the potential receptor wells. When
pumping ceased, the rate of recruitment exceeded the rate of degradation, and the concentration
went up. The vertical blue arrows in Panels A, B, D and E of Figure 5-11 identify the maximum
concentration attained after rebound.

SERDP ER20-1429 71 Final Report



WGSI

ENVIRONMENTAL
= 01U904 o Before Pumping = 01U356 (EW6)
< 100 13 > 100 3 B
8 A o During Pumping %
o .
E 10 ; o After Pumping EEE 10 1
= 9 L) 0g o
g 1] Goal DCE S 11 8 Goal DCE e
L 3 Q.\.\ L % -
= L < 2P
T 01 1 L . T 01 4 o
© o 0 & ®0 E " 5 - oO.c‘ o\
£ g > = @ Before Pumpin
5 0.01 4 o o0 °® ooTo RN 5001 ) ome ’ :
= o . = o During Pumping
o o
0.001 A e e 0.001 H ° AfterPumping |
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-20 Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-20
Date Sampled Date Sampled
—_ 01U357 (EW7)
% 100 3 [m]
[
? Receptors
£ 10 C P
g Goal DCE H
_54:’ 13 % o2 2 (o] (o] o
<
® o W
T 01 4 R \\- ‘ 9 ° o
g 014 o © e ,oO
'g 1| @ Before Pumping o Q o
5 0.01 3| © During Pumping - o Source @
1| * After Pumpin,
0.001 .p.g..... ©
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-20
Date Sampled
= 01U140 , _ 01U139 e Before Pumping
E 100 - @ Before Pumping % 100 3 E o During Pumping
° ] D o During Pumping % 3 o After Pumping
E 10 3 o After Pumping E 10 ; P U °
° -~ 3 °
] ° Goal DCE 8 ] oo Goal DCE 9" -
£ 3 L4 L 3 o
< ® = ] ° ° °° o, S
2 01 4 ° g8 : S 01 ] o T Co0 %NS
2 ° 00 % . @ E 00% o
g 0,0%0,° s ' = ] %,
5 0.01 4 e 5 0.01 { o
5 b S B
0.001 L o e L o e e L 0.001 e e L o e o
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-2 Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-2
Date Sampled Date Sampled

Figure 5-11. Effect of back diffusion and degradation on concentrations after pumping
ceased.

At Site A, the microcosms studies conducted by Clemson University indicated that the rate constant
for degradation over time may be ten-fold higher in aerobic material. The limited geochemical data
indicate that Site A may have transitioned from an anoxic environment to an aerobic environment
sometime on or before 2016. It is plausible that the peak in concentrations after rebound in Panels
A, B, D and E is associated with the time when the aquifer sediment transitioned from anoxic to
aerobic conditions. The fact that concentrations were increasing in early times indicated that the
rate of recruitment of new contaminants to groundwater from back diffusion or desorption was
greater than the rate of degradation. After the geochemisty shifted to aerobic conditions, the
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concentrations started to decrease, indicating that the new rate of degradation was greater than the
rate of back diffusion or desorption.

If groundwater from well 01U139 is the source of groundwater sampled by wells 01U356, 01U140
and 01U904 farther downgradient, concentrations in upgradient groundwater are unchanging or
increasing (Panel E of Figure 5-11). The overall rate constant for attenuation over time in these
downgradient wells cannot be greater than the rate constant for degradation. This is the case.

The solid blue line in Panel A through D is fit to the decline in concentrations after the maximum
concentration. The rate constant for attenuation over time after the maximum rebound in well
01U904 was 0.22 + 0.21 per year at 95% confidence (Panel A), in well 01U356 the rate constant
was 1.5 £ 1.2 per year (Panel B), in well 01U357 the rate constant was 0.40 & 0.13 per year (Panel
C), and in well 01U140 the rate constant was 0.71 = 0.50 per year (Panel D). None of the rate
constants for attenuation over time are greater than the rate constant for abiotic degradation of cDCE
in the Clemson microcosms incubated under aerobic conditions (3.1 per year). Abiotic degradation
of ¢DCE in aerobic groundwater is a plausible explanation for the observed reduction in
concentrations in these wells after rebound.

In well 01U139, the local maximum concentration after rebound occurred in 2013 (blue arrow in
Panel E of Figure 5-11). Since 2013, the concentrations are reasonably stable, and there is no
indication that concentrations are declining. The local maximum in 2013 occurred five years after
all pumping ceased at Site A. If the water table had returned to conditions prior to pumping, the
seepage velocity of groundwater would be near 215 feet per year, and groundwater from well
01U139 would reach well 01U356 in 0.6 years, well 01U140 in 1.2 years, and well 01U904 in 1.8
years.

Figure 5-12 compares the time of maximum rebound in the three downgradient wells to the time
of the local maximum of rebound in well 01U139. In well 01U904, the well farthest from well
01U139, the maximum rebound also occurred in 2013, not two years later (compare blue and red
arrows in Panel A of Figure 5-12). In well 01U365, the well closest to well 01U139, the maximum
rebound occurred in 2017, three years later, not one year later (Panel B of Figure 5-12). In the
intermediate well, 01U140, the maximum rebound actually occurred sooner than in well 01U139
(Panel C of Figure 5-12). The rebound in the downgradient wells seems to have more to do with
desorption and back diffusion than with migration of a front of contamination with groundwater
moving along the flow path.

There is an additional possible explanation for the attenuation after rebound in the downgradient
wells. As discussed, the attenuation may be due to a change in the rate constant for degradation in
the time interval around 2012 to 2016. The attenuation may also be due to a shift in the flow path,
carrying contamination from well 01U139 north of wells 01U356, 01U140 and 01U904 (Figure 5-
12). This is a possibility, but it should be noted that when the “First Line” of extraction wells were
shut down in 2008, the plume shifted south, not north (compare Panel A and C of Figure 5-3).
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The simple depiction of flow along a one-dimensional flow path as provided by Tool 5 (Panel C
and Panel D of Figure 5-9) assumes stable conditions along the flow path downgradient of the
subject well, 01U139. The risk evaluation indicates the there is no indication of a risk to the receptor
wells under current conditions. However, the assumption of stable conditions should be verified
by continued monitoring. If the rate constant for degradation can change by an order of magnitude
as the site transitions from anoxic to aerobic conditions, it can change again in the future. It would
be prudent to continue to monitor wells at Site A that are downgradient of well 01U139, in particular
in wells 01U356 and 01U904.
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Figure 5-12. Concentration maxima in downgradient wells are not explained by the time of
travel of groundwater from well 01U139 to the downgradient wells.

5.2.11 Risk to Potential Receptors from Concentrations in Well 01U902 Under Current
Conditions

In the current data (2021), the only other well with concentrations of total chlorinated alkenes that
are greater than the cleanup goal for 1,2-DCE is well 01U902. The concentration of cDCE was 173
pg/L or 1.8 pmole/L on 9/14/2021 (blue arrow in Panel A of Figure 5-13). After pumping ceased
in the extraction wells in 2008, the concentrations continued to decline for a few years, and then in
2013 started a steady increase. The current concentration is near the maximum concentration before
pumping began in 1994. In the period after the request to transition to MNA, the concentration of
c¢DCE has been above the goal twice (compare green arrow in Panel A of Figure 5-13).
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Panel C of Figure 5-13 provides output of Tool 5 for current conditions at well 01U902. The solid
blue line extending from well 01U902 (Regression Evaluation Well Projected) projects the rate
constant for attenuation with distance that pertained before pumping began, and the blue dashed
line (Regression: Evaluation Well Projected with confidence) projects the slower 95% confidence
interval on the rate of attenuation with distance. All the projections are below the cleanup goal at
the point of compliance. However, the projected concentrations at the receptors are close to the
cleanup goal.

Only one of the wells sampled in 2021 lies downgradient of well 01U902 and upgradient of the
potential receptor wells. That is well 01U904 (see Panel B of Figure 5-13). Chlorinated alkenes
were not detected in well 01U904 in 2021. Concentrations are plotted as the detection limit in Panel
C of Figure 5-13. The concentrations have been below the detection limit since 2018 (Panel D of
Figure 5-7).

Concentrations have been near the cleanup goal in well 01U902 since 2017. The travel time of
groundwater between the well 01U902 and 01U904 is 1.5 years. There is time for impacted
groundwater in well 01U902 to reach well 01U904. See Panel D of Figure 5-13. The rate constant
for degradation in aerobic microcosms (3.1 per year), when projected from the current concentration
in well 01U902, can explain most of the significant reduction in concentrations when the
contaminated groundwater reaches well 01U904 in 2021.

The risk evaluation indicates the there is no indication of a risk to the receptor wells under current
conditions, assuming rates of attenuation with distance that pertained before pumping began, or
rates of degradation over time under aerobic conditions in the Clemson microcosm studies.
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Figure 5-13. Risk to potential receptors from concentrations of total chlorinated alkenes in
well 01U902 under current conditions (2021).
5.2.12 Risk to Potential Receptors from Concentrations at Time of Transition

The remaining evaluations will be retrospective. We will compare risk provided at times when
various decisions were made to manage risk at Site A. The first set of evaluations will consider
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conditions in 2015 when the request was provided to the MPCA and U.S. EPA to transition Site A
from a pumping remedy to MNA.

In 2015, two wells at Site A had concentrations that were significantly above the cleanup goal
(01U139 and 01U356). Well 01U139 had the higher concentrations (see blue arrow in Panel A and
Panel C of Figure 5-14). Concentrations had been above the cleanup goal since 2011 (Panel A).
The concentration at the time of transition was similar to the concentration along the centerline
before pumping began (Panel C).

Projections of concentrations from well 01U139 based on the rate constant for attenuation with
distance indicated that concentrations would be below the cleanup goal at the point of compliance.
See the line Regression: Evaluation Well Projection and the lower left-hand box in Panel C of
Figure 5-14. However, the confidence interval on attenuation with distance indicated that there
was no evidence that the concentration would be below the goal at 95% confidence. The risk of
error was unacceptable. See the line Regression Well Projection with confidence and the lower
right-hand box in Panel C.

Wells 01U904 and 01U140 are midway between well 01U139 and the receptors (Panel B). The
extent of attenuation in wells 01U904 is greater than what would be expected from the rate constant
for attenuation in the centerline wells (projection in Panel C).

The other well with significant concentrations in 2015 was 01U356 (blue arrow in Panel A and
Panel C of Figure 5-15). As was the case with well 01U139, the current concentration in well
01U356 was similar to the concentration along the centerline wells before pumping began (Panel
C). Projections based on the rate constant for attenuation with distance indicate concentrations
should be below the cleanup goal at the point of compliance (see the lines originating at the symbol
for well 01U356, Regression: Evaluation Well Projection and the box in the lower left-hand side
of Panel C. However, the confidence interval on the line (Regression: Evaluation Well Projection
with confidence) indicates that there is no evidence that the concentration is below the goal at 95%
confidence. The risk of error was unacceptable. Well 01U904 was the only well sampled at the
time of transition that is directly downgradient of well 01U356 (Panel B). The concentration in
well 01U904 was less than would be expected based on the rate constants for attenuation with
distance s (Panel C).

The evaluation provided by Tool 5 of concentrations in wells 01U139 and 01U356 indicated that
there was an unacceptable risk that concentration of chlorinated alkenes in groundwater in these
wells might be above the cleanup goal when the groundwater reached the receptor wells. Continued
monitoring was justified. However, the concentrations in the downgradient wells 01U140 and
01U904 were below the goal (Panel C of Figure 5-14), and the recent trend in the concentrations
in these wells was down in 2015 (Panels A and C of Figure 5-12). The MCPA and the U.S. EPA
chose to manage risk by continued monitoring and did not transition the site back from MNA to
active pumping.
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Figure 5-14. Risk to potential receptors from concentrations of total chlorinated alkenes in
well 01U139 in 2015 at time of transition to MNA.
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Figure 5-15. Risk to potential receptors from concentrations of total chlorinated alkenes in
well 01U356 in 2015 at time of transition to MNA.

5.2.13 Risk to Potential Receptors from Concentrations at Time Extraction Wells Were Shut
Down in 2008

The second retrospective evaluation will consider the decision to cease pumping in the “First Line”
of extraction wells in 2008. At the time the wells were shut down, wells 01U352 was the only well
at Site A with concentrations of total chlorinated alkenes above the cleanup goal (Panel C of Figure
5-16). The concentration was 3.6 pmole/L on 6/18/2008 (blue arrow in Panel A of Figure 5-16).

The projection of Tool 5 based on the rate constant for attenuation with distance indicated that the
concentrations would be below the cleanup goal at the point of compliance; however, the projection
of the confidence interval did not indicate that the concentrations would be below the goal at 95%
confidence (Panel C, Figure 5-16). The evaluation provided by Tool 5 indicated that there was an
unacceptable possibility that contaminated groundwater from well 01U352 could reach the point of
compliance at concentrations above the cleanup goal. The evaluation provided by Tool 5 indicated
that further detailed monitoring of the plume was indicated.
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There were four wells between well 01U352 and the potential receptor wells (Panel B of Figure 5-
16) that could be used to evaluate risk to the potential receptor wells as the chlorinated alkenes in
well 01U352 migrated toward the receptor wells under the natural hydraulic gradient. In 2008, the
concentrations of total chlorinated alkenes were below the MAC. The MPCA and the U.S. EPA
chose to monitor these wells over time to determine if the plume was reestablished.

At one time or the other, concentrations reached or exceeded the cleanup goal in all four wells (see
Panel A of Figure 5-6 for 01U139, Panel A of Figure 5-7 for 01U902, Panel A of Figure 5-12 for
01U904 and Panel C of Figure 5-12 for 01U140). The decision to conduct further detailed
monitoring was justified by the subsequent migration of unacceptable concentrations of total
chlorinated alkenes to the downgradient wells.
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Figure 5-16. Risk to potential receptors from concentrations of total chlorinated alkenes in
well 01U352 in 2008 at the time the extraction wells were shut down.

A first-order rate law was used to calculate the predicted concentration along the projection at the
locations of the downgradient wells, assuming a rate constant for attenuation of 0.0022 per foot.
The projections of Tool 5, based on the rate of attenuation in the centerline wells before remediation
and the concentrations of total chlorinated alkenes in well 01U352 in 2008 (see the line Regression:
Evaluation Well Projected in Panel C of Figure 5-16), provided a reasonable estimate of the
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maximum concentrations obtained in the downgradient wells in the first concentration maximum
after rebound.

The predicted concentrations are provided in the column titled Maximum Concentration Predicted
in Table 5-8. The measured concentrations attained in the first maximum after rebound are also
proved in Table 5-8. The measured concentrations are in reasonable agreement with the predicted
concentrations. The approach used in Tool 5 provided an accurate forecast of the future behavior
of the plume after pumping ceased at Site A.

Table 5-8. Comparison of the concentrations of total chlorinated alkenes that were attained
in wells downgradient to well 01U352 after active extraction ceased in 2008 to the
concentrations predicted from the rate of natural attenuation along the plume centerline
before active remediation.

. Maximum )

Well Distance from Concentration Maximum '

01U352 . Concentration Measured*

Predicted

feet ug/L ug/L Date
010352 0 3.62 3/18/08
01U139 258 2.05 5.27 6/27/13
010902 335 1.73 1.78 9/14/21
010140 510 1.18 1.00 6/13/12
010904 642 0.88 0.59 6/24/13

* See Figure 3, Figure 6 and Figure 7.

5.2.14 Risk to Potential Receptors when Concentrations Rebounded Unexpectedly

Occasionally in the monitoring record, concentrations of total chlorinated alkenes show a dramatic
increase in a particular well. Tool 5 can be used to evaluate the importance of these changes. This
is illustrated for well 01U157 in Panel A of Figure 5-17. On 6/15/2017 the concentration increased
twenty-fold from the previous sample, from 0.18 pmole/L to 3.9 umole/L.

Projections based on the rate constant for attenuation with distance indicated that concentrations of
total chlorinated alkenes would not exceed the cleanup goal when the contaminated groundwater
reached the point of compliance. However, the projections based on the confidence interval
indicated that there was no evidence that concentrations would be below the goal at 95% confidence
(Panel C, Figure 5-17). The risk of error was unacceptable, and continued detailed monitoring is
indicated.

However, Tool 5 also reveals that well 01U157 is not the primary well of concern on that particular
sampling date. Well 01U139 is of greater concern because the concentrations are higher above the
projection of concentrations in the centerline wells compared to well 01U157. The concentrations
in the four monitoring wells downgradient of 01U157 and 01U139 were all below the cleanup goal
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(Panel C). As was the case in the previous examples, the MPCA and the U.S. EPA chose to manage
risk with further monitoring.

Estimated Attenuation Without With
Rate Constant (per ft) Confidence Confidence
Limit Limit
0.0022 0.0013
- 01U157 e Before Pumping
) . X .
37 100 © During Pumping 2. Well to be Evaluated Projected
E 10 ] A M Concentration of COC in Identified Wells Over Distance
s & g1 01U157
9] 1 )
3 o
; 11 u L e e
= E Py s 2 S e T
< ] ST, 5 1 ' _
B 0l * oo * % .o . )
3 ° 540-
2 E (?"’oo °°, °°ooo.‘o 5101 .
5 0.01 f§ o = . g
= 3 . S10721 oo
[} ] ]
0.001 : : . . T T T 81073 , , ‘ ‘ ‘ , , ,
Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10 Jan-15 Jan-20 0 200 400 600 800 1000 1200 1400 1600 1800
Date Sampled Distance (ft)
------ Cleanup Goal (0.722 pmole/L)
Point of Compliance
° Post Remediation C
O centerline wells ° Pre Remediation
1000 - B other wells Regression:Projected
—————— Regression:Projected with confidence
Oreceptors Regression:Evaluation Well Projected
750 Regression:Evaluation Well Projected with confidence
g
‘:;-E [m) 01U157
£ 5001 l Estimated Without With
£ 0 ©°29Q Concentration at Point Confidence Confidence
2 0 /' 0° o of Compliance umole/L Limit Limit
01U139 0.36 0.96
0 T T T T T T T 1
0 250 500 750 1000 1250 1500 1750 2000 Cleanup Goal Achieved Without With
Easting (feet) at Poin_t of Confidence Confidence
Compliance? Limit Limit
Yes No

Figure 5-17. Risk to potential receptors from concentrations of total chlorinated alkenes in
well 01U157 in 2017 when there was a spike in the concentration of total chlorinated
alkenes.

5.2.14 Summary Assessment and RTAI

Site A at the TCAAP has already undergone a transition to MNA that has been incorporated into
an amended ROD for the site. This was based largely on an expectation that concentrations goals
would be achieved at the downgradient points of compliance when MNA was proposed. For the
purposes of this case study, the following describes how the site could be evaluated using the
stepwise process described in the Summary Assessment (Tool 10) of the TA? Tool.

Step 1 — Determine if the site meets the primary bright-line criteria: Site A met the applicable
bright-line criterion for this site, which is that MNA could achieve the concentration goals by the
time groundwater reached the downgradient point of compliance. Within the TA? Tool, this is
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primarily accomplished using Tool 5. While shutting off various extraction wells did result in a
concentration rebound in several monitoring wells, the application of Tool 5 (described above)
determined that the post-remediation concentrations would not be expected to exceed the cleanup
goal at the downgradient receptor location at the 95% confidence level. This included projections
from the most critical monitoring well at the time of the transition and projections from monitoring
wells after the transition (i.e., using the most recent concentrations after rebound). The site had a
sufficient monitoring network to document concentration changes with time and distance after the
transition to ensure that it was meeting long-term monitoring obligations. The other bright-line
criterion (remediation timeframe estimate) was less applicable for this site because the timeframe
for MNA was expected to be the same as the active remedy.

Step 2 — Establish the Remediation Transition Assessment Index for the site: The RTAl is largely
focused on whether site conditions and concentration trends would suggest that active source
treatments are challenging to implement and/or not expected to be successful at improving
remediation timeframes due to matrix diffusion and other factors. At Site A at the TCAAP, an
active remedy (groundwater pump-and-treat) was already in place, and no alternative remedial
technology (besides MNA) was being considered to our knowledge.

An example of possible RTAI values generated by Tool 10 in the TA? Tool for this site are shown
below in Figure 5-17b. The results of Tool 1 yield an RTAI of 4 because a few of the extraction
wells had multiple lines of evidence for asymptotic behavior, which supports transitioning to MNA.
The results of Tool 2 yield an RTAI of 1 because the plume was not entirely stable due to rebound
in several downgradient wells after pumping that resulted in an increasing trend in these wells.
Note that this is a conservative assessment since natural attenuation was actively reducing
concentrations downgradient of these wells, and most downgradient wells were already below the
cleanup goal. The first RTAI value from Tool 4 (“Expected performance”) is a 2 based on a
conservative assumption that a 0.5 order of magnitude reduction in current concentrations would
be needed to achieve the goal concentration everywhere across the site. The second RTAI value
from Tool 4 (“Remedial Potential”) is a 1 based on an assumption that there are few site constraints
to implementing common alternative remedial technologies. The results of Tool 3 yield an RTAI
of 3 because complete source removal would be predicted to result in a relatively moderate
remediation timeframe for site-wide compliance with the cleanup goal, despite the evidence of back
diffusion in the post-remediation data. Finally, Tool 7 yields an RTAI of 3 because the scale of the
site would result in moderate allocation of costs and resources to implement typical enhanced
attenuation options.

For site managers, the RTAI values can be averaged to get a balanced impression of whether the
site is ready to transition. In this case, the average value of 2.3 suggests that this site is a “fair
candidate” or “typical candidate”, which does not necessarily argue that transition is warranted.
Alternatively, the site manager can use individual RTAI values that are most critical to the site-
specific assessment. The latter is the most appropriate for this particular site, where the evidence
for asymptotic performance of several extraction wells (i.e., the RTAI of 5 from Tool 1) was
important justification for shutting them down, and the low concentrations and stability of several
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(but not all) downgradient wells provided additional support. It is also important to note that the
Tool 5 plume projections—which are part of the bright-line criterion in Step 1 and not part of the
RTAI estimates—are the key driver at this site, and that post-remediation monitoring was used as
a strategy to manage potential risk of elevated concentrations migrating to downgradient receptors.

Step 3 — Checklists: The purpose of this optional step is to help ensure that the site manager collects
critical information and identifies site-specific drivers for the TA. The above discussion of the
bright-line criteria (which were met) vs. the RTAI estimates is a good example of how this process
might play out. At this particular site, there were no other technologies that were being considered
besides MNA, so the RTAI values that are associated with implementing source treatment (or other
alternative approaches) are less important. The conclusion that concentrations would meet goals at
downgradient receptors due to observable and explainable natural attenuation mechanisms was the
most important consideration. This type of information is compiled by going through these
checklists and would have supported the overall conclusion.

RTAI
Tool Poor Fair Typical Good Strong Rationale
Candidate Candidate Candidate Candidate Candidate
RTAl =1 RTAI = 2 RTAl =3 RTAI = 4 RTAI =5

The RTAl is higher if there are more Lines of Evidence

1. Asymptote (Tool 1) ! 2 3 & > that concentrations at the site are asymptotic.
The RTAl is higher if key downgradient/sentinal

2. Is my Plume expanding? (Tool 2) | Pl ST PD D well(s) exhibit stable or declining concentration
trends.
The RTAl is higher for sites where a higher

3. Expected performance (Tool 4) <05 05t0<0.75 075t0<125  125to<2 >2 concentrationisigedediand mayotbsiadhievable
based on the expected level of performance of
remediation technologies.
The RTAl is higher for sites with challenging cleanup

. : goals and difficult conditions. It is based on a similar

4. Remedial Potential (Tool 4) High High-Mod Moderate Mod-Low Low 3
methodology developed by ITRC for evaluating
remediation potential.
The RTAl is higher for sites where additional source
remediation does not result in short remediation

5. How long? (Tool 3) <5 5to <10 10 to <25 25 to <50 >50 timeframes. It is based on the estimated number of
years to reach the cleanup goal after source
remediation.
The RTAl is higher for sites where EA technologies or
approaches can be easily implemented. It is based on

6. Enhanced Attenuation (Tool 7) - - v - - the depth and width of the area being targeted,
which are used as proxies for cost and ease of
installation.

Metric 2 1 2 1 ]

Figure 5-17b. Remediation Transition Assessment Index (RTAI) Results for Site A. Results
were obtained using Tool 10 of the TA2 Tool. Higher RTAI values support transitioning from
active remedies to more passive remedies.

5.3 Case Study #2 — Former Plattsburgh Air Force Base

5.3.1 Introduction
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The former Plattsburgh Air Force Base (PAFB) is located near the town of Plattsburgh in New York
State on the shore of Lake Champlain. The Air Force base was closed in 1995 as part of the process
under the Base Realignment and Closure Act (BRAC).

The FT-002 fire training area is located near the western boundary of the former Plattsburgh Air
Force Base (FPM Group. 2006). Panel A of Figure 5-18 depicts conventional fire training
activities. Soil was moved to create a circular berm, and the interior was flooded with water to
create a temporary pond. A mixture of jet fuel, waste oils, and chlorinated solvents was added to
float on the water, and then set afire. Then the fire was extinguished as part of the training. When
the training was concluded, the water and any unburned oily material was allowed to infiltrate the
soil.

At site FT-002, there were four fire training pits. Training at FT-002 occurred in a time frame
between the mid-1950s and the 1990s. The pits varied from 50 to 100 feet in diameter (FPM Group,
2006). Panel B of Figure 5-18 is an aerial photograph of site FT-002, showing three of the four
pits.

Figure 5-18. FT-002 Overview. Panel A depicts typical fire training activity at a fire training pit.
Panel B is an aerial photograph showing the relationship between the fire training pits at the
former Plattsburgh AFB and the location of the most contaminated well at the FT-002 site before
active remediation began.
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5.3.2 Distribution of Contamination at Initial Site Characterization

Prior to remediation, the distribution of NAPL was determined at the FT-002 site. Figure 5-19
presents the vertical distribution of TPH and TCE in the unsaturated zone and near the water table
close to the location of MW-02-008 (John Wilson Personal Communication, unpublished data).
The bulk of contamination was confined to a smear zone approximately ten feet thick, centered at
the water table 40 feet below ground surface. The site was surveyed with a laser-induced
fluorescence cone penetrometer (Figure 5-20). Panel A of Figure 5-20 depicts the locations of the
berms of the four pits, and locations of penetrometer soundings. The locations with a magenta color
had the highest fluorescence and had the highest concentrations of TPH. The yellow bar in Panel
A is a transect of soundings that were roughly perpendicular to groundwater flow. Panel B depicts
the vertical distribution of fluorescence in the transect. Data from Figure 5-20 was used to create
a calibration curve and estimate the concentration of TPH from the fluorescence. Significant
concentrations of TPH at the water table were confined to an interval between 220 and 350 feet
wide, perpendicular to groundwater flow. The yellow bar in Panel C depicts a transect roughly
parallel to groundwater flow, and Panel D depicts the vertical distribution of fluorescence in that
transect. Significant concentrations of TPH were confined to an interval between 150 and 370 feet
long in the direction of groundwater flow. This mixed LNAPL object at the water table provided
the perennial source of contamination of petroleum hydrocarbons and TCE to groundwater.

Concentration of TPH and TCE (mg/kg)
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10000
O L L L L 1
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Figure 5-19. Distribution of TPH and TCE in core samples from FT-002 near the location of
MW-02-008.
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Figure 5-20. Distribution of TPH at FT-002 as determined with a laser-induced
fluorescence cone penetrometer.

Figure 5-21 provides the distribution of total chlorinated hydrocarbons in groundwater at the
former Plattsburgh Air Force Base before active remediation. The hydraulic gradient was to the
southeast, bringing contaminated groundwater underneath an open area, then the runway, then a
second open area that contained a drain for storm water, then a flight line, then an industrial
operations area before approaching a golf course on the eastern boundary of the former Plattsburgh
Air Force Base. The dashed white line in Figure 5-21 is the base boundary. Groundwater
contamination with chlorinated solvents extended for 7,700 feet from the source at FT-002.

Concentrations of total chlorinated solvents exceeding 1,000 pg/L extended 3,900 feet from the
source.

A portion of the plume discharged to a wetland in the open area with the storm drain. The
discharged water was collected into the storm drain and carried away as surface drainage. This area
is identified by the enclosed 180-foot isopleth in Figure 5-21.
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The results of a pumping test conducted near the FT-002 release site provided estimates that varied
from 1.8E-02 to 2.9E-02 cm/sec (page 3-17 of URS Consultants, Inc. 2001a). The mid-point of the
range is 2.4E-02 cm/sec. The average hydraulic gradient is near 0.0084 (Figure 5-21). If the
effective porosity is 0.25, the seepage velocity is near 834 feet per year. It would take roughly nine
years for groundwater to move from the source to the toe of the plume. Using the high end of the
range of hydraulic conductivity (2.9E-02 cm/sec) provides an estimated seepage velocity of 1,000
feet per year.

The plume of chlorinated solvents was confined to the water table aquifer in glacial sand (Figure
5-22). The contamination in the sand aquifer was separated from deeper groundwater in underlying
geological materials by a layer of clay. At the FT-002 source area, the sand aquifer is approximately
50 feet thick. As the plume moved to the southeast, the sand aquifer became thinner. It is
approximately 5 feet thick under the industrial operation area.

e >1,000 pg/L

e 100 - 1,000 pg/L
10 - 100 pg/L

0 <10 pg/L
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Figure 5-21. Distribution of concentrations of total chlorinated alkenes in groundwater at
PAFB prior to active remediation (1995-1999). Black contour lines are water-table elevations
in feet above mean sea level. Redrawn and modified from Figure 31 of URS Corporation (2016)

overlaid on a screen capture of Google Earth Pro.
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Figure 5-22. Vertical distribution of chlorinated alkenes originating from the FT-002 site in
groundwater at PAFB. Redrawn and modified from Figure 11-4 of URS Consultants, Inc.
(2001b). Table 5-9 provides the concentrations of chlorinated hydrocarbons prior to active

remediation for those wells depicted in Figure 5-21 where the concentrations of any individual
chlorinated alkene exceeded 10 ng/L. The data were obtained from Appendix B of URS
Consultants, Inc. (2001c). Well locations are shown in Figure 5-23.

In the wells closer to the source, a substantial fraction of the TCE was reductively dechlorinated to
¢DCE and Vinyl Chloride. Starting at approximately 3500 feet from source, the extent of
dechlorination was not as extensive (Table 5-9 and Figure 5-23). These wells are near or under
the eastern flight line. There is no obvious explanation for this difference in the extent of
dechlorination. Except for one well close to the source, there was little accumulation of Vinyl
Chloride. Biological reductive dechlorination of cDCE cannot account for the extensive attenuation
of concentrations of cDCE along the flow path in the plume.
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Table 5-9. Concentrations of chlorinated alkenes in the wells when sampled for the baseline
condition before the extraction system started up. Wells shaded in blue were not included in
the wells that were selected to define the centerline of the plume.

biwnce | | pep | tep | DCEADCE+LI- | Vinyl
Well Source | Sampled | (ug/L) | (ng/L) DCE Chloride
(feet) (ng/L) (ng/L)

MW-02-008 0 8/1/1995 ND | 27,200 51,360 10
MW-02-020 956 8/1/1995 ND 2.2 14,944 870
46PLTWS 1061 8/1/1995 2.8 279 3,992 ND
MW-02-039 2086 9/4/1996 ND 1,300 50 ND
34PLTW12 2527 8/1/1995 ND 24 2,215 8.3
MW-02-042 2695 6/17/1997 | ND 170 3,700 ND
MW-02-023 3477 9/10/1996 | ND 1,200 820 ND
MW-02-083 3784 6/18/1997 3.7 2,700 110 ND
MW-02-043 3905 6/17/1997 | ND 1,100 58 ND
63PLTW20 4711 8/1/1995 1.2 674 23.2 ND
69PLTW21 4959 6/17/1997 | ND 120 6 ND
MW-02-048 5100 7/14/1999 0.6 386 9.9 ND
MW-11-008 6401 9/4/1996 ND 13 26 ND
MW-11-010 6911 9/4/1996 ND 19 18 ND
MW-11-005 7059 9/4/1996 ND 28 75 2.5
MW-2612-11 7155 7/14/1999 | ND 0.5 95 0.7
MW-11-001 7287 9/4/1996 ND ND 50 ND
MW-2612-10 7496 7/20/1999 | ND 0.9 44 2.7

ND means not detected. Detection limits not reported.
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Figure 5-23. Distribution of
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the plume before remediation. Panel B is redrawn and modified from Figure 31 of URS
Corporation (2016) overlaid on a screen capture of Google Earth Pro.
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5.3.3 Using Tool 5 to Evaluate Need for Active Remedy of Groundwater Contaminated by the
FT-002 Site

For purposes of this case study, an active remedy is needed if there is a possibility that the natural
flow of groundwater can carry chlorinated alkenes from the FT-002 site past the boundary of the
former Plattsburgh Air Force Base at concentrations that exceed applicable regulatory standards.

Panel A of Figure 5-24 shows the concentration of total chlorinated hydrocarbons in groundwater
prior to remediation relative to the distance from the source. The figure is created from a cropped
screen shot of output of Results tab of Pre-Remediation Period (actual) from Tool 5 Plume
Projections of the TA? Tool. The upper boundary of the population of data points represents the
centerline of the plume. The wells in the centerline were identified by professional judgement. The
five wells with values contained within the orange rectangular shapes were judged to not be in the
centerline. The tab Site-Specific Info of Tool 5 Plume Projections was selected, and Step 5 was
used to unselect the five wells, so they were not included in the centerline. The other wells were
selected to be in the centerline. Panel B of Figure 5-24 compares the updated location of the
centerline wells.

The solid lines in Panel A and Panel B of Figure 5-24 are regression lines that were fit to the natural
logarithm of concentration of chlorinated alkenes on distance from the source. If the five wells
were excluded from the centerline wells, the regression line extended further to the southeast before
it reached the cleanup goal. This indicates that excluding the five wells provided an estimate of
possible extent of the plume that was larger than was the case when the wells were included. The
exclusion of the five wells made the estimate of the extent of the plume more conservative from a
risk evaluation point of view. The slope of the regression line is the first-order rate constant for
attenuation. The slope of the dotted line is the one-tailed upper 95% confidence interval on the rate
constant. The line calculated from the confidence interval of the rate constant is closer to the
regression line in Panel B, indicating that excluding the five wells also reduced the uncertainty in
the estimation of the plume centerline.

Figure 5-23 compares the attenuation in total concentration of chlorinated alkenes with distance
along the flow path (Panel A) to the location of the wells at the site (Panel B) for the centerline
wells described in Panel B of Figure 5-24 and Table 5-9. The plume centerline followed a linear
flow path. The variation in concentrations with distance along the centerline is well described by
a first-order rate law. The rate of attenuation seems to be uniform with distance along the flow line.

The Maximum Allowable Concentrations (MAC) of PCE, TCE, ¢DCE and tDCE in groundwater
at the former Plattsburgh AFB are 5 pg/L for each compound, and the MAC for Vinyl Chloride is
2 ng/L (page 16 of 212 of Arcadis/Bhate/AFCEC/CIBE, 2022). Based on the concentration of
chlorinated alkenes in Table 5-9, and based on the possibility that PCE and TCE might be
dechlorinated to DCE, the Cleanup Goal in Tool 5 was set to 5 pg/L DCE, equal to 0.05 umole/L.
The projected concentrations in the centerline wells (the solid blue line in Panel A of Figure 5-23)
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almost extend to the base boundary at concentrations exceeding the MAC for DCE. The dashed
blue line projects the upper 95% one-tailed confidence boundary on the rate constant.

The evaluation provided by Tool 5, based on the rate of natural attenuation of chlorinated alkenes
in groundwater with distance along the centerline of the flow path, indicates that it is not possible
to say at 95% confidence that natural attenuation would prevent contamination in groundwater from
reaching the base boundary at concentrations that exceed the MAC for DCEs. Note that this is
based on the concentrations that were present in the late 1990s in the pre-remediation period. As
discussed later, the situation is different in later periods (after remediation) because the source
concentration has diminished to a low enough level that natural attenuation in the plume is sufficient
to achieve the cleanup goal at the downgradient point of compliance.

1. Pre-Remediation Period (actual) 1. Pre-Remediation Period (actual)

Concentration of COC in Identified Wells Over Distance Concentration of COC in Identified Wells Over Distance
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Figure 5-24. Distribution of total chlorinated alkenes with distance from well MW-02-008
in the plume originating from the FT-002 site. The wells in an oval shape in Panel A are not in
the centerline of the plume.

5.3.4 Activity to Remediate Groundwater Contamination from the FT-002 Site.

The source area contamination at the FT-002 site was remediated by a combination of free product
recovery, bioventing of contaminated soils, and water table depression to enable remediation of
contamination in the smear zone.

Contaminated groundwater in the western most portion of the plume was captured by five extraction
wells that were installed just upgradient of the runway (Figure 5-25). The water was conveyed by
a gravity main to the FT002/IA GW OU wastewater treatment plant. Contaminated groundwater
further downgradient was captured in a collection trench, and then conveyed by gravity main to the
same wastewater treatment plant (Figure 5-25). This trench is referred to as the Runway/Flightline
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Collection Trench. The trench is installed approximately 10 and 50 feet below grade. It is
composed of slotted high-density polyethylene pipe enclosed in a geotextile filter and covered in
permeable stone. The flows of the contaminated groundwater were combined and treated in the
FT002/TA GW OU treatment plant using air stripping, then treatment of the air with activated
carbon. The treated water was discharged to surface flow (URS Corporation, 2016b).

Remediation began in 2004. In September 2014, the extraction wells were deactivated (page 18/325
URS Corporation, 2016a). The only flow provided to the treatment plant was through the
Runway/Flightline Collection Trench. Because the influent to the treatment plant had met
discharged standards for several cycles of monitoring, the plant was deactivated in May 2015. The
untreated effluent from the collection trench was monitored for a period, and then the treatment
plant was deenergized in December 2016 (Arcadis/Bhate/AFCEC/CIBE, 2022).

Trench

Extraction A - 258
1 Wells e

t

Figure 5-25. Location of extraction wells, a collection trench, and a treatment plant used to
collect and treat contaminated groundwater from the FT-002 site. Redrawn and modified
from Figure 2 of Arcadis/Bhate/AFCEC/CIBE (2022) overlaid on a screen capture of Google

Earth Pro.

5.3.5 Progress of Remedy for Groundwater in the Western Portion of the Plume

Panel A of Figure 5-26 compares concentrations of Vinyl Chloride, cDCE and TCE in the
combined effluent of the extraction wells and the collection trench before any treatment. Initial
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concentrations of Vinyl Chloride, cDCE and TCE were high. Data on concentrations of cDCE were
collected before 3/18/2006, but concentrations were too high to plot at the scale provided in the
primary report. The highest recorded concentration of cDCE was 703 pg/L on 3/29/2004. Panel B
of Figure 5-26 plots the concentrations on a logarithmic scale. The decline in concentrations of
Vinyl Chloride, cDCE and TCE followed a first-order rate law. There was little visual evidence
that the rate constants for attenuation changed over time.

The wastewater discharge permit issued by the New York State Department of Environmental
Conservation for the treatment plant allowed maximum concentrations of Vinyl Chloride, of cDCE
and of TCE of 10 pg/L (Appendix B of URS Corporation, 2016b). The concentrations of Vinyl
Chloride declined to below the MCL by 12/14/2006. After this time, the only chlorinated alkenes
of concern were ¢cDCE and TCE. By 6/17/2014, the concentration of cDCE and the concentration
of TCE were at or below the discharge permit. The wastewater treatment plant was deactivated on
5/7/2015. This is represented by a dashed vertical red line in the panels in Figure 9. After the
treatment plant was shut down, sampling continued for eighteen months to ensure that
concentrations stayed below the permit. Data for the three years before shutdown, and the eighteen
months after shutdown, are presented in Panels C and D of Figure 5-26. After the treatment plant
was shut down the concentrations in the discharge from the collection trench stayed below the
permitted concentrations, and the U.S. Air Force was no longer required to monitor the discharge
of the Runway/Flightline Collection Trench.

In September 2014, the remedy for active treatment of the western portion of the groundwater
plume was transitioned from active remedy (treatment of effluent collected by the trench before
discharge to surface water) to a more passive remedy (discharge of the effluent without active
treatment).

Groundwater in the eastern portion of the plume is collected by two other trenches. The effluent of
one trench is treated in an aeration pond before discharge to surface water. The effluent of the other
trench is discharged to surface water without further treatment (Arcadis/Bhate/AFCEC/CIBE,
2022). There has been no change in the remedy in the eastern portion of the plume, and conditions
in the eastern portion of the plume will not be discussed further.

This case study will evaluate conditions in the western portion of the plume at the time the remedy
was transitioned to strictly passive measures.
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Figure 5-26. Concentrations over time of TCE and cDCE delivered to the Treatment Plant
in the combined effluent of the extraction wells and the interception trench. Panel A is
redrawn and modified from Figure 14 of URS Corporation (2016b). The dotted line represents
the time when the transition occurred (extraction wells were shut off and the plant only received
water from the interception trench).

5.3.6 Using Tool 1 to Evaluate Continued Operation of Treatment Plant

At the time of transition, the concentrations of TCE in the combined influent were near 10 ng/L,
which was the permitted concentration for discharge without further treatment (Panel D of Figure
5-26). A cursory examination of Panel D of Figure 5-26 indicates that the attenuation of TCE
followed a first-order rate law. Tool 1 of the TA? Tool was used to determine if there was any
change in the rate constant for attenuation between the three years before the treatment plant shut
down and the year and a half after the treatment plant shut down (Figure 5-27).

Figure 5-27 is created from a cropped screen shot of output of the first part of the Results from
Tool 1. In Panel A the Results were zoomed out to plot the units of the vertical axis. In Panel B
the Results were zoomed in to provide details of the comparison. The slotted vertical line that
separates the two data sets was created by clicking on the first data point collected after the
treatment plant was shut down. The slopes of the solid blue lines are the rate constants for
attenuation in the two time periods. The tool allows the user to select a value for the confidence
level on the rate constant. For this case study a value of a = 0.05, or 95% confidence, was selected.
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Examination of Panel B suggests that the rate constant for attenuation after shutdown was even
faster than the rate constant before shutdown. The slopes of the slotted blue lines are the 95%
confidence interval on the rate constant. Notice that the slope of the upper confidence interval after
shutdown is less than the slope of the line before shutdown, as summarized as one of the Lines of
Evidence for Asymptotic behavior. Figure 5-28 was created from a cropped screen shot of the
second part of the Results from Tool 1 Asymptote. The second part of the Results from Tool 1
Asymptote indicates that the rate constants are different at 95% confidence. If the TA? Tool had
been available, this comparison of the rate constants for attenuation over time would have been
useful to support the decision to shut down the treatment plant and transition the site to passive
treatment. Note that Tool 1 could have also been used to assess concentrations during the period
when the extraction wells were operating to determine if the performance of the system was
plateauing. In this case, there would have been few lines of evidence for asymptotic behavior.
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Figure 5-27. Comparison of rates of attenuation in concentrations of TCE in the discharge
of the collection trench before and after the treatment plant was shut down.
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Asymptote Analysis

Why the interest in Asymptotes? From the National Research Council, 2013:

“Specifically, if data indicate that contaminant concentrations are approaching an asymptote, resulting in
exponential increases in the unit cost of the remedy, then there is limited benefit in its continued operation.”

“If asymptotic conditions have occurred, a transition assessment is performed.”

Possible Asymptotic Conditions Is the Condition Met?
1. Are the two slopes for the two periods significantly different? YES
2. Is the rate for period 2 significantly different than 0? NO
3. Is the rate of the first period more than two times the second rate? NO
4. Is the the absolute difference of last points on each regression line is greater than 10? NO
5. Is the period 2 rate less than 0.0693 per year (10 year half-life)? NO

1 of the 5 possible asymptotic conditions are present.

Figure 5-28. Evaluation provided by Tool 1 Asymptote Analysis for FT-002. The tool goes
through various lines of evidence for demonstrating whether the concentration vs. time data are
exhibiting asymptotic behavior.

5.3.7 Using Tool 5 to Evaluate Need for Additional Remedy in the Western Portion of the
Plume

Table 5-10 provides data from selected wells along or near the plume centerline, when sampled
in September 2015, shortly after the treatment plant was shut down. The data are taken from
Table 1, Appendix A of URS Corporation (2016a). Panel A of Figure 5-29 plots the total
concentration of chlorinated alkenes in the wells against distance along the centerline flow path.
Panel A of Figure 12 was created from a cropped screen shot of output of Results 2 Well to be
Evaluated Projected from Tool 5 Plume Projections of the TA? Tool. Panel B of Figure 5-29

compares the location of the wells with respect to the treatment system for the western portion of
the plume.
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Figure 5-29. Distribution of total chlorinated hydrocarbons in wells along plume centerline
at time of transition to passive measures. Panel B is redrawn and modified from Figure 2 of
Arcadis/Bhate/ AFCEC/CIBE (2022) overlaid on a screen capture of Google Earth Pro.
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Table 5-10. Concentrations of chlorinated alkenes in the wells when sampled just after the
treatment plant was shut down and the site transitioned to passive treatment.

Distance L1 Vinyl
Well from Date PCE TCE | ¢DCE | tDCE DCE | Chloride
Source | Sampled | (ug/L) | (ug/L) | (ug/L) | (ug/L)
(feet) (ng/l) | (ng/L)
MW-02-008 0 9/17/2015 | <0.25 | <0.25 0.5 <0.25 <0.5 <0.25
MW-GWOU- 2219 | 9/15/2015 | <0.25 | 38.3 53.1 37 <0.5 12.4
15
MW-GWOU- 3108 | 9/23/2015| 0.3 177 91 6.6 <0.5 1.3
13
MW-02-083 3784 | 9/23/2015 | <0.25 | 325 17.7 7.7 <0.5 0.6
63PLTW20 4711 9/24/2015 | 0.3 7.0 | <0.25 | <0.25 <0.5 <0.25
MW-11-008 6401 9/15/2015 | <0.25 0.8 5.6 7.1 <0.5 <0.25
MW-11-010 6911 9/15/2015 | 0.6 33 7.2 2.0 <0.5 <0.25
MW-11-001 7287 | 9/15/2015 | <0.25 0.8 42.3 8.8 <0.5 0.9

Effective remediation at the FT-002 Site has cleaned up the original source of contamination (MW-
02-008 in Figure 5-29 and Table 5-10). One of wells under the flight line (63PLTW20) had
reached the cleanup goal. However, substantial concentrations of TCE and the DCEs remain in the
wells along the Runway/Flightline Collection Trench (MW-GWOU-13 and MW-GWOU-15) and
in one of the wells under the flight line (MW-02-083). Can chlorinated alkenes in these wells reach
the base boundary at concentrations that exceed regulatory standards? It is difficult to evaluate that
possibility from concentration data in a table. The possibility is also related to the rate constant for
attenuation with distance along the flow path, and the position of the well along the flow path.

To facilitate that comparison, Tool 5 projects the concentration at identified wells at the rate
constant for attenuation along the original centerline wells. The comparison assumes that the
mechanisms that provided attenuation before active remediation began will continue with the same
effect after active attenuation ceases. See Panel A of Figure 5-29 for a projection for concentrations
of total chlorinated alkenes in well MW-02-083 based on the the 2015 concentrations. The
projection is the solid purple line in Panel A labelled Regression: Evaluation Well Projected. The
vertical purple line in Panel A is the location of the base boundary along the centerline flow path.
Notice that the projection crosses the base boundary at a concentration below the cleanup goal of
0.05 umole/L. Tool 5 also projects the upper confidence interval on the rate constant for attenuation
with distance. The upper 95% confidence interval was selected for this evaluation. The projection
is the dashed purple line labelled Regression: Evaluation Well Projected with confidence. Notice
that the projection at 95% confidence also crosses the base boundary at a concentration below the
cleanup goal of 0.05 umole/L.

Based on evaluation provided by Tool 5, there is no evidence that chlorinated alkenes in well MW-
02-083 can reach the base boundary at concentrations above the allowed regulatory standard.
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The same process was used to evaluate the concentrations of total chlorinated alkenes remaining in
wells MW-GWOU-13 and MW-GWOU-15 (Figure 5-30) in 2015 at the time of the transition. As
was the case for GW-02-083, the projections at 95% confidence also cross the base boundary at a
concentration below the cleanup goal of 0.05 umole/L.

For the wells near the Runway/Flightline Collection Trench and under the Flight Line, the
evaluation provided by Tool 5 indicates that further active remediation of total chlorinated alkenes
in the groundwater is not necessary to prevent migration of the chlorinated alkenes past the base
boundary at concentrations that are above regulatory standards,

In the industrial area on the eastern side of the plume, the extent of cleanup varied (Table 5-10 and
Figure 5-29). The concentrations in well MW-11-008 in 2015 was about an order of magnitude
below what would have been expected before remediation. In the two other wells there is little
evidence of attenuation between 1996 and 2015. The U.S. Air Force continues to maintain the
passive collection trenches that prevent further migration of contamination in groundwater in this
portion of the plume.
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2. Well to be Evaluated Projected

Concentration of COC in Identified Wells Over Distance

103 L

COC Concentration (umole/L)

Concentration of

10k
Distance (ft)
COC in Identified Wells Over Distance

103 .
10?1
104

COC Concentration (umole/L)

Distance (ft)
Cleanup Goal (0.05 pmole/L)
Point of Compliance
Post Remediation
Pre Remediation
Regression:Projected
Regression:Projected with confidence
Regression:Evaluation Well Projected
Regression:Evaluation Well Projected with confidence

Figure 5-30. Projections of Concentrations of Total Chlorinated Alkenes in Wells MW-
GWOU-13 and MW-GWOU-15 in 2015 after shutdown of the Treatment Plant.
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5.3.8 Abiotic Degradation of Chlorinated Alkenes by Aquifer Sediment Can Explain the Rate
Constant for Attenuation with Distance

As part of this project, David Freedman’s laboratory at Clemson University determined rate
constants for abiotic degradation of ¢cDCE in sediment samples from the former Plattsburgh AFB.
The sediment was collected below the root zone but above the water table at the location marked
by a blue X shape in Figure 5-31. In microcosms incubated under aerobic conditions, the rate of
degradation of ¢cDCE was 0.0825 + 0.0213 per year at 95% confidence (personal communication
David Freedman, Clemson University). The microcosms contained 70 mL of water and 100 g dry
sediment. The rate constant normalized to the water content of the sediment in the microcosm study
was:

volume of water

70 mL
= 0.0825y~ 1

= 0.0578 mL y~1g~?
100 g mLy g

nomalized microcosm mass Of sediment

If the water-filled porosity of aquifer sediment is 0.25, and the dry bulk density is 2.68 g mL™!, the
ratio of dry mass of sediment to water content in the sandy aquifer sediment is:

mass sediment _ 2.68(1 —0.25) g

= = -1
volume water 0.25mL 8.04 g mL

The rate constant that would be expected in the aquifer sediment can be calculated by multiplying
the normalized rate constant by the ratio of dry sediment to water in the aquifer sediment:

mass sediment
= 0.0578mLy g1« 804 gmL™t =046y

Kaouirer = k ized *
aquifer normalized volume water

In a second set of microcosms under anoxic conditions the rate constant for abiotic degradation was
0.32 £+ 0.060 per year corresponding to an expected rate constant in the aquifer of 1.8 per year.

The agent of abiotic degradation of ¢DCE in the aquifer sediment is probably magnetite. The rate
constant for abiotic degradation of cDCE should be proportional to the magnetic susceptibility of
the aquifer sediment. Wiedemeir et al. (2017) reported that the magnetic susceptibility of the
aquifer sediment harboring the plume of chlorinated alkenes from the FT-002 Site was 1.2E-06
m3/kg. The average magnetic susceptibility of the sediment used in the Clemson microcosms was
1.7E-06 m*/kg (personal communication David Freedman, Clemson University). Correcting the
expected rate constants to the value of average magnetic susceptibility in the aquifer, the final
estimate of the rate constant for abiotic degradation of cDCE in the plume at the former Plattsburgh
AFB is 1.27 + 0.24 per year under anoxic conditions and 0.33 + 0.085 per year when oxygen is
available in the groundwater.
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The plume was anoxic when sampled, due largely to the oxygen demand of the petroleum
hydrocarbons in the waste fuel used for fire training. A rate constant of 1.27 per year (>1.03 per
year at 97.5% confidence) will be used to project the effects of abiotic degradation on
concentrations downgradient of a particular monitoring well.

Figure 5-31 projects the expected concentration of total chlorinated alkenes along the centerline
flow path if attenuation is controlled by the rate constant for degradation in the laboratory
microcosms, and the seepage velocity is 1000 feet per year. The projected concentrations along the
plume centerline based on the rate constant for abiotic degradation in the laboratory microcosms
are slightly lower than the actual concentrations along the plume centerline before installation of
the remedy. Abiotic degradation of ¢cDCE in the aquifer sediment can account for the rate constant
for attenuation with distance along the plume centerline in the FT-002 plume.

2. Well to be Evaluated Projected

Concentration of COC in Identified Wells Over Distance

103 L . . Il 1 1
-
SN
o
8102_ B
=
C
o
8 10 -
1<
(U]
S
5
O 11 -
O
O
O
1071 ,
0 10k

Distance (ft)

------ Cleanup Goal (0.05 pmole/L)
Point of Compliance
° Pre Remediation
Projection Lab-Based
—————— Projection Lab-Based with Confidence

Figure 5-31. Projection of the natural attenuation of chlorinated alkenes along the flow
path based on the rate constant for degradation of cDCE in laboratory microcosms.
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5.3.9 Summary Assessment and RTAI

At FT-002 at the former PAFB, the site had already successfully transitioned to MNA to manage
portions of the site where extraction systems had previously been operating. Like the Case Study
at TCAAP, this transition was largely based on an assessment that concentration goals would be
achieved at downgradient points of compliance (i.e., the base boundary). Below is a summary of

how the site could be evaluated using the stepwise process in the Summary Assessment (Tool 10)
of the TA? Tool.

Step 1 — Determine if the site meets the primary bright-line criteria: Site A met the applicable
bright-line criterion for this site, which is that MNA could achieve the concentration goals by the
time groundwater reached the downgradient point of compliance. As described above, this is
primarily accomplished using Tool 5 using a combination of pre-remediation data and/or lab assay
data (to establish the expected natural attenuation rate) and post-remediation data (to project the
concentration vs. distance trend after the extraction systems have been shut off). This assessment
clearly showed that the goal concentrations would be met at the downgradient property with an
acceptable level of confidence. The site had a sufficient monitoring network to document
concentration changes with time and distance after the transition to ensure that it was meeting long-
term monitoring obligations. The other bright-line criterion (remediation timeframe estimate) was
less applicable for this site because the timeframe for MNA was expected to be the same as the
active remedy.

Step 2 — Establish the Remediation Transition Assessment Index for the site: The RTAl is largely
focused on whether site conditions and concentration trends would suggest that active source
treatments are challenging to implement and/or not expected to be successful at improving
remediation timeframes due to matrix diffusion and other factors. At this site, an active remedy
(groundwater pump-and-treat) was already in place, and no alternative remedial technology
(besides MNA) was being considered to our knowledge.

An example of possible RTAI values generated by Tool 10 in the TA? Tool for this site are shown
below in Figure 5-31b. The results of Tool 1 yield an RTAI of 1 the extraction wells were
exhibiting only a single line of evidence for asymptotic behavior. In fact, the rates during the post-
remediation period were actually faster than those observed when the extraction systems were
active. Concentration vs. time data from the extraction systems were used as part of the Tool 2
plume stability evaluation, which yielded an RTAI value of 5 because of a strong decreasing trend.
The first RTAI value from Tool 4 (“Expected performance”) is a 5 based on a conservative
assumption that a > 2 order of magnitude reduction in current concentrations would be needed to
achieve the goal concentration everywhere across the site. The second RTAI value from Tool 4
(“Remedial Potential”) is a 3 based on an assumption that there are generally moderate site
constraints to implementing common alternative remedial technologies. The results of Tool 3 yield
an RTAI of 3 because complete source removal would be predicted to result in a relatively moderate
remediation timeframe (23 years) for site-wide compliance with the cleanup goal. Finally, Tool 7
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yields an RTAI of 3 because the scale of the site would result in moderate allocation of costs and
resources to implement typical enhanced attenuation options.

For site managers, the RTAI values can be averaged to get a balanced impression of whether the
site is ready to transition. In this case, the average value of 3.2 suggests that this site is a “typical
candidate”, which argues that transition could be warranted, particularly if specific factors are
weighted as more important than others. This was the general approach that was warranted at this
site because the low concentrations and plume stability provided the most critical lines of evidence.
It is also important to note that the Tool 5 plume projections—which are part of the bright-line
criterion in Step 1 and not part of the RTAI estimates—are the key driver at this site.

Step 3 — Checklists: As noted above, there were no other technologies that were being considered
besides MNA, so the RTAI values that are associated with implementing source remediation are
less important. The conclusion that concentrations would meet goals at downgradient receptors
due to observable and explainable natural attenuation mechanisms was the most important
consideration. The optional step of going through these checklists is to confirm that all critical
information is collected in support of identifying site-specific drivers for the TA, which in this case
would have supported the conclusion to shut-off the extraction systems and transition to MNA.

RTAI

Tool Poor Fair Typical Good Strong Rationale
Candidate Candidate Candidate Candidate Candidate
RTAI = 1 RTAI = 2 RTAI =3 RTAI = 4 RTAI =5

The RTAl is higher if there are more Lines of Evidence

1. Asymptote (Tool 1 1 2 3 4 5 5 = 2
ymp ( ) that concentrations at the site are asymptotic.

The RTAI is higher if key downgradient/sentinal
2. 1s my Plume expanding? (Tool 2) | Pl ST PD D well(s) exhibit stable or declining concentration
trends.

The RTAI is higher for sites where a higher
concentration is needed and may not be achievable
based on the expected level of performance of
remediation technologies.

3. Expected performance (Tool 4) <0.5 0.5 to <0.75 0.75 to <1.25 1.25 to <2 22

The RTAI is higher for sites with challenging cleanup
goals and difficult conditions. It is based on a similar
methodology developed by ITRC for evaluating
remediation potential.

4. Remedial Potential (Tool 4) High High-Mod Moderate Mod-Low Low

The RTAI is higher for sites where additional source
remediation does not result in short remediation

5. How long? (Tool 3) <5 5to <10 10 to <25 25 to <50 >50 timeframes. It is based on the estimated number of
years to reach the cleanup goal after source
remediation.

The RTAI is higher for sites where EA technologies or
approaches can be easily implemented. It is based on

6. Enhanced Attenuation (Tool 7) - - v - - the depth and width of the area being targeted,
which are used as proxies for cost and ease of
installation.

Metric 1 0 3 0 2

Figure 5-31b. Remediation Transition Assessment Index (RTAI) Results for FT-002.
Results were obtained using Tool 10 of the TA? Tool. Higher RTAI values support transitioning
from active remedies to more passive remedies.
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5.4 Case Study #3 — Joint Base Cape Cod (Ashumet Valley Plume)
5.4.1 Introduction

The Ashumet Valley Plume contains PCE, TCE and ¢DCE that originated from activities at FTA-
1, a former Fire Training Area on the former Otis AFB (AFCEC, 2013). From 1958 to 1985 fire
training exercises were conducted where flammable wastes were ignited and then extinguished.
Contaminated soil and sediment at FTA-1 was excavated and treated on site by thermal remediation
starting in 1995 and concluding in 1997.

The fire training activities contaminated the water table aquifer with chlorinated solvents (AFCEC,
2013), producing a plume of groundwater contamination that moved away from property now part
of Joint Base Cape Cod (JBCC) to occupy aquifer sediments in a portion of the Ashumet Valley.
The plume was approximately 22,000 feet long. Figure 5-32 presents the conceptual model of the
plume as it existed in 2013. The water table aquifer was in sandy glacial outwash. Groundwater
moving underneath the fire training area was contaminated with chlorinated solvents. The plume
of chlorinated solvents moved beneath infiltration beds for treated wastewater from a sewage
treatment plant, and the treated wastewater blended with a portion of the plume of chlorinated
solvents. Some portion of the contaminated groundwater discharged to Ashumet Pond, which is a
flowthrough lake. The major portion continued to flow as groundwater in sediments of the Ashumet
Valley, to ultimately discharge to surface water or shallow irrigation wells in cranberry bogs in the
Backus River and to Mill Pond.

In response, the U.S. Air Force installed an extraction, treatment, and reinjection system to restore
groundwater quality, prevent further migration of contamination in groundwater, and prevent
transfer of contaminants to surface water. At the time this was written (2024) the extraction wells
had been shut down and active remedy had been transitioned to Monitored Natural Attenuation
(MNA). The design of the treatment system was based on a complex groundwater transport and
fate model. The decision to shut down each individual extraction well was based in part on the
observation that concentrations of the contaminants of concern (PCE and TCE) in the produced
water from the extraction well were well below their MCLs and that the concentrations had reached
a plateau or were declining. Extraction wells capture contaminated flow paths and blend the
contaminated water with less contaminated or uncontaminated flow paths. Because the water from
the extraction well is below the MCL does not mean that all the flow paths in the capture zone of
the well are below the MCL.

Tool 5 in the TA? Tool allows the user to evaluate risk to a receptor for conditions that apply to
individual monitoring wells at particular points in time. The risk evaluation is based on
concentrations in the monitoring wells, not the extraction well. To support a decision to transition
to MNA, data from each available well at the time of transition can be evaluated.

The initial set of extraction wells were installed in the “hot spot” of the plume. At the time, the
plume was still expanding. Later on, an additional extraction well was installed at a lower boundary
to prevent any possible further migration of the plume.
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For the purposes of this case study, the extraction well at the lower boundary will be considered the
receptor or the point of compliance. The case study will evaluate (1) the risk at the point of
compliance if the active treatment system had not been installed, and (2) the risk at the point of
compliance from contamination in groundwater upgradient of each extraction well at the time the
extraction well was shut down and active treatment was transitioned to MNA.
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Figure 5-32. Conceptual model of the Ashumet Valley chlorinated solvent plume when the
active remedy began. Vertical exaggeration approximately 15:1. Redrawn from Figure 16 of
AFCEC (2013).

5.4.2 Distribution of Contamination at Initial Site Characterization

Tool 5 describes natural attenuation as the rate of attenuation of contaminants with distance along
the centerline flow path in the plume prior to active treatment. Panel A of Figure 5-33 provides
the locations of selected monitoring wells used to determine the distribution of chlorinated alkenes
in groundwater in the Ashumet Valley prior to the startup of the extraction, treatment and
infiltration system.

The monitoring wells and extraction wells in the Ashumet Valley downgradient of Ashumet Pond
were sampled in 1998 and 1999, prior to startup of the extraction wells. The data are identified as
the baseline condition in Table 2.5 of AFCEE/MMR (2000). One well was sampled in 1994. It is
identified as 9SMW582X7394XX on page 20 (33 of 763) of Installation Restoration Program
(1995).

SERDP ER20-1429 109 Final Report



WGSI

ENVIRONMENTAL

Panel A of Figure 5-34 compares the total concentration of chlorinated alkenes in the groundwater
to the distance from the source at FTA-1. Eight wells had the highest concentration of total
chlorinated alkenes compared to other wells with a similar distance from the source (Panel A of
Figure 5-34). Professional judgment was used to designate these eight wells as the centerline wells
of the plume.

Table 5-11 provides the baseline concentrations of PCE, TCE and ¢DCE in the eight centerline
wells before startup of active remediation. Concentrations of /DCE, 1,1-DCE or Vinyl Chloride
were not above their MCL, and they are not reported in AFCEE/MMR (2000). Several of the wells
closer to the source showed extensive reductive dechlorination of PCE and TCE to ¢DCE, perhaps
due to biological reductive dechlorination supported by the treated wastewater that mixed with the
plume from the fire training area.

Table 5-11. Concentrations of chlorinated alkenes in the centerline wells when sampled for
the baseline condition before the extraction system started up.

Well Iggj‘x&fgg Date PCE TCE ¢DCE
(feet) Sampled (ng/L) (ng/L) (ng/L)
95MW0582C 0 4/6/1994 0.5 0.7 340
95MWO0212A 5337 7/27/1999 23.0 33.0 55.0
95SMW1174A 6491 7/28/1999 77 14.0 70.0
USFW356108 8169 7/28/1999 51.0 41.0 22
USFW474147 9805 7/28/1999 86.0 17.0 53.0
95MW0201 10531 7/28/1999 64.0 12.0 23.0
USFW443104 13121 7/29/1999 11.0 1.8 2.1
USFW501102 15208 7/29/1999 2.8 9.3 1.4

Panel B of Figure 5-34 compares the location of the source of contamination, the centerline wells,
the other wells in the plume, the wells not in the plume, and the extraction wells. The contaminated
wells were bound by wells that were not in the plume. The extraction wells were located near the
centerline wells with the highest concentrations of total chlorinated alkenes. Note that
concentrations in the extraction wells were lower than in the centerline wells. This is probably
caused by dilution of the chlorinated alkenes due to the longer screened interval of the extraction
wells.
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Figure 5-33. Distribution of wells and other relevant features in the Ashumet Valley plume.
Panel A. The yellow square is the source of contamination with chlorinated alkenes. Yellow
circles are wells with chlorinated alkenes above the detection limit. White circles are wells where
chlorinated alkenes were not detected. White contours are the elevation of the water table in feet.
Panel B. Distribution of the extraction, treatment and infiltration system.
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Figure 5-34. Attenuation of concentrations of total chlorinated alkenes in wells with
distance from the source at FTA-1. Panel A. Concentration data was collected in 1998 or 1999
except the data point enclosed in a red square, which was collected in 1994. Panel B. Location of

the source of contamination, the designated centerline wells, the other wells in the plume, the
wells not in the plume and the extraction wells.

5.4.3 Schedule of Transition from Active Treatment to Monitored Natural Attenuation

The contaminated groundwater was managed by an extraction, treatment and infiltration system
(ETT). The system began operation in November 1999 with three extraction wells. These wells are
identified as EW-1, EW-2 and EW-3 in Figure 5-32 and Panel B of Figure 5-33. The extraction
wells were located in the most contaminated portion of the aquifer. The water that was produced
by the extraction wells was treated and then reinjected into the aquifer using infiltration galleries
(Panel B of Figure 2). In May 2007, EW-1 and EW-2 were shut down (AFCEC, 2022), “having
substantially remediated the aquifer within their capture zones.” Well EW-3 was shut down in
January 2022 because concentrations of chemicals of concern “within its capture zone had declined
below the MCL.”

In August 2009 an additional extraction well (EW-4) was added at the distil end of the plume.
Water from EW-4 was treated and discharged to the Backus River. In February 2014 EW-4 was
shut down on an interim basis, and permanent shutdown was approved in December 2018 (AFCEC,
2022).
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5.4.4 Calibration of Tool 5 for the Rate Constant for Natural Attenuation with Distance Along the
Flow Path

The decision support tool was calibrated to the eight wells that were selected to represent the plume
centerline in 1994 to 1999. The tab Site-Specific Info from Tool 5 Plume Projections of the TA?
Tool was selected, and Step 5 was used to select the eight wells, so they were included in the
centerline.

Figure 5-35 shows output from Tool 5 as a cropped screen shot of output of Results 1 Pre-
Remediation Period (actual) from Tool 5 Plume Projections of the TA? Tool. Panel A of the
figure associates the data points with the centerline wells described in Table 1. Panel B locates the
wells on a map.

The slope of the solid blue line in Panel A of Figure 5-35 projects natural attenuation with distance
along the flow path from the most contaminated of the centerline wells. There is a good distribution
of wells along the flow path between the most contaminated centerline well and the point of
compliance. As a first approximation, the data fit a first-order rate law for attenuation with distance
along the flow path.

The dashed blue line is the slower one-tailed 95% confidence interval on natural attenuation with
distance long the flow path through the centerline wells.

The vertical purple line in Panel A of Figure 5-35 is the distance to extraction well EW-4, which
is the hypothetical point of compliance for this case study. The horizonal dashed black line is the
MCL for TCE, which is taken to be the cleanup goal. Based on the average rate of attenuation with
distance alone the flow path, the contamination in the plume in 1999 will exceed the MCL when
the groundwater reaches the point of compliance.
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1. Pre-Remediation Period (actual)

Concentration of COC in Identified Wells Over Distance
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Figure 5-35. Calibration of Tool 5 to the centerline wells in the Ashumet Valley plume.
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5.4.5 Calibration of Decision Support Tool 5 for Groundwater Seepage Velocity

Two of the centerline wells depicted in Figure 5-34 are downgradient of the three extraction wells
and groundwater in these wells was not captured by extraction wells EW-1, EW-2 or EW-3. In
Panel A of Figure 5-36, these wells are identified as USFW443104 and USFW501102. The
monitoring record for PCE and TCE in these wells indicates increasing concentrations in early
years, a maximum of concentrations and then a trend of decreasing concentrations (Panel B and
Panel C of Figure 5-36). The peak in concentrations is in the range from 2002 to 2007.

Page 4-3 of AFCEE (1998) provides the following:

According to a number of aquifer tests, the bulk hydraulic conductivity of the MPP [Mashpee
Pitted Plain] outwash sediments generally ranges from approximately 200 to 350 ft/day. This
hydraulic conductivity range for MPP outwash sediments is consistent with the results of two
aquifer tests conducted in the vicinity of the Ashumet Valley plume. An aquifer test
conducted by the USGS near the southern portion of the Ashumet Valley plume yielded an
average hydraulic conductivity of 335 ft/day ... A second aquifer test at test well PW-1 in
the southwestern portion of the plume yielded an average hydraulic conductivity of 290
ft/day ...

Based on the groundwater elevations provided in Figure 5-33, the elevation drops 20 feet between
the source at FTA-1 and extraction well EW-3, a linear distance of 13,270 feet. The hydraulic
gradient is 0.0015 foot per foot. If the hydraulic conductivity is assumed to be (335+290)/2 = 313
feet per day, and the porosity is assumed to be 0.25, the average seepage velocity of groundwater
is 1.875 feet per day or 684 feet per year. Wells USFW443104 and USFW501102 are 16,720 and
18,780 feet from FTA-1, with an average of 17,750 feet. At 684 feet per year, it would take 26
years for groundwater to move from FTA-1 to wells USFW443104 and USFW501102. If the peak
of contamination arrived at these wells in 2002 to 2007, the contamination would have left FTA-1
in 1976 to 1981. Fire training exercises were conducted at FTA-1 from 1958 to 1985. Therefore,
a seepage velocity of 684 feet per year is a plausible value to calibrate Tool 5.
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Figure 1-36. Time of breakthrough of PCE and TCE in monitoring wells USFW443140 and
USFW501102.

5.4.6 Risk at Point of Compliance before Active Remedy

Panel A of Figure 5-37 is the application of Tool 5 of the TA? Tool to evaluate the risk at the point
of compliance when the baseline data were collected in 1998 and 1999. Panel A of Figure 5-37
was created from a cropped screen shot of output of Results 2 Well to be Evaluated Projected
from Tool 5 Plume Projections of the TA? Tool. The monitoring well that imposes the greatest
risk is not necessarily the well with the highest concentration, it is the well with the highest
concentration above the fitted line describing attenuation along the eight centerline wells. In this
case, that well is USFW474147. The solid line extending from well USFW474147 extrapolates the
rate of attenuation from well USFW474147 in 1999. If the chlorinated alkenes attenuate in the
same manner that they attenuated in the past along the centerline flow path, the concentration would
be above the MCL for PCE and TCE when the groundwater reached the point of compliance. The
dashed blue line extending from well USFW474147 extrapolates the slower one-tailed 95%
confidence interval on natural attenuation. Both predictions intersect the point of compliance at
concentrations above the MCL for PCE or TCE.

There is a 5% chance that there will be less attenuation than is predicted by the dashed blue line
extending from well USFW474147. There is roughly a 5% chance that the concentration will be
more than an order of magnitude greater than the MCL for PCE or TCE when the water reaches the
point of compliance. In retrospect, a treatment system was necessary to meet the goal to prevent
the spread of the plume past the point of compliance.
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Concentration of COC in Identified Wells Over Distance
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Figure 5-37. Projected concentrations at the point of compliance based on concentrations in
well USFW474147 at the time of baseline sampling (1999).
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5.4.7 Risk at Point of Compliance at the Time of Transition of EW-1 and EW-2 (2007)

As discussed previously, in 2007 extraction wells EW-1 and EW-2 were shut down. Extraction
well EW-3 continued to pump. Figure 5-38 provides data on concentrations of PCE and TCE in
the extraction wells over time (Extracted from Figure 5 of AFCEC (2015a)).

When the extraction wells were sampled before pumping, the concentrations of PCE and TCE in
EW-1 and EW-2 were above the MCLs. The concentrations in the wells after pumping were lower
than before pumping, probably due to dilution of the core of the plume with cleaner water that was
captured by pumping. In a short time, the concentrations of PCE and TCE were below their MCLs,
and after about four or five years, the concentration reached a plateau without significant further
reductions. The benefit of pumping was modest. In Panels A, B and D the plateau was
approximately ten-fold lower than the concentration before pumping. In Panel C the plateau was
twenty-fold lower than the concentration before pumping. In all cases, the reduction in
concentrations during pumping was less than ten-fold.

The distinction between periods of Early Pumping and Plateau in Figure 5-38 was based on
professional judgement. However, Tool 1 of the TA? Tool provides an objective evaluation of the
distinction. In Figure 5-39, Tool 1 was applied to the data in Panel A of Figure 5-38. The figure
is created from a cropped screen shot of output of the Results from Tool 1 Asymptote of the TA?
Tool.

The last date in the Early Pumping sequence was selected as the breakpoint for the end of Period 1.
At 95% confidence, the upper confidence interval in the rate constant in Period 2, which is
equivalent to the Plateau in Figure 5-39, is increasing over time, indicating that the rate constant
for attenuation in Period 2 is not different from zero at 95% confidence. When Tool 1 was applied
to data in the other three panels of Figure 5-38, the result was the same. At 95% confidence, there
was no evidence that the rate constant for attenuation in the Plateau was different from zero.

Data on concentrations in monitoring wells in 2006 are provided in Table 5-12 of AFCEC (2007).
Previous monitoring showed concentrations of ¢cDCE, /DCE, 1,2-DCE and Vinyl Chloride below
their respective MCLs, and AFCEC (2007) did not report concentrations for these analytes. Table
2 provides the concentrations of PCE and TCE in nine monitoring wells that were sampled in 2006
prior to the shutdown of extraction wells EW-1 and EW-2. In 2006, the concentrations of PCE and
TCE were roughly equivalent.
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Figure 5-38. Performance of Extraction Wells EW-1 and EW-2.

Table 5-12. Concentrations of PCE and TCE in monitoring wells in the Ashumet Valley

plume in 2006.
Distance from
Well 94MW0582C Sa]r)rf‘;fe . (ﬁg/f) (Egc/i)
(feet)

30MWO0585A 3198 10/13/2006 <0.5 8.9
95SMWO0212A 5337 10/18/2006 2.9 2.7
9SMW1172A 6511 10/13/2006 11.5 2.4
USFW357139 8158 11/5/2006 28.1 13.0
USFW430075 12077 11/5/2006 20.0 9.3
USFW443140 13124 10/18/2006 45.0 13.7
USFW501102 15208 10/18/2006 10.2 9.8
95MW0103 15722 10/26/2006 14.4 3.3
95MWO0104 17849 4/28/2006 10.1 1.9
SERDP ER20-1429 119 Final Report



Geomean Concentration of COC in Selected Wells Over Time

COC Concentration
(ug/L)

2000 2001 2002 2003 2004 2005
Year

Step 6. Select date range for
data.

1999-07-20 o 2007-04-10 - Overall Results

Estimated Time-to-Clean

Step 7. Select Confidence Inteval First Order Source

(max 0.99). 2 Atte?uea’ho:arRates Lower Year UpPerBound
0.95 per year) Bound Year Year

Riz;':z 0.0360 2009 2015 2023

Step 8. Select breakpoint

between two different time Period 1 0.125 2001 2005 2010

periods.

Beakpoint is indicated on plot Period 2 0.0283 2011 2017 Increasing

with a dotted line. To manually
select a breakpoint click data
po/'nt on p[ot_ To deselect Cells says increasing is where it had a positive first order attenuation rate.
double click the figure where

no data point.

Lower and upper bound years based on 95% confidence interval.

Asymptote Analysis

Why the interest in Asymptotes? From the National Research Council, 2013:

2006

Pearson's
Correlation
Coefficient

(r)

0.747

0.847

0.718

2007

p-value

0.000564

0.016100

0.019400

WGSI

ENVIRONMENTAL

Correlation
Strength

High Correlation, Statistically
Significant

Very High Correlation,
Statistically Significant

High Correlation, Statistically
Significant

“Specifically, if data indicate that contaminant concentrations are approaching an asymptote, resulting in exponential increases in the unit cost of the remedy, then there is limited benefit in its continued

operation.”

“If asymptotic conditions have occurred, a transition assessment is performed.”

Possible Asymptotic Conditions Is the Condition Met?

1. Are the two rates of attenuation for the two periods significantly different?
2.1s attenuation rate in period 2 significantly close to 07

3. 1s the attenuation rate of the first period more than two times the second rate?

4.1s the the absolute difference between the last points on each regression line less than 10?7

5. Is the period 2 attenuation rate less than 0.0693 per year (10 year half-life)?

4 of the 5 possible asymptotic conditions are present.
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Figure 5-39. Breakpoint and Asymptote Analysis of data from Panel A of Figure 5-38 using

Tool 1.
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Panel A of Figure 5-40 is the application of Tool 5 to evaluate the risk at the point of compliance
of contamination remaining in the plume in 2006 in the portion of the flow path extending up to
extraction well EW-2. The 2006 data are the blue circles in Panel A of Figure 5-40 and the
1998/1998 baseline data are the red circles. Comparing the 2006 concentrations to the baseline
concentrations in 1998/1999, there was a substantial reduction in concentrations in the flow path in
the first 7,000 feet, corresponding to the location of EW-2. In wells more than 7,000 feet along the
flow path, there was minimal reduction, if any, in concentrations compared to the trendline for the
baseline data.

Of the three monitoring wells that were sampled in 2006 that were in the capture zone of extraction
wells EW-1 and EW-2, the highest concentrations were in well 95SMW1172A. This well is close
to extraction well EW-2 (Panel B of Figure 5-40). The concentration of total alkenes was above
the MCLs for TCE or PCE. The solid faint blue line in Panel A of Figure 5-40 that extends from
well 9SMWI1172A extrapolates the rate of natural attenuation (based on the baseline pre-
remediation data (i.e., the red dots)) from the concentration in well 95SMW1172A in 2006. If the
chlorinated alkenes attenuate in the same manner that they attenuated in the past along the centerline
flow path, the concentration would be below the MCL for PCE and TCE when the groundwater
reached the point of compliance. The dashed faint blue line extending from well 94MW1172A
extrapolates the slower one-tailed 95% confidence interval on attenuation. At 95% confidence, the
concentration would be below the MCL for PCE and TCE when the groundwater reached the point
of compliance.

Based on the evaluation provided by Tool 5, there is no evidence that the concentrations remaining
in the wells in the capture zone of EW-1 or EW-2 in 2006 posed a risk that contamination would
reach the point of compliance at concentrations above the MCL. The evaluation provided by Tool
5 is consistent with the decision made by the U.S. Air Force and its contractors to shut down
extraction wells EW-1 and EW-2 and transition that portion of the aquifer to MNA.

Note that the evaluation using Tool 5 considers the possibility of transformation of PCE to TCE as
groundwater moves along the flow path; Tool 5 adds the concentrations of PCE and TCE together,
but it compares the sum to the MCL for TCE alone. At this point in the evolution of the plume in
the Ashumet Valley, the groundwater was aerobic and there was little prospect for biological
reductive dechlorination of PCE to TCE.
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2. Well to be Evaluated Projected
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Figure 5-40. Projected concentrations at the point of compliance based on concentrations in
well 9SMW1172A at the time (2006) when extraction wells EW-1 and EW-2 were shut
down.
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5.4.8 Risk at Point of Compliance at the Time of Transition of EW-4 (2014)

As discussed previously, extraction well EW-4 was installed at the distal portion of the plume in
2009 and shut down in 2014. Figure 5-41 presents the concentrations of PCE and TCE in water
from EW-4 (Extracted from Figure 5 of AFCEC (2015a). The concentrations were below the MCLs
before pumping began. The maximum concentrations were attained shortly after pumping began,
and steadily declined over the following three or four years. Pumping was shut down in EW-4 in
February 2014. The concentrations of PCE and TCE were always below the MCLs.

Data on concentrations of PCE and TCE in the Ashumet Valley plume in 2014, shortly after
Extraction well EW-4 was shut down, are available in Table 2 of AFCEC (2015b). Table 5-13
provides the concentrations of PCE and TCE in wells where PCE or TCE were detected.

Table 5-13. Concentrations of PCE and TCE in monitoring wells and direct push samples
in the Ashumet Valley in 2014.

Distance from
Well 94MW0582C Sa?rf‘;fe . (igc/f) (Egc/i)
(feet)
95SMW1172A 6511 7/14/2014 1.70 0.20
USFW356134 8169 7/15/2014 27.00 5.00
95DP0236 8222 1/13/2014 31.00 8.10
USFW357139 8158 7/15/2014 26.00 4.60
95MW1232A 9781 7/14/2014 9.20 1.00
USFW375081 12661 7/14/2014 17.00 7.20
USFW443140 13124 7/15/2014 7.40 1.30
USFW436076 13870 7/24/2014 3.40 4.90
95MW1234C 13880 7/14/2014 21.00 6.30
USFW501102 15208 7/15/2014 17.00 7.60
USFW655075 15721 7/16/2014 3.10 1.50
USFW657078 15850 7/16/2014 3.40 1.10
95MWO0104 17849 7/24/2014 3.10 2.40
USFW484023 18631 7/15/2014 3.80 1.20
EW-4 18871 6/1/2013 0.66 0.23
95MWO0106 18855 7/24/2014 4.10 2.50
95PZ0003A 19318 7/16/2014 1.70 0.20
USFW497108 20520 7/24/2014 3.40 1.00
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Figure 2. Performance of Extraction Well EW-4.

Panel A of Figure 5-42 is the application of Tool 5 to evaluate the risk at the point of compliance
of contamination remaining in the plume in 2014. The highest concentration of PCE or TCE was
in direct push sample 95PD0236 upgradient of extraction well EW-3 (Panel B of Figure 5-42).
However, the combined concentrations in well USFW501102 stood the highest compared to the
solid blue trendline through the 1996/199 centerline wells and provided the greatest risk to the point
of compliance. The solid faint blue line extending from USFW501102 extrapolates the rate of
attenuation from the concentration in well USFW501102 in 2014. If the chlorinated alkenes
attenuate in the same manner that they attenuated in the past along the centerline flow path, the
concentration would be above the MCL for PCE and TCE when the groundwater reached the point
of compliance. The dashed line extrapolates the slower one-tailed 95% confidence interval. There
is roughly a 5% chance that the concentration could be more than three-fold higher than the MCL
for TCE when the groundwater reached the point of compliance.

The blue patch in Panel A and Panel B of Figure 5-42 identifies the wells surrounding extraction
well EW-4, which for the purpose of this case study was taken to be the point of compliance. The
concentrations in all five wells were below the MCL for PCE or TCE (blue shaded rows in Table
5-12) and the concentration of PCE and TCE in pumped water from extraction well EW-4 was
below the MCLs (Figure 5-41). There was no benefit to water quality in the Ashumet Valley plume
to continue to pump extraction well EW-4. However, the U.S. Air Force and the regulators
acknowledged the possibility of unacceptable migration of contamination in the plume. An interim
shut down agreement between the U.S. Air Force and the regulators set trigger criteria on
concentrations of PCE and TCE in selected monitoring wells around EW-4. If the concentrations
exceeded the trigger, they would assess resuming pumping at extraction well EW-4 (page 13 of
AFCEC (2015a)).

If the only goal was to prevent migration of PCE and TCE past the point of compliance, it may have
made sense to shut down extraction well EW-3. However, one of the goals for the site was to
restore the groundwater quality in the entire plume. Well EW-3 was located just downgradient of
direct push sample 95DP0236 (Panel B of Figure 5-42), which had the highest concentration of
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PCE and TCE in the Ashumet Valley plume in 2014. It made sense to continue pumping extraction
well EW-3.

2. Well to be Evaluated Projected
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Figure 5-42. Projected concentrations at the point of compliance based on concentrations in
well USFW501102 at the time (2014) when extraction well EW-4 was shut down.
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5.4.9 Risk at Point of Compliance at the Time of Transition of EW-3 (2021-2022)

Based on concentrations of PCE and TCE in monitoring wells when sampled in July 2021, the U.S.
Air Force and its contractors recommended that extraction well EW-3 be shut down because the
concentrations of PCE and TCE in monitoring wells in the capture zone of the extraction well were
below the MCLs (AFCEC, 2022). The well was shut down on January 12, 2022.

From 2014 to 2022, extraction well EW-3 was the only extraction well operating to treat PCE and
TCE in the Ashumet Valley plume. Figure 5-43 provides data on concentrations of PCE and TCE
in extraction well EW-3 over time (Extracted from Figure 5 of AFCEC (2015a)) and Figure 3 of
Attachment A of AFCEC (2022). The concentrations of PCE and TCE showed slow but steady
declines over time. There was no evidence of a plateau in concentrations. Concentrations of PCE
were at or below the MCL by 2011 (Panel A of Figure 5-43), and concentrations of TCE were at

or below the MCL by 2002 (Panel B).
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Figure 5-43. Performance of Extraction Well EW-3.

Data on concentrations of PCE and TCE in the Ashumet Valley plume in 2021, shortly after
Extraction well EW-4 was shut down, are available in Table 2 of AFCEC (2022). Table 5-13
provides the concentrations of PCE and TCE in the monitoring wells.
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Table 5-13. Concentrations of PCE and TCE in monitoring wells in the Ashumet Valley

plume in 2021.
well Distance ﬁrom FTA- Date PCE TCE
(feet) Sampled (ng/L) (ng/L)
30MWO0585A 7221 7/15/2021 3.20 14.00
USFW356134 11784 7/15/2021 4.80 1.00
USFW357139 11923 7/15/2021 4.50 <0.20
95SMW1232A 13362 7/15/2021 7.00 <0.20
EW-3 13268
USFW357081 15983 7/15/2021 1.80 <0.20
95PZ0002A 18765 7/15/2021 7.90 3.40
USFW501102 18780 7/15/2021 5.70 4.70
USFW501117 18780 7/15/2021 7.50 4.60
USFW484023 22029 7/15/2021 5.60 2.30

Panel A of Figure 5-44 is the application of Tool 5 to evaluate the risk at the point of compliance
of contamination remaining in the plume in 2021. The highest concentration of PCE and TCE
upgradient of extraction well EW-3 was in well 30MWO0585A (Panel A and Panel B of Figure 5-
44). The solid blue line extending from well 30MWO0585A extrapolates a rate of attenuation of
0.000241 per foot to the concentration in well 30MWO0585A in 2021. If the chlorinated alkenes
attenuate in the same manner that they attenuated in the past along the centerline flow path, the
concentration would be well below the MCL for PCE and TCE when the groundwater reached the
point of compliance. The dashed blue line extending from wells 30MWO0585A extrapolates the
slower one-tailed 95% confidence interval on natural attenuation. At 95% confidence, the
concentration would still be well below the MCL for PCE and TCE when the groundwater reached
the point of compliance.
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Figure 5-44. Projected concentrations at the point of compliance based on concentrations in
well 30MWO0S85A at the time (2021) when extraction well EW-3 was shut down.
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Based on the evaluation provided by Tool 5, there is no evidence that the concentrations remaining
in monitoring wells upgradient of extraction well EW-3 in 2021 posed a risk that contamination
would reach the point of compliance at concentrations above the MCL.

Panel A of Figure 5-45 continues the application of Tool 5 to evaluate the risk at the point of
compliance of contamination remaining in the plume in 2021. The highest concentration of PCE
and TCE downgradient of extraction well EW-3 was in well USFW50117 (Panel A and Panel B of
Figure 5-45). The solid blue line extending from well USFWS50117 extrapolating the rate of
attenuation was barely below the MCL for PCE and TCE at the point of compliance. The dashed
blue line extrapolating the slower one-tailed 95% confidence line for attenuation was slightly above
the MCL at the point of compliance. Tool 5 provided no evidence that concentrations of TCE or
PCE in groundwater downgradient of extraction well EW-3 should reach the point of compliance
at concentrations above the MCLs. However, the evaluation indicates that there is a reasonable
possibility that the assessment is not correct (because the predicted concentration at the 95%
confidence level exceeds the MCL). This evaluation suggests that continued monitoring and
evaluation is appropriate, and this approach has been taken at the site to our knowledge.
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2. Well to be Evaluated Projected

Concentration of COC in Identified Wells Over Distance
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Figure 3. Projected concentrations at the point of compliance based on concentrations in
well USFW501117 at the time (2021) when extraction well EW-3 was shut down.
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5.4.12 Summary Assessment and RTAI

The Ashumet Valley plume at JBCC has already undergone a transition to MNA that included
shutting down portions of a groundwater extraction, treatment, and reinjection system that had long
been used to manage the plume. This was based largely on monitoring data that showed that
concentrations of the constituents of concern (chlorinated alkenes) were below cleanup goals and
continuing to decline in many extraction wells. For the purposes of this case study, the following
describes how the site could be evaluated using the stepwise process in the Summary Assessment
(Tool 10) of the TA? Tool.

Step 1 — Determine if the site meets the primary bright-line criteria: Site A met the applicable
bright-line criterion for this site, which is that MNA could achieve the concentration goals by the
time groundwater reached the downgradient point of compliance. Tool 5 provided a convenient
means to evaluate the risk provided from contamination remaining in monitoring wells at the time
that selected extraction wells were transitioned to MNA. The field-calibrated natural attenuation
rate and plume projections in Tool 5 allow a simple evaluation of the risk that is not possible from
a simple examination of concentration data in a table. These projections showed that the expected
natural attenuation activity justified the decision to shut off two of the extraction wells nearer the
source (EW-1 and EW-2) at the time. Furthermore, this same type of assessment showed that
shutting off extraction wells that are located farther downgradient (EW-3 and EW-4) would be
unlikely to result in concentrations above the cleanup goal at the point of compliance (although not
at the 95% confidence level). The site is continuing to use portions of the extraction system to
manage the plume, with a goal of reducing concentrations across the site below the cleanup levels.
As such, the other bright-line criterion (remediation timeframe estimate) is also applicable for this
site. In this case, this criterion is also met because MNA is actively contributing to concentration
reductions and results in a remediation timeframe that is similar to the active remedy.

It is also worth noting that the bright-line criterion associated with meeting the cleanup goal at the
point of compliance would not have been met prior to installing the active remedy. However,
natural attenuation in the intervening years reduced source and plume concentrations to levels that
suggested that groundwater extraction in portions of the plume was no longer needed, which
justified the later transition to MNA.

Step 2 — Establish the Remediation Transition Assessment Index for the site: The RTAI is based
primarily on an evaluation of how site conditions and concentration trends would influence the
expected performance of an active source remedy relative to more passive approaches like MNA.
The Ashumet Valley plume was being actively managed using a groundwater pump-and-treat
system, and no alternative remedial technology (besides MNA) was being considered (to our
knowledge) at the time of transition.

An example of possible RTAI values generated by Tool 10 in the TA? Tool for this site are shown
below in Figure 5-46. The results of Tool 1 yield an RTAI of 4 because multiple lines of evidence
for asymptotic behavior could be established using data from the extraction wells. The plume
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stability analysis in Tool 2 yielded an RTAI of 5 based on a confirmed decreasing concentration vs.
time trends in relevant wells. The first RTAI value from Tool 4 (“Expected performance™) is a 1
because only a small concentration reduction is needed (<0.5 order of magnitude) in order to
achieve the cleanup goal across the site. Note that the RTAI in this tool is based on whether
implementing an additional in situ remedy would be expected to achieve the concentration goal,
which appears to be feasible. While this results in a low RTAI from this Tool 4 assessment, it does
not imply that MNA would be unsuccessful in achieving the cleanup goal. The second RTAI value
from Tool 4 (“Remedial Potential”) is a 3 based on an assumption that the site constraints to
implementing common alternative remedial technologies are generally modest. The results of Tool
3 yield an RTAI of 1 because complete source removal would be predicted to result in a short
remediation timeframe (<5 years) for site-wide compliance with the cleanup goal. Finally, Tool 7
yields an RTAI of 2 because the scale of the site (including the depth of contaminated groundwater)
would result in relatively high allocation of costs and resources to implement typical enhanced
attenuation options.

For site managers, the RTAI values can be averaged to get a balanced impression of whether the
site is ready to transition. In this case, the average value of 2.7 suggests that this site is a “fair
candidate” or “typical candidate” for transitioning. This suggests that while additional in situ source
remedies might be successful, a transition to MNA could also be warranted if there are specific
factors (with higher RTAlIs) that are weighted as more important than others. At this site, the plume
stability and low concentrations suggested that additional source remediation was unnecessary
(even if it was likely to be successful in reducing concentrations) and that MNA should be an
efficient option moving forward. It is also important to note that the Tool 5 plume projections—
which are part of the bright-line criterion in Step 1 and not part of the RTAI estimates—are the key
driver at this site.
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Rationale

The RTAl is higher if there are more Lines of Evidence
that concentrations at the site are asymptotic.

The RTAl is higher if key downgradient/sentinal
well(s) exhibit stable or declining concentration
trends.

The RTAl is higher for sites where a higher
concentration is needed and may not be achievable
based on the expected level of performance of
remediation technologies.

The RTAl is higher for sites with challenging cleanup
goals and difficult conditions. It is based on a similar
methodology developed by ITRC for evaluating
remediation potential.

The RTAl is higher for sites where additional source
remediation does not result in short remediation
timeframes. It is based on the estimated number of
years to reach the cleanup goal after source
remediation.

The RTAl is higher for sites where EA technologies or
approaches can be easily implemented. It is based on
the depth and width of the area being targeted,
which are used as proxies for cost and ease of
installation.

Figure 5-46. Remediation Transition Assessment Index (RTAI) Results for the Ashumet
Valley Plume. Results were obtained using Tool 10 of the TA? Tool. Higher RTAI values
support transitioning from active remedies to more passive remedies.

Step 3 — Checklists: As described above, the primary goal at this site was to transition away from
an extensive groundwater extraction system and manage portions (or all) of the plume using MNA.
To our knowledge, no other technologies were being considered besides MNA, so the RTAI values
that are associated with implementing in situ alternatives are less important. The conclusion that
concentrations would be expected to meet goals at downgradient receptors (using the concentration
data that were available at the time of transitioning) was the most important consideration. Going
step-by-step through these checklists is an optional task when using Tool 10 within the TA? Tool,
but it is helpful in ensuring that all critical information is collected in support of identifying site-
specific drivers for the TA. Like the other case studies presented in this report, the checklists would
have supported the site’s decision to shut off extraction wells and transition to MNA.
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6. CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH

Transitioning to more passive, cost-effective remedial approaches like MNA may be feasible at
many sites where active treatment technologies are in place or additional remediation is being
considered. There is increasing evidence that these active technologies may not be able to achieve
the desired concentration reductions and/or greatly shorten the remediation timeframe due to matrix
diffusion and other issues related to site complexity. Several key conclusions from this research
support this observation:

First, analysis of the California GeoTracker database revealed that pump-and-treat systems are
being shut off at a majority of sites (77% of petroleum sites and 59% of chlorinated solvent sites),
indicating transitions to passive management are feasible and occurring regularly. However, the
average operating period before shutdown was 9.1 years, suggesting opportunities may exist to
accelerate these transitions through more quantitative assessments.

Second, the research showed that historical concentration trends alone may be insufficient for
predicting future performance, as demonstrated by the weak correlation between early and late-
period attenuation rates. This highlights the importance of incorporating multiple lines of evidence,
including plume stability analysis and natural attenuation capacity estimates, when evaluating
transition potential.

Third, the case study applications demonstrated that matrix diffusion and other site complexities
can limit the effectiveness of continued active treatment, while natural attenuation processes may
achieve cleanup goals over similar timeframes. While there is no one-size-fits-all method for
establishing whether it is appropriate to transition a site, the TA? Tool provided a quantitative
framework for documenting these effects through multiple assessment modules.

While many RPMs and their consultants may already perform some elements of transition
assessment at their sites, the TA? Tool provides several distinct advantages for the environmental
remediation community:

1. The Tool serves as a comprehensive "one-stop shop" that presents the full spectrum of
calculations, data analysis, statistics, modeling approaches, and key reference information
in an intuitive interface. This allows RPMs and their teams to better understand the range
of possible evaluation methods upfront when designing site-specific transition assessments.

2. The Tool's integrated data management system allows users to upload site monitoring data
once and apply it across multiple analysis modules, reducing the initial barrier to conducting
comprehensive transition assessments.

3. The Remediation Transition Assessment Index (RTAI) automatically synthesizes results
from different analyses into a single metric, providing a systematic way to evaluate the
relative strength of evidence supporting transition decisions.
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4. The standardized framework promotes consistent terminology, data analysis, and modeling
approaches across local, state, and federal regulatory stakeholders who have equal access to
the Tool. This common technical language facilitates more productive discussions between
regulated and regulatory communities regarding transition decisions.

These features transform what has historically been an inconsistent, site-by-site approach into a
more streamlined, standardized process benefiting all stakeholders while complementing existing
resources for site assessment. The streamlined approach will likely significantly reduce the time
and cost for RPMs and their consultants to develop Remediation Transition Assessments. Overall
the TA? Tool was developed to show how to gather quantitative and qualitative information that is
relevant for a site-specific Transition Assessment. This tool compliments existing resources for
site assessment, and it provides a technically sound framework to guide site management decisions.

During the development of this first-generation tool, several key areas were identified that may
warrant additional research/development for future versions of the TA? Tool and Remediation
Transition Assessment Process:

1. Development of improved statistical methods for analyzing concentration rebounds after
transitioning from active remediation, particularly for sites with matrix diffusion effects;

2. Collection and analysis of additional case studies demonstrating successful transitions to
passive management, especially for more complex sites with multiple contaminants or
hydrogeologic conditions;

3. Integration of advanced diagnostic tools for natural attenuation processes into transition
assessment frameworks, particularly for emerging contaminants;

4. Evaluation and demonstration of the successful implementation of enhanced attenuation
approaches that could serve as "bridge" technologies between active treatment and MNA.

The TA? Tool represents an important step toward standardizing transition assessments, but
continued refinement of these frameworks will be valuable as more sites consider moving from
active to passive management strategies. Future work should focus on expanding the available case
studies and technical resources to support data-driven transition decisions while maintaining
protectiveness of human health and the environment.
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COUNTY. BUSINESS NAME [emy [ LATITUDE [ LONGITUDE [CASE TYPE I CaiaBealnDaﬂ.s STATUS [StatusTvoe | STATUS DATE| PT Site] SVE Site] PTStartDate] PTEndDate[TObPeriodY] PTCURecs | SVEStariDate] SVEEndDate SVEObPeriodYr] SVECURecs EarlleleOCMonDsbe Pr\maerOC
1015 Closed 10/14/2014 9112001 3/1/2004

DOD100026000 Yuba Beale Air Force Base - Beale Air Force Base - Site 31 (SD-31) Beale AFB 3910570849 1214280975 M Comoleted - Case Closed x 1
DOD100026100 Yuba Beale Al Force Base - Beale Air Force Base - Site 32/1 (SD-32) Beale AFB 3914479789 1214332473 101t 5/2006 Open - Remediation Open 11772018 x 6111998 6/1/1998 1 1 2/21/2005 TCE
DOD100028700 Yuba Beale Al Force Base - Beale Air Force Base - Site 8 (SD-08) Beale AFB. 3915683703 1214341539 10/15/2006  Comoleted - Case Closed Closed 60612017 x 112005 21112007 3 1 212112005 BZ
DOD100029000 Yuba Beale Air Force Base - Beale Air Force Base - Site 18 (ST-18) Beale AFB 3910284866 1214147723 10/15/2006  Open - Lona Term Manaaement Open 312712017 x 1112002 1112002 1 1 1/20/2005 TCE
DOD100030400 Yuba Beale Al Force Base - Beale Air Force Base - STE10 (SD-10) Beale AFB 3914377443 1214200414 10/15/2006  Comoleted - Case Closed Closed 10/14/2014 x 111997 11112004 8 1 /1712005 TCE
DOD100030600 Yuba Beale Al Force Base - Beale Air Force Base - STE13 (LF-13) Beale AFB. 39.08863519 1214263058 /111989 Open - Remediation Open 5/29/2009 x x 1111994 117111994 1 1 10111997 10/1/1997 1 1 112112005 TCE
DOD100086800  Yolo Davis Transmitter (McClellan) - GROUNDWATER Davls 3849417518 1216817379 /111981 Comoleted - Case Closed Closed 41242015 x 10/111995  10/1/2005 1 1 9/1/2005 112412005 PCE
DOD100204800 Monterev. Fort Ord - Fort Ord - Sites 2 and 12 36.66297995 -121.8150759 21712009 Open - Remediation Open 21812010 x 1171988 121312012 25 1 912012006 PCE
DOD100220500  Monterev. Fort Ord - Fort Ord OU1 (Fritzsche Armv Airfield Fire Drill Area, On-Site Plu Marma 36.68067239 1217682123 5/11/2009  Comoleted - Case Closed Closed 5/14/2021 x 111989 121312012 24 2 5/42008 TCE
DOD100221900  Monterev. Fort Ord - Fort Ord - OU2 Mont 36.6620849 1217793274 10/10/2008  Open - Remediation Open 2/1812010 x 111988 121312012 25 1 9/1912006 TCE
DOD100392600 Santa Barbara  Vandenbera Space Force Base (formerly VAFB) - WP013 Primary (formerly € Vandenbere AFB 34777958 -120.6049702 /111976 Open - Remediation Open /412018 x 112019 101172015 1 513112006 TCE
110001254570 San Dieao POWAY LANDFILL 32.9651069 -117.0184064 /111994 Open - Verification Monitorina Open 413012010 x 21012006 2110/2006 1 1 1125/2005 TCE
110001577696  Santa Clara STORY ROAD LANDFILL SAN JOSE 2 1218640637 /111992 Open - Closed/with Monitorina Open 6/1912019 x 1111993 1/1/1993 1 1 912512006 MTBE
110001773161 Solano AQUA CLEAR FARMS FACILITY RIO VISTA 38.21039791 -121.8092538 11/1/1999  Open - Remediation Open 11/1/1999 x 117111999 11/111999 1 1 12/3/2013 MTBE
110006198832 Monterev. Fort Ord - FORT ORD SANITARY LANDFILL FORT ORD 36.66160294 1217778683 2412009 Open - Remediation Open 71312010 x 81612010 8/16/2010 1 1 912012006 TCE
110006664190 San Dieao MAXSON STREET LANDFILL OCEANSIDE 3319852172 -117.3665357 /111989 Open - Closed/with Monitorina Open 1130/2014 x 1111987 11/1/1987 1 1 3/30/2005 PCE
110007396297  Sacramento  KIEFER ROAD- CLASS Il SWDS. SLOUGHHOUSE 38.520981  -121.201927 4111995 Open - Operatina Open 41412014 x x 41111995 47111995 1 1 11511997 1/15/1997 1 1 91812013 TCE
110008601447 ~ Sacramento  ELK GROVE CLASS lll LANDFILL ELK GROVE 3841834853 -121.354429 /111992 Open - Closed/with Monitorina Open /111992 x 4112002 47112002 1 1 21312013 PCE
110009999999 Yolo TEST LANDFILL PROJECT Davis 37.33389337 -122.0231234 /112009 Comoleted - Case Closed Closed /112020 x 111/2000  111/2001 2 1 472412006 ND
5L0002020074 ~ Santa Clara KINDER MORGAN (SFPP) SAN JOSE TERMINAL SAN JOSE 37.392088 1219124639 9/1/1986  Open - Verification Monitorina Open 6/1912019 x 1111987 1/1/1995 9 1 61412005 4
SL0002020078  Contra Costa  TESORO GOLDEN EAGLE REFINERY MARTINEZ 38027333 -122.068877 /512010 Open - Remediation Open 152010 x 81512002 8/1512002 1 1 711112005 BZ
SLO002041N0  Los Anaeles  FORMER ALCOA/TRE COMPOSITE STRUCTURES MONROVIA 3414400326 -117.9878851 111711984  Open - Assessment & Interim Remedial Action ~ Open 1130/1984 x 802212003 12/31/2011 9 1 211612005 TCE
SL0600100443 ~ Alameda CHEVRON SUNOL PIPELINE SUNOL 37.55002139 -121.8569183 8/1412005  Comoleted - Case Closed Closed 12/15/2015 x 11/8/12005 772312009 5 4 6/7/2006 8Z
SL0600116931  Alameda HOPYARD CLEANERS PLEASANTON 37.67554987  -121.895349 /112001 Comoleted - Case Closed Closed 6/1612015 x 8/21/2008  3130/2009 2 1 11120/2006 PCE
510600138427 ~ Alameda CENTER SQUARE CLEANERS FREMONT 37.560714  -122.010152 8/6/2003  Open - Verification Monitorina Open 1127/2022 x 101312016 10/31/2016 1 1 41812018 PCE
SL0600157734  Alameda Hub Cleaners Fremont 37.5437399  -121.9866756 212312006 Open - Remediation Open 41012018 x 41612018 121912019 2 1 6/2312005 PCE
SL0600171768  Alameda DOLLAR CLEANERS OAKLAND 37.835607  -122.262649 /112005 Comoleted - Case Closed Closed 9/142016 x 1112013 10112015 3 2 21212009 PCE
SL0600172262  Alameda Flint Ink Corooration Berkelev 37.87863082 -122.3029516 11/1/2004  Open - Eliaible for Closure Open 1012212021 x 6/32004  8/1/2006 3 1 6112005 6/1/2005 711412010 PCE
SL0600178130  Alameda BERTH 59 PORT OF OAKLAND OAKLAND 37.79493195 -122.3058987 /111991 Open - Remediation Open 1112016 x 1111992 4/1/2000 9 1 1/30/2006 PCE
SL0600179475  Alameda DUMBARTON QUARRY - ASPHALT PLANT FREMONT 37.539051  -122.077957 8/6/2003  Comoleted - Case Closed Closed 1112312020 x 101112015 10/31/2015 1 1 119/2014 MTBE
SL0601319553  Contra Costa  VALLEY CLEANERS (FORMER) at SYCAMORE SQUARE DANVILLE 37.81269575 -121.9943689 /111991 Comoleted - Case Closed Closed 31112012 x 1112006 81/2007 2 1 /1812006 TCE
510601331836 Alameda ARCADIA PARK OAKLAND 37.74241737 -122.1799207 1/912006  Comoleted - Case Closed Closed 312712014 x 712012006 7/26/2006 1 1 6/232008  6123/2008 6/2912004 BZ
SL0601346154 ContraCosta  PG&E OAKLEY ROAD METERING STATION ANT\OCH 37.997698  -121.759578 9/1/1996  Open - Remediation Open 1112012013 x x 6/1/1997  11/2872011 15 1 12111997 6/1/2006 10 1 7125/2005 8Z
SL0601392884 Contra Costa  FIVE STAR CLEANERS N PABLO 37.963633  -122.3556805 /111989 Open - Remediation Open 11/30/2011 x 6112012 212712014 3 2 6/7/2008 PCE
SL0602547192  Imperial KINDER MORGAN (FORMER SANTA FE PACIFIC PIPELINE PARTNERS - | \MPER\AL 32825585  -115.566077 6/15/1995  Open - Remediation Open 111172012 x 71912004 50812007 4 1 513112005 MTBE
510603348686  Lake REDWOOD OIL COMPANY Cleariake Bulk Plant (Former) CLEARLAKE 38.943715  -122.631351 2/6/2004  Open - Remediation Open 21232012 x 812512004 825/2004 1 1 113112005 MTBE
SL0603506999  Lassen STAUB ENERGY BULK PLANT SUSANVILLE 4040000935  -120.61983 11/1/2000  Comoleted - Case Closed Closed 912812015 x 12/1/2001 121112001 1 1 313112005 4
SL0603541073  Lassen ALLIED PETROLEUM BULK FACILITY SUSANVILLE 4039848964 1206197715 9/4/1993  Open - Eliaible for Closure. Open 1212412018 x 91312001 9/18/2001 1 2 1/25/2008 8Z
SL0603701032  Los Anaeles  CORBIN VILLAGE CLEANERS WOODLAND HILLS 34172362 -118.564978 12292005 Gpen.- Veifcaton Menitrina Open 912012018 x 6112000 219/2010 2 1 6/412014 PCE
SL0603701526  Los Anaeles  TRW MONADNOCK CITY OF INDUSTRY 34003994 -117.902549 /111990 Open - Assessi I& Interim Remedial Action  Open 11/1/1995 x 11/111995 613011998 4 1 91412010 TCE
SL0603705527  Los Anaeles  Hudson Element LA LOS ANGELES 3403290556 -118.45577 501999 Opon- St Assessment Open 11202015 x 373012010 330/2010 1 1 912612006 TCE
SL0603709744  Los Anaeles  FOUR SEASONS DRY CLEANERS & LAUNDRY WEST HOLLYWOOD 3409060733 -118.3657715 2202000 Opon- Assesement& ierim Romedial Acton  Opon 3/1812019 x 37112003 613012004 2 1 41412018 PCE
SL0603723138  Los Anaeles  BECHLER TRUST PROPERTY COMPTON 33.88773125 -118.2085091 11/4/2004  Open - Assessment & Interim Remedial Action ~ Open 112612011 x 6112002 3/1/2003 2 1 9/2512008 PCE
SL0603726716  Los Anaeles  DOC MILGROM'S CLEANING CLINIC (FORMER) NORTHRIDGE 342340866 -118.5588312 6/27/2005  Open - Verification Monitorina Open /112012 x 10/3/2006  3/1/2007 2 1 12120/2006 PCE
SL0603746736  Los Anaeles  CARSON-NORMANDIE PLAZA. LLC TORRANCE 33832414 -118.29643 Open - Remediation Open 101772010 x 9712010 33012012 3 1 61912008 PCE
SL0603749163 Los Anaeles  EAGLE ROCK SHOPPING CENTER EAGLE ROCK 3413608243 1182156318 3/2312007  Comoleted - Case Closed Closed 352015 x 302612010 6119/2013 4 2 12118/2012 PCE
SL0603752949  Los Anaeles  HIBCO PARKING LOT AREA HAWTHORNE 3391789131 -118.3315662 5302003 Open - Assessment & nterim Remedial Acton - Ooen 31312015 x 83112015 831/2015 1 1 11/15/2011 PCE
SL0603760774  Los Anaeles  FORMER UNITOG COMPANY (CINTAS) LONG BEACH 33783952 -118.156745 112012006 Open - Remediatior Open 91212013 x 712212010 712212010 1 1 1211372011 PCE
SL0603760981  Los Anaeles  LAKEWOOD KOHL'S LAKEWOOD 33.83121067 -118.1609631 WSZ007 oo Assoesmont & ierim Romedial Action  Opon 212812010 x 21412008 2114/2008 1 1 12/16/2008 PCE
SL0603773626  Los Anaeles  AIRDROME PARTS COMPANY LONG BEACH 33809226  -118.154132 4/1812003  Open - Remediation Open 8312011 x 912212011 212014 4 2 11121/2008 PCE
SL0603776467 Los Anaeles  BOEING C-6 FACILITY LOS ANGELES 33.85480704 -118.3012962 11/1/199  Open - Remediation Open 31812011 x 1011/2001  10/4/2001 1 1 113/2005 TCE
SL0603781413  Los Anaeles  THE AEROSPACE CORP. EL SEGUNDO 3391458856 -118.3812046 1242005 Onen- Sie Asses Open 41212009 x 1212212009 1212212009 1 1 312712012 TCE
SL0603786356  Los Anaeles  HOLLYWOOD PARK RACETRACK INGLEWOOD 33.95055127 -118.3381176 7252006 Qpon- Assessment & \nlenm Remedial Action  Open 312612010 x 121772007 127712007 1 1 10127/2008 PCE
SL0603791177  Los Anaeles  TELEDYNE CAST PARTS POMONA 3403529921 -117.8237194 G201989  Open - Remedito Open 1212712012 x 5112000 8252000 1 1 9/1512009 TCE
SL0603921176  Madera IADERA CLEANERS AND LAUI MADERA 36961349 -120.055353 10212005 Open- Remediation Open 21172021 x 80232010 1/31/2011 2 1 312112018 PCE
510603935695  Madera ULTRAMAR. FORMER BEACON BULK PLANT NO.13646 CHOWCHILLA 3712226543 1202527929 3/111994  Open - Remediation Open 312112018 x x 6/111994  6/1/1994 1 1 6171994 6/1/1994 1 1 311412007 8Z
SL0604153816  Sonoma K-MART AUTO CENTER UNIT NO. 3501 PETALUMA 38.25149341 1226305962 31312007 Comoleted - Case Closed Closed 1312014 x 31312007 4/612007 1 1 112212009 ND
SL0604164109  Marin YORK CLEANERS MILL VALLEY 37.905415 1225471249 5/412007  Open - Verification Monitorina Open 6/812016 x 712112008 912712011 4 1 212012008 PCE
SL0604556221  Mendocino RINEHART OIL INC. GASOLINE SPILL UKIAH 30.1734859  -123.209033 8/25/2004  Comoleted - Case Closed Closed 91912007 x 10/1/2004  10/1/2004 1 1 312112005 BZ
SL0605515636  Naa Napa Garden Apartments NAPA 38.29349013 -122.3042893 6/28/2000  Open - Site Assessment Open 71242020 x 9112002 821/2014 13 1 10116/2013 TCE
5L0605946450  Oranae IDEAL UNIFORM RENTAL SERVICE GARDEN GROVE 33762425  -117.925738 7/112006  Open - Site Assessment Open 71112015 x 2112008 2/2812009 2 1 10124/2007 PCE
5L0605956921  Oranae Oranae County North Basin - HOWMET GLOBAL FASTENING SYSTEMS INi FULLERTON 33.8647432 -117.8879772 2/6/1996  Open - Remediation Open 1129/2007 x 11292007 12130/2014 8 5 312312006 TCE
SL0605957907  Oranae Oranae County South Basin - CIRCUIT ONE SANTA ANA 33.71874006 -117.8501219 11/1/1992  Open - Remediation Open 71112013 x 4111998 4/1/1998 1 1 4172009 TCE
5L0605968295  Oranae RICOH ELECTRONICS IRVINE 33698132 -117.8586 9112001 Open - Remediation Open 91112001 x 9112001 3/312010 10 1 3312010 31312010 912012005 PCE
5L0605981678  Oranae BEHR PROCESS CORPORATION SANTA ANA 33706575  -117.914525 7/112006  Open - Remediation Open 5/2912008 x 1272010 81312010 1 1 312212010 TCE
5L0605981728  Oranae Oranae County North Basin - A. C. PRODUCTS. INC. PLACENTIA| 33.8580365 -117.8691538 4111992 Open - Remediation Open 71712019 x x 12111994 121312010 17 6 202111995 5/30/2000 6 2 7112014 TCE
SL0606134540  Placer BIG TREE CLEANERS TAHOE CITY 39171386 -120.140681 &1/1997  Open - Remediation Open 711612009 x 12/111998  12/111998 1 1 912212005 PCE
SL0606135405  Placer WECO AEROSPACE SYSTEMS. INC. LINCOLN 38912175 -121.357847 /112000 Open - Inactive Open 312512019 x 10112002 111/2009 8 1 10110/2005 MTBE
SL0606147326  Placer LANE TRUST (FORMER LAUNDRY) KINGS BEACH 39.23497547 1200181542 5/17/2005  Pendina Review Review Pendina ¢ 8/1512022 x 2112008 63012010 3 1 91912011 TCE
5L0606368151  Plumas. PRIVATE RESIDENCE STORRIE 30916958  -121323584 6/3012007  Comoleted - Case Closed Closed 1612016 x 6/3012009  6/30/2009 1 1 12/16/2008 BZ
5L0606529297  Riverside FORMER ESCHER OIL COMPANY COACHELLA 33685156 -116.179043 10/1/1986  Open - Assessment & Interim Remedial Action ~ Open 1013112017 x 5/112005  11/30/2005 1 1 212512011 8Z
SL0606701683  Sacramento  EXECUTIVE CLEANERS SACRAMENTO 38.66029715 -121.3387907 9/1/2000  Comoleted - Case Closed Closed 117152013 x 91512006 12/1/2007 2 1 11/16/2005 PCE
SL0606703385  Sacramento  FLORIN TOWNE CENTER SACRAMENTO 38.49807135 1214341164 1112812005 Open - Remediation Open 71112020 x 41712020 41812020 1 1 62112011 PCE
SL0606704906 ~ Sacramento  LAGUNA 99 CLEANERS ELK GROVE 38.40944853 1213921773 12/1/2001  Comoleted - Case Closed Closed 1013112011 x 1212004 1/2/2004 1 1 81812008 PCE
SL0606706040  Sacramento  AMERIPRIDE SERVICES. INC. SACRAMENTO 3847897473 -121.3980246 /111983 Open - Remediation oen 1131/2008 x x 121912005 1/31/2008 4 2 /1412003 8/14/2003 1 1 3/15/2005 PCE
SL0606734773  Sacramento  RIVERSIDE PLAZA SHOPPING CENTER SACRAMENTO 38.50916532 -121.5416456 12/1912006  Comoleted - Case Closed Closed 31612012 x 212512008 2/312009 2 1 712612007 MTBE
SL0606741792 Sacramento  CHARLES CLEANERS CITRUS HEIGHTS 38.68093697 -121.3212705 5112007 - Comoleted - Case Closd Closed 2/182009 x 111612007 712812008 2 1 11127/2007 PCE
SL0606742138  Sacramento  TOSCO- 76 BROADWAY SACRAMENTO 38.566846  -121.514631 912712002 Open - Remediatio oen 912712002 x 111991 613011992 2 1 112612005 MTBE
SL0606762702  Sacramento  MICHELETTI PROPERTY SACRAMENTO 38.60531799  -121.465627 1211999 Onen- Assosamont & nterin Remedia Acton  Oen 1211/2018 x 9112013 21172019 7 2 81812017 TCE
SL0606774760  Sacramento  RAMOS OIL BULK FACILITY Isleton 38.16247091 1216122329 202711991 Open - Remediation Open 2112012 x 1142002 81912004 3 1 412612002 7/1/2009 3/812005 MTBE
SL0606794414  Sacramento  AFFINITO PROPERTY SACRAMENTO 3856134 -121444323 5/9/2001  Open - Verification Monitorina Open 212612003 x 111212001 3/19/2002 2 1 10/5/2006 PCE
SL0607118784  San Bernardino  Cy RIALTO 340641789 -117.3641539 /112001 Open - Remediation Open 121172011 x 832011 62712018 8 2 212412005 MTBE
SL0607132486  San Bernardino  GENERAL ELECTRIC - FLATIRON ONTARIO 3406115 -117.649917 7/111987  Open - Assessment & Interim Remedial Action ~ Open 51212017 x x 111994 173112012 19 5 1011/2003  12131/2011 9 2 11202005 TCE
SL0607182557 ~ San Bernardino  KINDER MORGAN BASIN ROAD RELEASE UNICORPORATED 35117133 -116.249669 112112004 Comoleted - Case Closed Closed 12/1012012 x 120612004 12/612004 1 1 17/2009 ND
SL0607300208  Riverside LAS BRISAS CLEANERS MURRIETA 335724 -117.1835 4112005 Comoleted - Case Closed Closed 6/132011 x 11252010 6/3012010 1 1 3311 PCE
SL0607374149  San Dieao BAN'S CLEANERS CARLSBAD 3315214433 -117.3343277 10/19/2006  Comleted - Case Closed Closed 51512014 x 31812011 3082011 1 1 12/111/2006 PCE
SL0607707600  San Joaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 HIGH E) TRACY 37.63754824 1215112782 /111985 Open - Remediation Open 212512016 x 111997 121312010 14 2 /1212005 TCE
SL0607736542  SanJoaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 BLDG & TRACY 37.64651954 1215028667 /111992 Open - Remediation Open 212512016 x 111998 111/1998 1 1 1/18/2005 TCE
SL0607749525  SanJoaauin  CHEVRON. BYRON ROAD. TRACY TRACY 37.7469 121471 11 Comoleted - Case Closed Closed 91312021 x 5/1/2003  7/1/2003 1 1 311212007 ND
SL0607757394  SanJoaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 BUILDIN TRACY 376444 -1215086 /111997 Open - Remediation oen 212512016 x x 10111999 121312010 12 2 1011/1999  10/1/1999 1 1 1/19/2005 TCE
SL0607759922  SanJoaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 BUILDIN TRACY 37.64984951 1215517044 /111994 Open - Remediation Open 212512016 x x 12111999 121312010 12 2 112010 1213112010 1 1 4/52005 TCE
SL0607783785  SanJoaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 GSA  TRACY 37.63530525 1214966011 /111982 Open - Remediation Open 212512016 x x 111992 121312010 19 2 111991 11171991 1 1 /1112005 TCE
SL0607793362  SanJoaauin  Lawrence Livermore National Laboratories Site 300 - LLNL SITE 300 PIT 7 Cc TRACY 37.65956675 -121.5495586 /412005 Open - Remediation Open 212512016 x 11172010 12131/2010 1 1 1125/2005 PCE
SL0607963934  San Luis Obispo  LAKE NACIMIENTO RESORT UST RELEASE BRADLEY 3575643735 -120.9012115 11/812005  Comoleted - Case Closed Closed 31412019 x 101512006 4/4/2007 2 1 6/2212006 MTBE
SL0608148913  San Mateo SHARON HEIGHTS CLEANERS' MENLO PARK 37.4236336  -122.1965289 51212005 Open - Remediation Open 10/16/2013 x 101612013 1011612013 1 1 12/15/2006 PCE
SL0608152433  San Mateo SAMARITAN HOUSE SAN MATEO 37.55752911 -122.3103726 Quen-Vericaton Moniorina Open 3/1412018 x 111412008 711212017 10 1 612112006 PCE
5L0608168267  San Mateo SKYLINE CLEANERS DALY CITY 37.68261957 1224878021 8152005 Cpon - Remediato Open 412212009 x 11242008 612112016 9 2 3/13/2006 PCE
SL0608175553  San Mateo 290 South Maple (Marvatt) South San Francisco 37.64327012 12241786 71412003 Open - Assessmenl & Interim Remedial Action ~ Open 5/3012019 x /3012019 12/3112019 1 1 5/17/2004 PCE
SL0608183917  San Mateo PENINSULA LABORATORIES SAN CARLOS 37.513324  -122.263835 27199 Opon- Remedai Open 71112021 x 202412018 911212022 5 2 11/3/2005 TCE
5L0608184452  San Mateo FASHION CLEANERS REDWOOD CITY 3745575229 1222295456 127402004 Open- Remediation Open 12/30/2015 x 1232017 212112017 1 1 /1812006 PCE
SL0608187730  San Mateo 1245 MONTGOMERY AVE (WELCH) SAN BRUNO 37.64013689 1224126736 3/3012001  Open - Remediation Open 1013112007 x 1102011 912912011 1 1 81712004 TCE
SL0608345866  SantaBarbara  FORMER CINCO DE MAYO CLEANERS ‘SANTA BARBARA 3442191675 -119.6893763 1012811989 Comoleted - Case Closed Closed 612312014 x /112004 12/2312004 1 1 3125/2009 PCE
SL0608395538  SantaBarbara  FORMER SCHAUER PRINTING 'SANTA BARBARA 34425408 -119.701549 8312003 Open- Site Assessment Open 1013/2018 x 3152011 12/2012012 2 1 212512012 PCE
SL0608503734  Santa Clara SWIFT CLEANERS SAN JOSE 37.306395  -121.891134 112012002 Open - Remediation Open 71212021 x 8112004 5/1/2005 2 1 5121/2002 PCE
SL0608510835  Santa Clara SAN FELIPE PLAZA SAN JOSE 37.31311003 -121.7915368 10/6/2004  Open - Verification Monitorina Open 752018 x 5712008 71312014 7 1 121182013 PCE
SL0608515981  Santa Clara FMC CORPORATION CPA NORTHERN BOUNDARY INPDES] SAN JOSE 37.354171  -121.927672 /111990 Informational tem / Review Complete Review Pendina«  1/1/1990 x 11171990 1/1/1990 1 1 /1112007 TCE
510608526227  Santa Clara MEW-RGRP. N101 SYSTEM INPDES] MOUNTAIN VIEW 37410128 -122.056421 /111990 Informational tem / Review Complete Review Pendina«  1/1/1990 x 1111990 1/1/1990 1 1 /1812017 TCE
SL0608530107  Santa Clara VARIAN INC. INPDES] MONTAIN VIEW 37.420047  -122.137047 /111990 Comoleted - Case Clt Closed 712112009 x 1111990 1/1/1990 1 1 6/612005 TCE
SL0608535560  Santa Clara SUNNYVALE TOWN CENTER MALL SUNNYVALE 37.37430949 -122.0308971 /112006 Open - Remediation Open 412912009 x 121172007 12/112007 1 1 31302011 PCE
5L0608543983  Santa Clara WESTERN MICROWAVE (SOBRATO) SUNNYVALE 37.40959057 -121.9890976 /11979 Open - Remediation Open 9/11/1996 x 101111995 9/1/2003 9 1 7/15/2005 PCE
SL0608551347  Santa Clara EAST CHARLESTON BUSINESS PARK MOUNTANN VIEW 374212 -1220986 11/7/2005  Open - Verification Monitorina Open 11912018 x 5/112005  511/2005 1 1 7112008 TCE
5L0608562344  Santa Clara PARKTOWN PLAZA SHOPPING CENTER MILPITAS 37.41755 121873784 7/112006  Open - Verification Monitorina Open 2112018 x 112612009 1/2612009 1 1 472912008 PCE
5L0608569528  Santa Clara DIVCO WEST PROPERTIES INPDESI SAN JOSE 37.3320337  -121.8926217 /111990 Informational tem / Review Complete Review Pendina«  1/1/1990 x 1111990 1/1/1990 1 1 101142005 ND
5L0608569734  Santa Clara FASHION CLEANERS (FORMER) LOS GATOS 37.23124947  -121.98026 6112001 Open - Remediation Open 4112018 x 4112018 41172018 1 1 6/312020 PCE
SL0608583805  Santa Clara WILLIAMS MANUFACTURING (Former) SAN JOSE 37.34394844  -121.914044 71112007 Open - Remediation Open 712212021 x 101272008 10/28/2008 1 1 12/4/2019 TCE
5L0608587626  Santa Clara UNIVAR USA INC. (Formerly Van Waters & Roa SAN JOSE 37.387734  -121.915486 /111982 Open - Remediation Open 412772021 x x 111986 11172010 2 1 66/1993  1/1/2010 18 1 10/12/2005 PCE
SL0608709416  Santa Cruz Watsonville Freedom Bivd PCE Plume(s) - DON HEIM & SON DRY CLEANE WATSONVILLE 3692468223 12176275 4/28/2006  Open - Remediation Open 12/1712019 x 452012 5/9/2012 1 1 2/28/2008 PCE
SL0608724283  Santa Cruz CITY OF WATSONVILLE PARKING LOT WATSONVILLE 36.90857207 1217537511 11/1012004  Comoleted - Case Closed Closed 111372017 x x 411012007 41012007 1 1 112912007 1112012007 1 1 3/16/2005 PCE
SL0608905129  Shasta PACIFIC PRIDE AST FACILITY BURNEY 40.83424013 1216580371 10/21/2005  Comoleted - Case Closed Closed 81242020 x 112013 111302013 1 1 412712007 8Z
SL0608905350  Shasta FORMER BECHELLI CLEANERS REDDING 4057005244 -122.3628983 6/16/2004  Comoleted - Case Closed Closed 112112015 x /1112007 1111112007 1 1 119/2008 PCE
510609524333 Solano TSl (pesticides) DIXON 3849794276 1217759512 5/4/2001  Open - Site Assessment Open 51412022 x /112008 12/31/2007 2 1 211512005 PCE
5L0609556414  Solano ‘SABEK TRANSPORTATION VALLEJO 38.09139571 -122.2289729 6/23/2006  Comoleted - Case Closed Closed 1212212009 x 7/512006  8/17/12006 1 1 1/5/2007 ND
510609576328  Solano CHEVRON PIPELINE DIXON 38418325  -121.701118 10/1812005  Comleted - Case Closed Closed 91252006 x 1011712005 1111712005 1 1 11122/2005 ND
5L0609751286  Sonoma THOMPSON CLEANERS SANTAROSA 3845375041 12267237 12/1911997  Open - Remediation Open 7612016 x 9212015 7/612017 3 2 212512016 PCE
SL060979444  Sonoma PETER PAN CLEANERS SANTA ROSA 3846187284 1227177755 2112002 Open - Site Assessment Open 10/6/2021 x 6112011 31172014 4 1 711312006 PCE
Stanislaus W. H. BRESHEARS. INC. MODESTO 37.630499  -120.993379 1071271695 Comoletd - Case Clesed Closed 71812012 x 111994 11171994 1 1 212512009 BZ
SL0611167558 Los Anaeles  FORMER HUFFY CORP. AZUSA 3413241745 -117.9231201 11172000 . Ooen - Remadialr Open 20242022 x 9112001 11/21/2012 12 2 61112015 TCE
SL0611170201  Ventura THRIFTY CLEANERS CAMARILLO 3421966908 -119.0543541 10/1312005  Open - Assessmenl & Interim Remedial Action ~ Open 6/2312009 x 2/7/2006  9/2612008 3 3 121202004 PCE
SL0611172141  Los Anaeles  HOME DEPOT - ITT AEROSPACE CONTROLS-DIV. BURBANK 34169728 -118.299133 21139 Open- Remedito Open 71312009 x 3112006 311/2006 1 1 /102006 TCE
SL181201123  Santa Clara VARIAN ASSOCIATES PALOALTO 37.42315645 -122.146275 Cleanu Proaram Site o Oven- Remediation Open 1112014 x x 111987 711312003 17 1 111991 1213171995 5 1 /1112006 TCE



51181261126
SL181271127

SL185764259
51186062964
5186082966
51186102968

51204561610
SL204581615
SL2045E1618

Alameda

San Joaauin
Yolo

Contra Costa
Placer

Los Anaeles

CERRO METAL PRODUCTS FACILITY (FORMER)
GEORGIA-PACIFIC - FORMER PETERBILT MOTOR CO
FMC 328 West Brokaw Road

BOURNS

HEWLETT PACKARD

LYNCH CIRCUITS

UNION BANK

Jones Chemical

BRANDENBURG-BUTTERS

LOCKHEED SUNNYVALE - LOCKHEED SUNNYVALE - PLANT ONE FACILI
PA

FAIRCHILD SEMICONDUCTOR Si
BENJAMIN MOORE AND CO

APPLIED MATERIALS ARQUES CAMPUS

Livermore Arcade shonnmu Center/Milers Outpost Shoppina Center
INTERSIL (GE) Sunnwz

HEXION SPECIALTY CHEMICALS (formerly Borden Packaaina)
H.B. FULLER CO.

CHEVRON RICHMOND REFINERY

Valero Benicia Refinerv ﬂormerlv Exxon)

844 East Charleston Roa

KIMS CLASSIC CLEANERS (FORMER)

OWENS-CORNING

‘GE San Jose facility (former-175 Curtner)

TUNTEX PROPERTIES

MONTWOOD - GW

MEMOREX CORP.

SIEMENS MICROELECTRONICS INC

999 ARQuEs CORPORATION

CAE USA. I

HEWLETT PACKARD - BOWERS AVE

LOCKHEED

MCKESSON CHEMICAL FACILITY
HEWLETT- PACKARD Company

EATON & SIGNETICS

PEERY/ARRILLAGA

KING'S COURT SHOPPING CENTER

HEWLETT PACKARD COMPANY

IMO Industries Inc.

Mobil Terminal (Former)

UNION PACIFIC RAILROAD - ROUNDHOUSE
YOUNG'S CLEANERS

PHILIPS SEMICONDUCTORS - KIFER

PHILIPS SEMICONDUCTORS - EVELYN

Kaiser Permanente SF Med Ctr - O'Farrell St
FEDERAL MOGUL SITE (FORMER)

Intel Fab 3

former BARON-BLAKESLEE (Purex)

ALLIED SIGNAL (PARK ONE) - LA

TRW SPACE & DEFENSE - HAWTHORNE
ALCOA COMPOSITES. INC.

PACIFIC BELL

WRIGHT TERMINAL

MQS INSPECTION. INC. (FORMER)
ROBERTSHAW CONTROLS CO

LEACH CORPORATION FACILITY

LEGGETT & PLATT FACILITY

FORMER PRECO SITE

FAZIO CLEANERS

FINE PARTICLES TECHNOLOGY CORP.
GENERAL ELECTRIC CO - KENDALL SITE
UNION PACIFIC RAILROAD - TRACY YARD
COOPER POWER SYSTEMS FACILITY (frmr McGraw-Edison)
BAC.INC

SOUTHGATE NORGE DRY CLEANERS

BP/ AA- STOCKTON

GLADDING MCBEAN COALTAR LANDFILL
CABLE PARK SHOPPING CENTER

GEORGIA PACIFIC - FORMER TRACY PLANT
KMEP A Street Petroleum Pipeline Release
ARDEN SQUARE SHOPPING CENTER

NUTRIEN AG SOLUTIONS (Crop Production Services). VERNALIS
Univar

FIG GARDEN VILLAGE

PGSE LAS VINAS DEHYDRATOR STATION
PGSE Hershey Junction Dehvdrator Station

PGSE DUTCH SLOUGH DEHYDRATOR STATION
KMEP COLFAX

BULJAN ADJACENT PROPERTIES DIESEL SPILL

LABORATORY FOR ENERGY RELATED HEALTH RESEARCH (DOE and U DAVIS
W

COTTONWOOD PLAZA SHOPPING CENTER
MOHAWK LABS
PGSE - MGP - SAN RAFAEL
Former FMC Facilty - 333 West Julian
FMC 333 West Brokaw Road
800 CHESTNUT - Former Rohm & Haas.
ASHLAND CHEMICAL CO
JONES-HAMILTON
ROMIC (Former Foster Chemical) Liahthouse Development
SILICONIX INC
Fomer Fairchid Sem:wndudor
MC CORP. -
m Hiah S(ree1
SEVEN TO SEVEN CLEANERS
UNIVAR-CHEMCENTRAL FACILITY (former)
1964 WILLIAMS ST
Ran Rob Tool & Die
BARON-BLAKESLEE
AMERICAN MICROSYSTEMS INC.
MISSION INDUSTRIES/AMBASSADOR LAUNDRY
TORO PETROLEUM-AGT SALINAS
WHITTAKER ORDNANCE. INC.
Crop Production Services. Inc. - Watsonville
RENCO ENCODERS
Fairview Shoppina Center. LLC (Norae Vilaae Drv Cleaners Site)
TEXACO CYPRESS FEE
UNISYS CORP (aka Former Memorex Facility)
LAIDLAW WASTE SYSTEMS. INC
LITTON DATA SYSTEMS
3M DRUG DELIVERY SYSTEMS (formerly 3M PHARMACEUTICALS)
TEXTRON FILTRATION SYSTEM
LA MIRADA PRODUCTS. INC.
MAJOR PAINT CO (FORMER)
FORMER ANADITE SOUTH GATE FACILITY
ALLIED SIGNAL TURBOCHARGERS
HR TEXTRON INC
MASTER SUN CLEANERS (Former)
GRAPHIC RESEARCH INC
ERIC REALTY INC.
MICRO MATIC USA INC.

GILLETTE CO (Since Q3 2011, GW data and other RP submiltals can be four

DOUBLETREE INVESTMENT INC
BRAGG CO

BOEING C-1 FACILITY - BOEING - C1

ASTRO PAK

CCOMMERCIAL PROPERTY

FREMONT CLEANERS

NEWLOWE PROPERTIES

Former Wester Farm Service (Crop Production Services Inc.)
BOEING - Parcel 1

NASA Industrial Plant (former)

NEWARK
NEWARK
SANTA CLARA
SANTA CLARA
MOUNTAIN VIEW

Dunniaan
OAKLEY
COLFAX
ROSEVILLE

OODLAND
SUNNYVALE
SAN RAFAEL
SAN JOSE
Santa Clara
REDWOOD CITY
NEWARK
NEWARK

WARK
SANTA CLARA

DOWNEY

37.519687

37.512701

37.93781773
38.06702493
37.42175053
37.5488224
37.37315847
37.30368399
37.70450093
37.41599888
37.36174955
37.394034
37.33116866
37.3826568
37.37974566
37.40718732
37.37852477
37.59865511
37.3942834
37.38958

38.01474415
37.5216293
37.76629931
38.08897861
37.611611
37.71276759

33.87287417
33.92397237

-122.0103553

-121.8862664
-121.896624
-122,0356326
-122.1366405

-122.3909569
-122.1357338
-122.1033085
-122,0507694
1219519114
-121.866231
-122.4040675
-122.0841551
-121.9530058
122.03372
-122.003359
-122.0015511
1219767345
-121.9891405
1219588474
-122,0140946
-122.1504164
-122.032971
-122.0861443
1219624472
-122.1390009
122191721
122315211
-122.202349
-122.1503627
-122.0162106
-122.0156913
-122.4397138
-122.2163207
-121.7465508
-122.2715393
-118.3979416
-118.3780932
-118.2730919
-118.331624
-118.1695914
-118.1311154
-118.2024354
-118.2658482
-118.0476894
1181464857
-118.6343998
-121.0798931
1204167679
1214156199
-119.4052764
1205267535
-121.4499951
-121.2628841
-121.2899781
-121
1214265203
1219101226
-121.3906239
-121.2891621
-119.7952223

-121.2653947
-121.756475
-121.7941458

-122.218868.
-122.0525278

-122.048685 ClI

-122.0501018
1219657213
-122.5397444
-122,0534584
122.2242854
-122.5650778

-122.044096 CI

-122.1768545
-122.1916795
-122.048907
-122,0017147
-119.6934807
-121.663751
-121.44327
-121.7322868
-119,
-119.8327259
-118.333231
-118.8055515
-118.1921625
-118.4805965
-118.5682082
-118.922625
-118.0247498
-118.3486104
-118.1682265
-118.3448499
-118.575131
-118.319701
-118.5792029
-118.026166
-118.5651398
-118.4686017
-118.4009655
-118.15988
-118.1463075
-118.1291411
-118.594167
-119.1929483
-118.2509887
-119.168269
-118.2198
-118.1279612

Cleanuo Proaram Site
Cleanup Proaram Site
Cleanup Proaram Site
Cleanup Proaram Site

50525 Cleanuo Proaram Site

Cleanup Proaram Site

Cleanup Proaram Site

/111986
111974
111211991
71111983
/111983
6/21/1989
5/17/1989
/111983
4111993
8111999
/111982
/111983
71211986
/111990
/111981
/111983

11171990
8112000
8111993
/111987
/111983
11211984
11/1/1993
1211/1993
/111986

11/1/1991
8111995
1011/1991
81231990
/111997
8/19/1998

5/31/1995
71811995
41281998
6/1011998
9/1/1998
9/5/1995

11271999
9/1/1995
911995
31111999
31111999

Open - Verification Monitorina
mpleted - Case Closed

g
3

g

g
H
g2
5
§

 Resossment & trim Remecial Action
Open- Lond Torm Managomont

Open - Remediation

Open - Remediation

Open - Remediation

Open - Remediation

Open - Assessment & Interim Remedial Action
Open - Remediation

Comoleted - Case Closed

Open - Remediation

Open - Assessment & Interim Remedial Action
Open- Assessmenl & \nlenm Remedial Action

Open - Assessment & Interim Remedial Action
Open - Assessment & Interim Remedial Action
Open - Verification Monitorina
Open - Assessment & Interim Remedial Action
Open - Assessment & Interim Remedial Action
Open - Site Assessment
Open - Assessment & Interim Remedial Action
Open - Remediation
comme«ed Case Closed

- Assessmenl & Interim Remedial Action

Open - Assessment & Interim Remedial Action
Open - Assessment & Interim Remedial Action
Open - Remediation

Open - Remediation

Open - Remediation

Comoleted - Case Closed

5/1/2019
81012012
8/1012020

1012212021
1/15/2016
1212/2020
412312013

6112018
6/3012003
31212009
71512021
5/12/2009

71211986

8/512020
7152021

6/1712022
612812017
6/1112018

71112002
6/1312018
6/1312018
512612011
201412017
1017/2014
8/1012021
5/19/2009
51212022
212111995

1112212002
7152021
712172021
712212021
412612010
11102014
11/8/2017

7152018

101311991
91232015
8/1612021
6/1412004

1013012014

12/12/2007
1011/1999
5/1812016

12/1/1998

612612018
5/1/2018
/3012002
3/1/2005
5/3112019
412912009
60312016
71111996
71212019
71212019
411612009
7152021
5/1312009

71111993
12/111991
12/111993
711511985

71111988
101111994
12130/1993

111/1985

20111992

111/1999

8/15/1992

11171994
111/1994

10111990
711998
711986
11171994

10/1511988

11711991
11171980
1/1/1999
3111995

1112511995
1/1/1996
1/1/1989

512912