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EXECUTIVE SUMMARY

The interactions between the key processes that control the fate and transport of mercury in the sediments,
groundwater, and stream water within the Y-12 National Security Complex in Oak Ridge, Tennessee are
extremely complicated, and many aspects are not well understood. In complex environments such as that
at the Y-12 Complex, conceptual models are frequently developed to aid in visualization and
understanding of the dynamic nature of the hydrologic, geochemical, and physical environment. These
conceptual models represent the attempt of scientists to integrate known data in an internally consistent
manner to understand processes that control the fate and transport of contaminants. Over the many years
of environmental investigation at Y-12, a number of conceptual models have been developed to identify
and define various technical processes at a variety of scales. Many of these models have value today as a
historical summary of previous modeling efforts and are provided in Appendix A of this report.

The main purpose of the activity described in this report was to develop a conceptual model that
delineates the location of mercury sources, transport pathways, and flux based on the most recent data and
knowledgeable scientific interpretation. In addition to the conceptual model diagram, the flux numbers
and literature sources for the flux estimates are tabularized. Detailed written descriptions of historical and
current mercury sources and transport pathways are also provided for both the east and west ends of the
facility. The authors believe this conceptual model is a powerful tool for future environmental decision
making that will allow the Department of Energy (DOE) to evaluate past and present remedial activities
and provide a strong technical basis for prioritizing and optimizing remedial responses in a cost-effective
and efficient manner.

Evaluation of the model indicates that the nature and extent of mercury concentration and flux in the Y-12
Complex has significantly changed in the 10 years since conceptual models were used to evaluate the
feasibility of implementing interim control actions in the upper East Fork Poplar Creek characterization
area. The Big Springs Water Treatment System has effectively reduced mercury inputs to the creek from
the Outfall 51 area and has removed greater quantities of mercury from groundwater than was expected.
Mercury flux from Outfall 200 at the headwaters of the creek appears to be a greater percentage (70-80%)
of the overall flux leaving the Y-12 Complex compared to a decade ago (~20%). The relative role of the
four storm drain conduits to Outfall 200 appears to have changed, with Outfall 163 being the greatest
contributor to downstream flux. Storm drain remediation actions upstream of Outfall 200 have been
initiated, and given the importance of these storm drain transport pathways in contributing mercury to the
creek, are well targeted to make a real difference in flux to downstream waters.

This report includes recommendations for improving our conceptual understanding of mercury sources,
transport pathways, and flux at the Y-12 site. Important recommendations include development of a better
understanding of mercury speciation in the Y-12 soil and groundwater environment; evaluation of
transport pathways, particularly near buildings, under storm drains, and in the solution cavity/karst
system; evaluation of the importance of mercury concentration versus flux in downstream media and
bioavailability; and evaluation of base flow versus storm flow flux. Understanding the relative role of
various sources requires continued assessment of transport pathways under base flow and storm flow
conditions at multiple sites at the same time.

Recent facility and security reconfiguration efforts, site characterization, remedial actions, and research
are facilitating the collection of new mercury data at Y-12. The conceptual model provided herein takes
advantage of the extensive recent mercury sampling to provide an updated assessment of mercury mass
balance and support a refined understanding of mercury behavior in or near Y-12. It is hoped that this
assessment will assist in future environmental management decisions and in mitigating the impacts of
mercury on the surrounding environment.

Xi






Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

1. INTRODUCTION

Releases of mercury during operations at the Y-12 National Security Complex during the 1950s and early
1960s resulted in contamination of soil and groundwater within the facility, and subsequent transport
from these sources resulted in contamination of East Fork Poplar Creek (EFPC). Remediation efforts,
which began in the 1980s, have reduced waterborne mercury concentrations both within the Y-12 facility
and in the EFPC ecosystem, but elevated levels of mercury remain in the soil, sediment, water, and biota.
The processes that control the fate and transport of mercury near the facility are extremely complex, and
the hydrological, geochemical, and microbial interactions between the subsurface and surface water
systems are not well understood. The Department of Energy (DOE) has significant concerns that,
although planned future remedial actions and decontamination and decommissioning (D&D) activities
should substantially reduce mercury flux to the creek in the long term, remediation and construction
activities during D&D could induce changes in subsurface flow paths that might result in unintended
short-term releases to downstream waters. In addition, mercury characterization activities at Y-12 in the
recent past have not been comprehensive, concurrent, or systems-based and were typically site-specific
efforts conducted over a short period of time. A reevaluation of mercury source areas, processes, likely
flow paths, and flux into the creek at Y-12 is needed for effective environmental management and site
closure decision making relative to mercury contamination.

A technical workshop funded by the DOE Office of Groundwater and Soil Remediation (EM-32,
formerly EM-22) was held at the Oak Ridge National Laboratory (ORNL) in January 2008. The focus of
this workshop was to identify technical uncertainties relative to the characterization and remediation of
mercury within the Y-12 Complex, Upper East Fork Popular Creek (UEFPC), and downstream drainages
(Looney et al. 2008). As part of the workshop, a generalized conceptual model for distribution of mercury
contamination associated with activities within the Y-12 and UEFPC system was developed (Appendix
A). A technical team identified four logical subdomains based on one or more characteristics that
specifically relate to scientific challenges or environmental management opportunities. The four
subdomains identified in the review were

Domain I: Building/Rubble,

Domain I1: Source Zone Soil,

Domain I11: Outfall 200 Area, and

Domain IV: Upper and Lower Reaches of Upper East Fork Poplar Creek.

Each of these domains was evaluated by the team to identify technical uncertainties and environmental
management opportunities. The primary focus of the team was on scientific challenges and processes
active in Domains 11l and 1V—specifically, the challenges and processes associated with the complex
chemical transformations of mercury that occur after water from different sources in the process area is
added to UEFPC and moves downgradient through the watershed. Several specific recommendations for
follow-up research were used to select “Quick Win” projects that were funded by EM-22 (later EM-32)
and subsequently successfully conducted by ORNL. The research focused on mercury-reduction
treatment options at Outfall 200 (Domain 111) and changes in flow augmentation to limit stream sediment
mercury release (Domain V) (Southworth et al. 2009; Southworth et al. 2010a).

The major objective of this report is to improve understanding of the location and nature of residual
mercury sources and transport pathways from Domain | and Il areas to the outfalls and stream (Domains
111 and 1V). This work builds on the generalized conceptual model developed during the 2008 workshop,
as well as numerous previous efforts to delineate and understand the mercury source and transport
pathways at Y-12. As a means of better understanding the evolving nature of the mercury issue in Oak
Ridge, a brief history of mercury conceptual model development in Oak Ridge is summarized in this
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report, and graphical representations completed in previous studies are included in Appendix A. Most
importantly, new data are available from recent site characterizations, remedial action performance
sampling, and research at the Y-12 Complex that can be used to refine the current conceptual model.
Using both historical and recent data, the conceptual model provides an evaluation of mercury mass
balance and supports a refined understanding of mercury behavior in or near Y-12 to assist in
environmental management decisions and in mitigating the impacts of mercury on the surrounding
environment.




Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

2. MERCURY CONCEPTUAL MODEL DEVELOPMENT

IN OAK RIDGE

Conceptual models are diagrams or narrative descriptions used to
inform decision makers as well as the public and are often used in
environmental management (Suter 1999). Such models can help focus
stakeholders on the key processes and elements important to effective
decision making and influence future monitoring, prioritization of
further remedial actions, numerical modeling efforts, and decisions
concerning the need for further research. Importantly, conceptual
models can provide clarity in understanding limited or complex data
and can help convey uncertainty and data gaps.

Conceptual models have long been used as a way to visualize and
understand the complex mercury processes at the Y-12 Complex. A
compendium of historical conceptual models and diagrams used to
describe the mercury situation at Y-12 and/or in EFPC is provided in
Appendix A. The compendium illustrates the changes in conceptual

Key Point:

Conceptual models
consolidate complex data into
a structured, accessible form
that highlights the key
processes and their inter-
relationships. Such models
support development of
powerful and intuitive insights
with the potential to improve
critical decisions. In the case
of Y-12, conceptual models
have been developed and
improved through the years
as new data were generated.

These models support
mercury-mitigation strategies
and future reconfiguration
efforts.

model development over time in Oak Ridge, and the wide range of
model types. Conceptual models used to describe mercury processes
at the Y-12 Complex and EFPC include those describing instream
mercury processes, physical features at the Y-12 Complex (e.g.,
buildings and subsurface characteristics), and mercury sources and
transport pathways. Conceptual models have been highly variable in presentation depending in part on the
model’s goals and objectives, the intended audience, and the level of detail or complexity needed. Unlike
numerical models, conceptual models must balance the need to capture complex processes with the
potential problem of adding too much complexity and losing the key messages the model is trying to
convey. The model for scientists, engineers, and simulation modelers may be very different from that
needed to convey key concepts to program managers, public stakeholders, or regulators (Gentile et al.
2001). The focus of the most recent conceptual modeling effort is to convey key concepts to the latter
group, using a mercury-source-and-transport-pathway type of model. The model uses a spatially explicit
depiction to evaluate the relative magnitude of mercury flux and overall mass balance.

Such a flux model was used for the feasibility study in upper EFPC which helped define the flux status
(using data up to the year 2000) and the potential mercury concentration and flux reductions associated
with various source control actions (Table 1). It has been 10 years since conceptual models were used to
evaluate mercury flux and the potential reductions associated with source control actions. Some of the
underlying assumptions that went into the Record of Decision (ROD) have changed. Probably the most
important finding in the last 10 years has been that the expected responsiveness of fish to reductions of
waterborne mercury has not been realized (Peterson et al. 2009). In UEFPC in the 1990s, mercury in fish
declined at a rate similar to the decrease in waterborne mercury concentration at Station 17. That
correspondence was consistent with a key assumption of remedial strategies at the site: that mercury
accumulation in fish in EFPC was proportional to waterborne total mercury (Energy Systems 1999). This
assumption was the basis for derivation of the 200 ng/L aqueous mercury target (a human health
recreational risk-based level) guiding Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) efforts in UEFPC. The lack of response in fish over the last 10 years is an
underlying driver for numerous new mercury-related programs, initiatives, and evaluations, including the
Total Maximum Daily Load Mercury Working Group, the EM-32 Technical Assistance Team efforts and
follow-on mercury research, and various CERCLA early actions conducted as part of American Recovery
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Table 1. Feasibility study assessment (DOE 2000) of anticipated percent remedial effectiveness and flux
changes based on estimates of baseline flux and preferred interim source control actions

Estimated mercury flux
Percent (g/d)
Base flow source reduction Post-
area assumed Rationale Current remediation
Salvage Yard 0 Coincidental excavation of mercury- 0.09 0.09
contaminated Salvage Yard soils
impact unknown
Outfalls 169, 163, 50 Hydraulic isolation: sewer relining 1.8 0.9
160, 150 and capping actions
N/S pipe, 0 Impact of planned actions unknown 0.4 0.4
ungauged
Station 8, 70 Sediment removal 45 1.4
ungauged
Outfall 51/55 95 Effectiveness of Bldg.9201-2 WTS 2.5 0.1
Station 17, 100 Lake Reality bypass assumed to 1.4 0
ungauged continue; UEFPC sediment
contribution eliminated by removal
Station 17 — In-stream—NPDES monitoring 112 3.3
location (330 ppt) (97 ppt)

NPDES = National Pollutant Discharge Elimination System
N/S = north/south

ppt = parts per trillion

UEFPC = Upper East Fork Poplar Creek

WTS = water treatment system

and Reinvestment Act (ARRA) initiatives. )
Key Point:

In addition to changes in bioaccumulation patterns, mercury BT TReIRIIRIM N0l
concentration and flux have also changed in UEFPC and various [REEEIn oo s tRr G CRIE!
outfalls since the ROD baseline assessments 10 years ago. Aqueous ERIeRe[Ule[=N¢=TosElo[EINe [T o]))
mercury levels in the creek have decreased in part due to successful RUELIIEVRGET T NIR{E
control actions such as treatment of the old Outfall 51 discharge by [RESUEIAEEIERIERWeEE T
the Big Springs Water Treatment System (BSWTS). In other cases [ASeCRECEUERICI A FIAE
the flux numbers associated with some source areas appear 10 have [iakkeivitbrbviaky
increased, or more information is known today about source area eCSt'mates SR E e V=2

. . omplex.
flux. The influence of stream sediment mercury sources upstream of
Outfall 109 is better understood today, as is storm flow flux,
although sediment and other ungauged sources of mercury to the creek remain a major area of
investigation.

The conceptual model developed for this report is a source-and-transport-pathway type of model that
evaluates the role of source areas and provides estimates of mercury flux generated from a number of
recent investigations. New data sources used for the conceptual model and supporting text in this report
include a 2007 synoptic survey by ORNL staff (Southworth et al. 2007), EM-32 studies of the role of
sediment and flow management in 2008 and 2009 (Southworth et al. 2009; Southworth et al. 2010a),
Bechtel Jacobs Company LLC (BJC) Water Resources Restoration Program (WRRP) data in 2009 and
2010 (DOE 2010a; DOE 2011), West End Mercury Area (WEMA) storm drain surveys in 2009 as part of
ARRA investigations (DOE 2010b; Lind 2009), and soil mercury investigations in 2010 at 81-10 (ORISE
2010) and near the Alpha 2 building (ORNL sampling unpublished).
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3. MERCURY SOURCES, TRANSPORT PATHWAYS, AND FLUX

ORNL and Savannah River National Laboratory (SRNL) staff working for DOE’s EM-32 program met
for 3 days in June 2009 to develop an updated conceptual model of mercury flux at the Y-12 site. Most of
the team discussion focused on reviewing existing conceptual models from a variety of sources and then
consolidating the information. A previously used model was refined and developed to reflect the current
understanding of processes at the site (see Appendix A).

The ORNL and SRNL team used the following structured process to develop the conceptual model:

define the goals and objectives;

delineate the spatial and temporal scales and boundaries for the model;

discuss sources of information, data, current knowledge, and existing conceptual models;
describe both primary and secondary sources of mercury;

identify the primary and secondary diffuse sources of mercury;

describe mechanisms, flow paths, and routes of exposure;

develop and refine the graphic conceptual model; and

identify technical uncertainties and opportunities for further work.

NG~ E

The goal was to create some relatively simple diagrams that would help people better understand the
mercury processes and mass balance situation at Y-12 and would assist in effective environmental
management decision making. Useful diagrams provided herein include spatially explicit maps showing
the major mercury-use buildings, outfalls, treatment systems, and transport pathways (Sect. 3.1); a
schematic of the Y-12 Complex’s physical features that affect mercury processes and transport
(Sect. 3.2); and the most recently developed conceptual model of mercury sources, transport pathways,
and flux (Sect. 3.3).

3.1 MAJOR SPATIAL FEATURES

The Y-12 Complex is an industrial facility that has been in operation since the 1940s and consists of
buildings and infrastructure located in a valley. Significant quantities of mercury have been released from
the Y-12 facilities into the environment, including an estimated 193,000 kg to soil, and 128,000 kg to
EFPC by 1963 (ChemRisk 1999; Brooks amd Southworth 2011). The major mercury-use buildings,
outfalls, and mercury-treatment systems found within the western and eastern areas of the facility are
shown in Fig. 1 (mercury-use buildings highlighted in red). The mercury-contaminated infrastructure at
the facility is designated along with current and planned major D&D activities and remedial actions at the
facility. This simple map provides a basic geospatial understanding of the mercury-use areas, buildings,
and contamination zones within the context and proximity of transport pathways, outfalls, and
downstream locations. The importance of transport pathways for moving mercury from high-use areas to
downstream waters is illustrated in Fig. 2 (Watson and Mueller 2010; created using geographic
information system technology [ARCGIS 9.2]). Transport pathways may include historical stream and
tributary channels, overland flow, process discharges, storm drains, and diffuse subsurface channels. The
conceptual modeling effort for this report coupled the basic spatial locations of facility infrastructure and
flow paths with the best available mercury flux results (Sect. 3.3).
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3.2 MAJOR PHYSICAL FEATURES AFFECTING MERCURY PROCESSES AND
TRANSPORT

A simplified graphic showing the major physical features affecting mercury processes and transport at the
Y-12 Complex is provided in Fig. 3. The graphic depicts key features of subsurface physical structure and
contaminant transport-release pathways within the Y-12 Complex and UEFPC area. The subsurface
beneath the Y-12 Complex consists of a layer of unconsolidated saprolite or fill overlying fractured and
folded bedrock formations of shale and limestone that characterize the geology of the regional ridge and
valley topography. The thickness of the unconsolidated material varies from a few feet to nearly 30 ft in
the north-central area of the complex. Most facilities in WEMA are located on the low-permeability
Nolichucky Shale formations, while the 81-10 site and part of 9201-2 lie on the much more permeable
and karstic Maynardville Limestone. The groundwater level ranges from less than 5 to 10 ft below the
surface near UEFPC to more than 30 to 40 ft below the surface in upland areas. Basement sumps in
9201-4 and 9201-2 pull in groundwater from the immediate area surrounding process buildings. These
sumps historically fed groundwater into the storm drain system but have been rerouted to water treatment
facilities. Sumps at 9201-5 are no longer in operation, allowing groundwater to accumulate in the
basement of the building.

Contamination is introduced into groundwater through multiple paths including historical spills, pipeline
leaks, and dissolution from contaminated soils and sediments. Due in part to the nonwetting properties
and high density of liquid mercury, spills and leaks of mercury at the surface or within buildings may
result in deposits of subsurface liquid mercury in both the unconsolidated and bedrock systems. Such
deposits can provide a long-term source of mercury contamination in the groundwater that feeds the
UEFPC, as evidenced by the presence of mercury from Outfall 51, which drains a large spring adjacent to
9201-2.
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Fig. 3. Major physical features affecting mercury processes and transport at the Y-12 Complex.




Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

3.3 CONCEPTUAL MODEL

Our understanding of the role of mercury sources and flux at the Y-
12 Complex is constantly evolving. In July 2009, draft versions of a
Y-12 Complex mercury conceptual model prepared during the early
stages of this project were shared with the DOE Oak Ridge
technology development team working on mercury remediation
strategies. The 2009 draft conceptual model is further refined here,
both through a new conceptual model diagram and accompanying
data, analysis, and interpretation. This most recent conceptual model
incorporates FY 2010 WEMA sampling results reported in DOE
2011, and updated BSWTS influent flux data from the Water
Resources Restoration Program. An accompanying figure includes
results from the WEMA storm drain project in 2009. A
comprehensive, contemporaneous sampling of storm drains and
transport pathways throughout the Y-12 Complex and UEFPC does
not exist; therefore, the model, by necessity, uses sampling results

Key Point:

Understanding mercury
releases under both base flow
and storm flow conditions as
well as how past mercury
actions have impacted these
releases are keys to
developing sound mercury
mitigation strategies in the
future. A meta-analysis of
historical and recent data
supports development of a
conceptual model that captures
and addresses these important
issues.

from different years, often collected and analyzed using different
methods and sampled during varied flow regimes. Data used to prepare the model represent the most
recent flux data when available, but other supporting data were preferentially selected if they averaged
over longer time periods. As a result the model represents an average flux during both base flow and
storm flow conditions.

3.3.1 Major Sources and Transport Pathways

Figure 4 consolidates knowledge about mercury sources at the Y-12 Complex and provides summary
information on the transport of mercury through the system, including the approximate magnitude of flux.
The data sources that provide the basis of the model are provided in Table 2. In the conceptual model
depiction, the bulk of the mercury mass is present in a variety of potential primary source locations. Over
time mercury is released from these primary sources via physical (e.g., diffusion and advection) or
chemical (e.g., oxidation and complexation) processes. This mercury can enter one of the transport
pathways (which may also contain metallic mercury acting as a primary source) and is subject to
migration and potential discharge to the surrounding environment and potential on-site and off-site
receptors. The primary sources, depicted in yellow on Fig. 4, each represent a “reservoir” of elemental
mercury and/or particle-bound mercury and have historical linkages to a known release. Such primary
source areas include the storm drain system, the solution cavity (karst) system, streambed sediments,
buildings, sumps, footers, process pipes, tanks, and mercury nonaqueous-phase liquid collection zones in
the subsurface. Note that some of these reservoirs are at or near the original release locations and some
are distributed along transport paths (e.g., metallic mercury in solution cavities and storm drains). Figure
4 also provides information about the spatial connection of the identified sources and transport pathways
(including building and outfall designations) to provide actionable information for the teams developing
remediation priorities and plans for facility disposition and reconfiguration.

This more detailed and more nuanced information is key to supporting environmental management and
assisting in prioritizing and deprioritizing potential activities. For example, the major fluxes associated
with WEMA are clearly depicted and represent an important priority—in particular the residual-source
mercury within and adjacent to the storm drain system and in conduits connecting the storm drains to
contaminated buildings. This information strongly supports early actions (e.g., drain visualization and
characterization) that have been selected and implemented at WEMA to address these residual sources.
Conversely, the fluxes from facilities in the East Plant Area are relatively low. A graded approach in
which the emphasis on, and complexity of, actions associated with the East Plant Area facilities is
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Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the

Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

Table 2. Supporting flux information for conceptual model of mercury (Hg) sources to surface water at the

Y-12 Complex

Transport paths

| Flux (g/d) |

Data sources

Explanatory comments

WEST END MERCURY AREA

Surface erosion/sheet flow |<0.1 Energy Systems Limited exposed soil.

from 81-10 site 1996

81-10 source to shallow <0.1 Bogle and Water within old N/S pipe ~ 7 pg/L, trickled

groundwater; entered old Southworth 1998 into Outfall 200.

N/S pipe

81-10 to karst system Unknown Rothschild et al. High Hg in soil above water table at 81-10 and

1984 location over limestone bedrock makes this a

likely source of Hg in karst system; however,
no definitive link has been demonstrated to
creek or Outfall 51.

Migration of metallic Hg | Unknown DOE 2010a; DOE | Metallic Hg was seen in storm drain systems

from soil or building drains
to storm drain system

2011

as part of WEMA video investigations, and is
occasionally removed from catch basins.
Observed through grate in Outfall 150.

WEMA surface erosion <0.1 Energy Systems Wet weather only.
1996, 1997

WEMA buildings to <0.1 Rothschild et al. Sump pumping drives shallow groundwater

groundwater 1984 flow into buildings, not out. With
discontinuation of sumps in 9201-5, the
building may now contribute to shallow
groundwater.

Shallow groundwater to <0.1 Rothschild et al. Shallow groundwater Hg not clearly

storm drain system 1984 identified. Limited characterization suggests
Hg concentrations in groundwater lower than
in storm drains.

Sump water treated at 2 Energy Systems 9201-4 sump water treated at CMTS; 2t0 3 g

CMTS 1996, 1997 from 9201-5 and EM3250 catch basin tie-in
no longer treated.

CMTS discharge <0.01 DOE 2010a

West end storm drains <0.1 Energy Systems Demonstrated very low loading from far

including Old Salvage 1997; DOE 2000; western part of Y-12 based on sampling points

Yard Southworth et al. 9422-16 and 169W just upstream of N/S pipe.

2007

Qutfall 169 1.4 DOE 2011 Mean of weekly averages, January—Sep 2010.

Outfall 163 5.5 DOE 2011 Mean of weekly averages, January—Sep 2010.

Outfall 160 0.6 DOE 2011 Mean of weekly averages, January—Sep 2010.

Outfall 150 1.4 DOE 2011 Mean of weekly averages, January—Sep 2010.

Outfall 200 (N/S pipe 8.6 (25.6) DOE 2011 Surface water exit for all WEMA Hg. Mean of

terminus; sampling is at weekly averages, January-Sep 2010, 8.6 g/d.

200A6) FY 2010: 25.6 g/d. 2007 synoptic study at
base flow was 5.2 g/d; FIU calculation of
OREIS data [2004-2008] was 6.4 g/d.

Sediment or groundwater | Unknown No direct measurements, but not thought to be

into N/S pipe a major source

Shallow groundwater <0.1 Rothschild et al. Limited evidence of any major shallow

infiltration to EFPC

1984

groundwater Hg, with historical sampling
finding Hg concentrations in groundwater
lower than in EFPC. Evaluation of potential
source to creek through preferential pathways
a research need.
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Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

Table 2. continued

Transport paths | Flux(g/d) | Datasources | Explanatory comments

EAST PLANT AREA

Atmospheric deposition 0.12 MDN 2007

Outfall 51 0.2-2.0 DOE 2001, DOE Average in FY 2010 0.9 g/d, 2-3 times higher

2010a DOE 2011 than the average in recent previous years -
likely associated with BSWTS bypass during
high flow events and greater annual
precipitation. Historically contained strong
dissolved elemental Hg signal, potentially
linked to subsurface metallic Hg in limestone
solution cavity network upstream (81-10 or
under N/S pipe).

Input to BSWTS from Kkarst | 2-8 DOE 2011; BSWTS | Based on monthly grab and weekly flow

system data estimates, high flux to treatment system
observed during first three years of BSWTS
operation (max 97.7 g/d; max annual average
in 2007 22 g/d). Suggests that BSWTS treated
particulate Hg that previously did not get to
EFPC. Average last 3 years (2008-2010) was
6 g/d, with only 2 g/d in FY 2010.

9201-2 to karst system Unknown 9201-2 is site of soil contamination with
metallic Hg, but groundwater flow is into
basement, not out. Possible metallic Hg within
old Outfall 51 spring throat, nearby solution
cavities.

BSWTS discharge 0.07 DOE 2010a

9201-2 sumps to BSWTS |1 Energy Systems

1996

Undetected karst discharge | Unknown Southworth et al. Not known. Research need.

to EFPC 2007

9733 soils to storm drains | <0.03 Southworth et al. Remediated site.

or creek 2007

Shallow groundwater <0.1 Rothschild et al. No known major inputs. Evaluation of

infiltration to EFPC 1984 potential source to creek preferential pathways
a research need.

Shallow groundwater to <0.1 Rothschild et al. No evidence of shallow groundwater entering

storm drain system 1984 storm drain system.

Outfall 135 0.05 Southworth et al. Detected but at low levels (likely storm drain

2007 contamination).
Outfall 125 0.08 Southworth et al. Detected but at low levels (likely storm drain
2007 contamination).
Outfall 109 0.03 Southworth et al. Drains 9733 site.
2007
Outfall 55 <0.01 Southworth et al. Extremely low flow.
2007
Outfall 47/48 0.08 Southworth et al. Detected but at low levels (likely storm drain
2007 contamination).
9201-2 to groundwater <0.1 Henke, Bogle, and | Groundwater under 9201-2 flows into sumps;
Turner 1996 however, unclear whether nearby Hg-
contaminated soil impacts groundwater, is
treated through Big Springs, or finds its way
to storm drains or the creek.
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Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

Table 2. continued

Transport paths Flux (g/d) Data sources Explanatory comments
9201-2 to storm drain <0.1 Henke, Bogle, and | No strong evidence, but potential for metallic
system Turner 1996 Hg in Outfalls 55, 47, and 48 because of
proximity to 9201-2.
9201-2 to surface erosion | <0.1 Henke, Bogle, and | Contamination is primarily under building and
Turner 1996 surrounding paved areas; however, recent
sampling of surrounding soils found high
levels of elemental Hg.
Surface erosion to creek <0.1 Henke, Bogle, and | Little exposed soil and few erosion channels.
Turner 1996
Outfall 34 0.21 Southworth et al. Hg concentration (250 ng/L) high enough to
2007 indicate source within storm drain.
Outfall 21 <0.01 Southworth et al.

2007

UPPER EAST FORK POPLAR CREEK

Atmospheric deposition <0.1 MDN 2007 Less than 50% of atmospheric wet deposition
from rainfall is likely to reach EFPC.
Erosion of Hg- <1 DOE 2001 Significant source prior to remediation.
contaminated stream banks Straight channel with protected (concrete, rip-
rap) banks minimizes erosion relative to
previous condition; however, proximity of Hg
in bank soils to water may mean this is a
continuing significant source relative to other
facility sources.
Flow augmentation 0.03 Southworth et al. Melton Hill Reservoir source water low in Hg
2007
EFPC streambed sediment |1-3 BJC 1999, Metallic Hg underlying armored fine
above Outfall 109 Southworth et al. sediments acts as a continuing source of high
2009; Southworth | dissolved Hg (> 50 ug/L) that enters surface
2010; DOE 2011 flow. Sorption to surface particulates may be
mobilized as wet-weather export.
EFPC streambed sediment, | 1-20+ Southworth et al. Highly variable depending on flow conditions.
Outfall 109 to Station 17 2007, DOE 2010a | Streambed likely acts as a sink for Hg during
DOE 2011 base flow, accumulating Hg-rich particulates,
and releases this Hg inventory during wet-
weather flows. Large inventory of Hg-
contaminated particulates in streambed
(estimate > 50 kg of Hg) can contribute to
wet-weather flux. Difficult to separate role of
sediment versus other ungauged sources
during storm events.
Export at Station 17 23.7 (19.4) DOE 2011, Mean of weekly averages, January-Sep 2010,
integration point DOE 2010a 23.7 g/d. FY 2010: 19.4 g/d. Highly variable

depending on flow conditions. From 2000 to
2009, average annual flux ranged from 7.2 g/d
in 2008 to 40 g/d in 2005. Mean values highly
influenced by storm events. FIU calculation of
OREIS data (2004—-2008) was 18.5 g/d.
Between 2004 and 2008, roughly two-thirds of
flux was during base flow and one-third was
from storm flow.
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Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

Table 2. continued

Fluxes are mean estimates of daily export in grams per day. Where possible, daily flux averages over longer time periods (e.g.,
months, year) are used that include base flow and storm flow numbers. However, for many sampling locations short-term
mercury sampling was conducted with little information regarding base flow/storm flow differences in flux. Explanatory
comments are the authors’ assessment of the relative role of the source on overall flux, based on site knowledge and the
available data.

BSWTS = Big Springs Water Treatment System

CMTS = Central Mercury Treatment System

EFPC = East Fork Poplar Creek

FIU = Florida International University

FY = fiscal year

Hg = mercury

N/S = north/south

OREIS = Oak Ridge Environmental Information System
RMPE = Reduction of Mercury in Plant Effluent (Program)
WEMA = West End Mercury Area

WRRP = Water Resources Restoration Program

deprioritized appears justified and prudent. The conceptual model suggests that mercury-related actions in
the east end of the facility will be needed, based on the overall mercury fluxes and discharges. However,
the conceptual model also indicates that such actions should be implemented in a manner that is
consistent with the limited potential for impacting the overall efflux of mercury from the Y-12 Complex.

3.3.2 Mass Balance Estimates

The conceptual model presented here is a step forward in understanding the mercury issue at the Y-12
Complex by focusing, in one simple diagram, on (1) the complex connections and interactions between
mercury sources and transport pathways, (2) the mercury flux (rather than concentration), (3) the effort to
define the relative roles of sources and transport pathways in a generalized mass balance, and (4) the
inclusion of uncertain or unknown pathways that need further study. A conceptual model for mercury is
only as good as the data and information that go into it. With the various mercury sampling challenges at
Y-12 and UEFPC, including a high number and variety of subsurface flow paths, closing the mass
balance for mercury has always been difficult (Geraghty & Miller 1985; BJC 1998; BJC 1999; DOE
2008). The model flux estimates are based on the most recent or best available flux data (Table 2) but are
also based on the authors’ site knowledge. Therefore, the conceptual model represents a consensus of the
conceptual model development team and provides a visual interpretation of current conditions. It should
not be confused with output from a numerical modeling effort.

Over the years mercury flux at the Y-12 Complex has been measured at different times, under various
flow conditions, and with different sampling methods. Most previous sampling has been done at dry-
weather base flow, with less understanding of storm flow flux. Calculations of flow under wet-weather
conditions can be challenging, particularly in storm drains with poor access. For quantifying flux in the
conceptual model, priority was given to flux averages obtained over longer time periods (months, one
year) using flow-paced continuous sampling devices (DOE 2011). Therefore, flux averages in the
conceptual model include base flow and storm flow sampling to the degree possible. The role of large
storm events can be seen in the difference between median and mean flux. If an adequate number of
samples are obtained and the goal is to evaluate mercury flux that is most often encountered by stream
biota, the median flux value determined from the cumulative distribution function may provide a more
stable central tendency indicator (DOE 2011). However, mean or total flux may better account for the
influence of major storm events on flux. Regardless of the averaging method, the flux ranges in the
conceptual model diagram bound both the median and mean results where available. Because mercury
flux can vary considerably depending on flow, interpretation of instantaneous results (e.g., grab samples)
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under various flow regimes over space and time can be difficult. For many of the storm drain sites grab
sample data were the only information available.

The variability in estimated mercury flux over time, location, and flow conditions is well demonstrated by
the results presented in Tables 3 and 4. In the early 1980s flux within WEMA storm drain conduits
(Outfalls 150, 160, 163, and 169) was in the range of tens of grams per day (UCC 1983a), but since 1993,
and after various remedial and water-use changes within the facility, average flux has been in the single-
digit grams per day or lower at the WEMA conduits. The role of the WEMA outfalls relative to the flux at
Outfall 200 (which receives all the flow from these outfalls; measured at 200A6) has varied over the 1996
to 2010 time period, ranging from 171 to 45% (sum of WEMA outfalls divided by 200A6 flux). Based on
data showing higher fluxes at Outfall 200 than could be accounted for by the four conduits, ungauged flux
within the north/south (N/S) pipe was calculated as a source term in the feasibility studies leading to the
Phase 1 ROD (DOE 2000). An evaluation of the mass balance of the four major conduits (Outfalls 150,
160, 163, and 169) relative to the Outfall 200 integration point indicated a good-to-excellent correlation
and mass balance in the Reduction of Mercury in Plant Effluent (RMPE) Program 1996-1997, 1999-
2000, and 2010 sampling (including select dry-weather, wet-weather, and overall flux averages). An
analysis of mass balance that includes all FY2010 data reveals a much higher flux at Outfall 200 (25.6
g/d) than can be accounted for by the four conduits (8.9 g/d) (Table 4; DOE 2011). However, two high
mercury spikes during high flow events account for this discrepancy and under base flow conditions a
major source within the North/South pipe (from sediment or groundwater infiltration) appears unlikely.
Without more direct sampling and characterization within the pipe, the current estimate is that the four
outfalls account for most, if not all, of the flux at Outfall 200.

Outfall 200 flux can be a large percentage of the total flux at Station 17. .
Over the last three fiscal years (2008-2010) the mean annual flux at Sy el

Outfall 200, and the median fluxes in FY 2008 and FY 2009, were REONirUIRA0/oRERi N[0k
greater than at Station 17 (Table 4). When sampled under dry-weather ESIelllileTI Vel IRTTelVIqe;
base flow conditions, as was done for the 2007 synoptic study and a week [RASISWALURUCREEIMAY
in April 2010, Outfall 200 was 78-100% of the measured flux at Station RS MEIRSIEE S
17 (Table 3). The weight of evidence suggests that Outfall 200 can
explain at least 70-80% of the flux at Station 17 under low flow, and the pattern appears to hold up during
most years with relatively normal rainfall.

However, fluxes at Outfall 200 and Station 17 are known to vary considerably, especially during high
flow time periods. The percentage of Outfall 200 relative to Station 17 flux can be as low as 20-40%
(Table 3). During a wet-weather week in July 2010 and as the weekly average from January through
September 2010 (a relatively wet period), Outfall 200 represented approximately a third of the flux at
Station 17—results similar to those reported in the ROD feasibility studies using 1999-2000 data and data
from FY 2003. Sediments in UEFPC may act as a sink for mercury under dry-weather conditions, with
sediments and suspended solids moving downstream and contributing to high flux numbers during
extremely high flow conditions (Southworth et al. 2009, Southworth et al. 2010). Contaminated sediments
in Lake Reality are another potential source to Station 17 of suspended solids and mercury during high
flow conditions. Mercury flux monitoring at Station 17 is affected both by large changes in water flow
volumes and by impacts to mercury concentration from short-term spikes of particle-associated mercury
(DOE 2011). Ungauged flux downstream of Outfall 109 to Station 17 represents a very uncertain and
poorly-understood contribution to the UEFPC mass balance during wet-weather periods (Fig. 4). Further
complicating the downstream mass balance is the fact that year-to-year variation in export estimates at
Station 17 is very large and dependent on the sources and handling of data used to generate the estimate
(e.g., grab samples vs. composites, inclusion or exclusion of very high spikes, and averaging methods).
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Table 3. Select flux estimates (grams per day) and mass balance at WEMA drain conduits, Outfall 200, and Station 17, 1980s-2010

2009
2007 WEMA-SD 2010°Dry 2010

1996-1997 1999-2000 2002-2003 Synoptic Flux ~ Remediation \Weather April Wet Weather 2010

Outfalls Early 1980s" RMPE®>  (ROD baseline) RER® Study”* Baseline® 21 week Jul 14 week  Jan-Sep
Flux
OF150 15 0.3 0.14 1.0 0.6 1.0 1.0 4.0 14
OF160 20 0.5 0.52 0.6 0.4 0.6 0.2 2.1 0.6
OF163 27 1.3 0.28 6.1 8.0 14 2.1 22.8 55
OF169 60 3.2 0.87 4.6 NS 1.3 1.2 3.4 14
OF Sum 95 5.3 1.81 12.3 NS 4.2 45 32.3 8.9
200A6 NS 6.9 2.31 7.2 5.2 9.5 4.6 31.2 8.6
Station 17 42 11 11 23 5.1 11 6 141 24
Mass Balance

OF Sum/200A6 NS 1% 78% 171% NS 45% 98% 104% 103%
200A6/Station 17 NS 61% 21% 32% 100% 89% 78% 22% 36%

! Flux estimates from early 1980s reported in Energy Systems, 1997; UCC 1983b

? Data from the Reduction of Mercury in Plant Effluent Program (Energy Systems, 1997). Represents monthly dry weather sampling results.

® 2003 fiscal year data reported in the Remediation Effectiveness Report. Mean annual flux in g/day.

* ORNL-collected unpublished data. Same time sampling dry weather base flow conditions. Flow could not be obtained within WEMA storm drains on sampling date;
flux estimated by using 2007-measured concentration and past dry weather flow numbers (BJC 1998).

® Data collected by Y-12 Complex staff as part of storm drain investigation, except for 200A6 and Station 17, which is from DOE 2010 (RER)

& All 2010 data is from the Water Resources Restoration Program, collected for DOE 2011

NS = not sampled or applicable
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Table 4. Contrasting flux (grams/day) at Station 17 and Outfall 200, showing the importance of wet-weather events on calculated annual means

Station 17 Outfall 200

Annual Annual Annual

Year N2 Min® | Median® | Mean® | Max" flux® N2 Min® | Median® | Mean® | Max® flux® rainfall®
FY 2000 365 5.7 13.8 33.0 984 12,045 52.0
FY 2001 365 45 10.9 25.7 648 9,392 45.9
FY 2002 365 4.2 11.3 20.0 341 7,309 52.7
FY 2003 365 3.2 111 24.0 404 8,746 73.7
FY 2004 366 5.4 10.4 22.5 988 8,231 56.4
FY 2005 365 5.5 10.4 39.9 2,434 14,569 58.9
FY 2006 365 35 7.1 10.9 88 3,967 46.4
FY 2007 365 1.9 7.0 10.8 69 3,935 365 1.2 4.7 55 31 2,001 36.3
FY 2008 366 1.8 54 7.0 67 2,556 353 2.6 6.2 10.5 190 3,691 46.0
FY 2009 365 1.8 7.0 10.7 124 3,901 359 3.1 7.4 16.8 671 6,040 62.5
FY 2010 365 0.4 8.0 19.4 532 7,081 365 2.6 6.9 25.6 687 9,342¢ 58.8

@ number of days with calculated mercury flux

P grams per day mercury flux

“grams per year discharged

? total annual rainfall (inches) measured in Oak Ridge

¢ two discharge events produced high concentration spikes reflected in the annual summary

FY = fiscal year

Note: Big Springs Mercury Treatment System came on line at the beginning of FY 2006.
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Conceptual Model of Primary Mercury Sources, Transport Pathways, and Flux at the
Y-12 Complex and Upper East Fork Poplar Creek, Oak Ridge, Tennessee

4. DESCRIPTIONS OF MERCURY SOURCE AND TRANSPORT
PATHWAYS

More detailed descriptions of the principal mercury source areas, contaminant migration pathways, and
discharge points for WEMA and the east end of the Y-12 Complex (the East Plant Area) are provided
below. Evaluation of the relative contributions of source areas to the overall flux considers historical and
present studies as well as the authors’ site knowledge. The relative roles of source areas have changed over
time as various facility modernizations, D&D, and remedial efforts have been implemented. Changes are
expected in the future, particularly in the near term in WEMA, where storm drain remediation activities are
planned.

41 WEST END MERCURY AREA

In general, WEMA is defined as the area of the Y-12 Complex west of Outfall 200 (Fig. 1) and east of the
Old Savage Yard. It comprises many large buildings that handled mercury, with surrounding
contaminated soils most often under concrete or asphalt at the surface. A storm drain system connecting
pipes of different ages transports water from near buildings to Outfall 200 at the headwaters of EFPC.

411 WEMA Buildings

Facilities in WEMA that handled mercury include Bldgs. 9204-4 (Beta 4), 9201-5 (Alpha 5), and 9201-4
(Alpha 4). These facilities now contain contaminated process equipment, legacy material, and portions of
facility structures that are contaminated. A large percentage of the known 193,000 kg of mercury lost to soil
at the Y-12 Complex was the result of historical spills (1950s-1960s) in the WEMA (ChemRisk 1999).
Significant but unknown quantities of metallic mercury were spilled to

floor drains and basements in the buildings and on soils, engineered
backfill, and bedrock surrounding the buildings (Fig. 1). The lower
portions of building foundations, basements, and surrounding fill, soil, and
bedrock that are below the regional groundwater table are also
contaminated with mercury.

The piping systems inside the buildings contain residual mercury that
was spilled into the floor drains or discharged from building sumps.
Metallic mercury in the pipes is dissolved and transported into process
and storm water that is routed through the pipes to the storm drain

Key Point:

There are many data gaps
and uncertainties related to
the various transport
pathways. To resolve these
issues, improved data
(e.g., better flow gauging),
additional data (e.g., drain
system), and/or careful
monitoring (e.g., D&D
activities impacting shallow

system. There is evidence to suggest continued migration of metallic
mercury from the piping associated with the buildings to the storm drain
system, but there is a high level of uncertainty as to its relative role.

groundwater flow near
buildings) are needed.

Groundwater adjacent to and under the buildings is collected into sump-pump systems. Sump pumps
within the basements of 9201-4 and 9201-5 discharged directly to the storm drain network until 1996
when the Central Mercury Treatment System (CMTS) was completed. The sumps added 5-10 g of
mercury per day to Outfall 163, but output was reduced to 2.5 g/d by the removal of inputs of chlorinated
process water and steam condensate to the system (BJC 1999). Sump operation induces groundwater flow
through metallic-mercury-contaminated soil around building foundations. These actions may generate
highly contaminated water (approximately 67 pg/L) similar to that expected, based on the solubility of
elemental mercury (60 ug/L), to occur within sediments and footers underlying the storm drain system. A
methanol spill in a sump in 9201-5 in December 2005 rendered the output from sumps in that building
untreatable at CMTS, and subsequently all pumps in 9201-5 were shut down and the basement was
allowed to fill with water.
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Remedial activities to address flux from residual contamination within the buildings as part of RMPE and
other programs have included plugging floor drains, rerouting some piping, cleaning out sumps, and
generally reducing the amount of water moving through the building and into storm drains (Rothschild et
al. 1984; Turner et al. 1985). These activities have significantly reduced the flux of mercury discharging
to the storm drain system, although much of the mercury still remains in place.

The current Integrated Facility Disposition Project scope incorporates both D&D and remediation of
some of the mercury-contaminated facilities in WEMA at the Y-12 Complex, specifically:

e D&D: Alpha 4, 5, and Beta 4 and
o remedial action (RA): remaining slabs and soils (related to Alpha 4, 5, and Beta 4).

The large uncertainty connected with the nature, quantity, and location of mercury associated with these
buildings will most certainly affect how future Y-12 D&D and RA activities will proceed.

4.1.2 WEMA Storm Drain System

Extensive investigation into sources of mercury to EFPC was conducted in the early 1980s to provide
information vital to guiding efforts to reduce mercury inputs to EFPC under the RMPE Program
(Rothschild et al. 1984; Turner et al. 1985). One conclusion of these studies was that “mercury discharges
arise largely because residual deposits of metallic mercury located in the drainage system are being
slowly solubilized or resuspended by uncontaminated groundwater and process water which flows
through the system” (Turner et al. 1985). Another important conclusion was that “mercury [in
groundwater] does not appear to be moving in significant quantities in an aqueous phase” (Rothschild et
al. 1984). Measurements of base-flow mercury export indicated that the largest sources were the storm
drain system draining Bldgs. 9204-4 (55 g/d), 9201-5 (40 g/d), 9201-4 (25 g/d), and the Bldg. 81-10 site
(30 g/d). Cleaning and relining extensive sections of the storm drain systems draining the 9201-4, 9201-5
and 9204-4 sites and rerouting clean water that previously entered those storm drain segments eliminated
more than 90% of the mercury export previously associated with those sites, resulting in a cumulative
mean daily flux of 7.5 g/d through Outfalls 169, 163, 160, and 150 over the 1993-2003 period (DOE
2004). The uppermost sections of the drainage system near the mercury-use buildings were not
remediated and continue to contain metallic-mercury deposits within gravel sediments and almost
certainly in footers and backfill adjacent to corroded and damaged pipes. High mercury concentrations in
the vapor phase have been measured in nonremediated sections of the system, and the waterborne
mercury concentration in one such section exceeded 60 pg/L in measurements made in 2007.

Based in part on recent WEMA storm drain investigations (Lind 2009; Fig. 5), it is highly probable that
the nonremediated segments of the drainage system surrounding the mercury-use area remain a primary
source of mercury entering the surface flow of EFPC above Outfall 200. The 2009 WEMA storm drain
project conducted extensive video surveys and mercury analyses within WEMA.. As in other surveys, the
results pointed to the importance of the 9201-4 area and near-building storm drain sources to Outfall 163
and Outfall 150, where mercury flux exceeded 1 g/d at multiple locations. Mercury flux in drain lines
contributing to Outfalls 160 and 169 were generally lower during these surveys, ranging from 0.2 to 1.0
g/d.

The north storm drain line into the E-3320 catch basin (i.e., E-3250 in RMPE reports, see Fig. 5) was a
major source of mercury (2-3 g/d) to Outfall 169 in the 1990s. A collection line inserted into the north
drain line of E-3320 in 1998 captured much of the dry-weather flow from this line and routed it to CMTS
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Fig. 5. Estimated mercury fluxes (grams per day) within the WEMA storm drain system based on 2009
WEMA storm drain remediation project sampling (courtesy of D. Lind, Y-12 Complex) and Water Resources
Restoration Program sampling in February 2010.

(BJC 1999; BJC 2000). After the discontinuation of the routing of this water to CMTS, the flow pattern
just upstream of this catch basin changed. Although WEMA storm drain remediation sampling did not
identify mercury flux at the Outfall 169 location near the E3320 catch basin (Fig. 5), recent sampling by
ORNL staff (Sept. 30, 2010) of storm drain water at E-3249 (just north of E-3320) revealed total mercury
of 25 pg/L and sufficient flow to collect a large volume of water. Although Outfall 163 appears to be a
more important contributor to Qutfall 200 mercury flux in recent years, in part due to relatively high
flows, Outfall 169 probably remains an important contributor of mercury to overall WEMA flux.

In the late 1980s the main storm drain conveyance for EFPC into which the WEMA outfalls discharge
was plugged and replaced with a new pipe located several meters to the north. The south pipe was
removed as a source of mercury to UEFPC, resulting in elimination of approximately 30 g of mercury per
day to the EFPC headwaters. By the early 1990s, metallic-mercury sources within the WEMA storm drain
system were considered the major source of dissolved mercury to west end surface waters.

Metallic mercury submerged in water is subject to direct dissolution of elemental mercury (Hg(0)) and
oxidative dissolution of inorganic mercury (Hg(ll)) at the metal-water interface (Amyot et al. 2005).
Mercury concentrations in excess of 50 pg/L have been measured in interstitial water at a localized site in
UEFPC, where metallic-mercury deposits underlie armored soft sediments. It is believed that this site is a
significant source of mercury to the surface flow of EFPC (BJC 1998). It is nearly certain that a similar
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phenomenon occurs within the storm drain network upstream; residual mercury in the footer, backfill, and
gravel deposits within the pipe is a likely source to water. Positive hydrostatic pressure from groundwater
could force highly contaminated water surrounding pipes into the drainage system via joints and cracks in
nonremediated sections, while flow within the footer/backfill could enter the creek at points downstream.

41.3 WEMA Soils and Groundwater

A 1980s investigation of subsurface mercury at Y-12 found high concentrations of mercury in shallow
(<10 ft) soil near Bldgs. 9201-2, 9201-4, 9201-5, 9204-4, and 81-10, but little evidence of deeper
movement at most sites (Rothschild et al. 1984). There is uncertainty as to whether metallic mercury in
soil near WEMA buildings is a significant source to the storm drain system. There is no doubt that
metallic mercury continues to enter the storm drain network from sources in WEMA,; however, intra-
building sources including blocked floor drains may be the most likely sources to downstream storm drain
lines. Broken or severely damaged conduits are necessary for soil mercury to enter sewers. Mercury
entering damaged storm drains is most likely from surrounding footers or fill material and not from the
surrounding native soils. Although there was some evidence of cracked and broken pipe, the 2009
WEMA storm drain project did not observe large sections of sewer with catastrophic damage. That said,
very small pipes near buildings were not surveyed as effectively as larger sewer lines.

Groundwater connectivity between soil contamination, storm drains, shallow (soil-zone) groundwater,
construction-filled stream channels, and karst and nonkarst bedrock flow paths is important but not well
understood (Fig. 4). Based on limited available information, groundwater within WEMA does not show
strong evidence of mercury mobilization from soil, with groundwater concentrations in wells at most
contaminated sites being lower than concentrations in storm drains and stream surface flow. Previous
studies have been able to detect and delineate groundwater plumes of nitrate, sulfate, chloride,
conductance, and alkalinity, but there has been little evidence of a significant plume of mercury-
contaminated groundwater, although mercury has been detected in groundwater wells (Rothschild et al.
1984; DOE 1998). Most samples from the 1984 study were analyzed for total mercury without filtration
and thus often contained mercury-enriched particulates. Although the conclusions of the study remain
valid, high-sensitivity analyses of filtered samples from the same well may be capable of delineating
mercury-contaminated groundwater.

The potential exists for groundwater mercury at the Y-12 Complex to be reduced or methylated by
interaction with other soil or groundwater contaminants or by actions taken to remediate these co-
contaminants. For example, a methylating environment may be present in localized soil and groundwater
zones that contain hydrocarbon contamination and a suitable microbial community. Similarly, the
potential for generating a methylating environment should be considered when evaluating the efficacy of
bioremediation options, such as electron donor addition, that alter redox conditions to stimulate the
reductive dechlorination of chlorinated volatile organic compounds. Groundwater also presents
challenges associated with the dissolution and surface oxidation of elemental mercury droplets (similar to
the above discussion related to storm drains). Limited site-specific data and supporting scientific
literature are available on these topics. Nonetheless, the potential significance of these topics should be
recognized and incorporated in a general fashion when developing environmental management plans and
mercury reduction activities for the Y-12 Complex.

41.4 The 81-10 Site as a Source

Mercury contamination at the 81-10 site, situated above the Maynardville Limestone bedrock, extends
deeper than at sites situated above shale bedrock (Rothschild et al. 1984). This site was the location of a
mercury distillation/recycling system (i.e., a retort) and stored drums of mercury sludge. Metallic mercury
that was spilled on the concrete pad at 81-10 leaked into a sump that overflowed to the main storm drain
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(N/S pipe) conveying to EFPC (Turner et al. 1985). The 81-10 site is underlain by limestone that has karst
development. It is believed that metallic mercury spilled on-site may have penetrated into the karst system
(Moline et al. 1998; Moline et al. 2001; DOE 2001). It is also possible that the original creek channel
adjacent to the 81-10 site (now covered by the N/S pipe) was a losing reach that discharged water into the
karst system. This is similar to what is currently observed in Bear Creek, which is in the same geologic
formation as UEFPC. Metallic mercury in the footer underlying the original N/S pipe could thus act as a
source to the karst system. Dissolved Hg(0) and Hg(ll) were detected in a piezometer (shallow well
installed mainly for water-level measurements) that may have encountered a solution cavity more than
100 m downstream of Outfall 200. This study appeared to indicate there was a connection to the Big
Springs (karstic groundwater) discharge (Outfall 51) adjacent to 9201-2 located 800 m downstream
(Moline et al. 1998; Moline et al. 2001; DOE 2001). Another tracer study conducted in well GW-696
located at 81-10 was not conclusive. However, GW-696 may be screened above the regional water table
and not connected with the karst system. Overall, the data obtained to date suggest that some of the
groundwater mercury entering the BSWTS may originate from the 81-10 site (or nearby deposits).
However, contributions from shallow groundwater around Bldg. 9201-2 (Alpha 2) cannot be ruled out.

Soil and sediment cores were collected in 2010 at the 81-10 site in an attempt to address characterization
data gaps that had been identified after previous studies and as a substitute for treatability studies called
for in the ROD (DOE 2002; ORISE 2010). Mercury contamination was found in cores taken adjacent to
the remnant concrete slab of the former facility and, when present, tended to be localized to the upper 10
feet of soil. Soils surrounding the former 9822 Sediment Basin produced relatively low mercury
concentrations (< 1 mg/kg), leading the authors to conclude that the basin is probably not a source of
contamination to the creek. Along the northern edge of the slab of the former retort furnace, however,
high concentrations (> 300 mg/kg) were observed at moderate depths, from 14 to 30 ft, which are
significantly above the level of the basement rock. Visible mercury beads and droplets were observed in
two of the cores collected during this study (Fig. 6), and 1400 mg/kg was measured in a third. Mercury
contaminated soil above 325 mg/kg was estimated to cover a surface area of approximately 8080 ft2.

As part of EM-32—funded projects, ORNL and SRNL staff conducted additional investigations of the 81-
10 site in 2010. ORNL staff conducted a detailed interrogation of two cores that indicated that metallic
mercury seems to be associated with coarser, more gravelly zones, especially those on top of low-
permeability clayey zones (perhaps a historical surface grade) where the mercury tends to pool on top of
the clay. These coarser zones probably provide avenues for transport and downward migration of the
mercury beads. SRNL staff used a membrane interface probe (MIP) (Rossabi et al. 2003) as a potential
tool for rapid and inexpensive delineation of elemental mercury sources in soil and shallow groundwater.
Proof-of-concept testing of the MIP for elemental mercury detection was completed at site 81-10 in
August 2010. Measurements were made directly adjacent to locations at which ORISE baseline samples
were collected (both clean and contaminated locations). Initial MIP results confirmed the higher levels of
mercury near the old retort furnace.

Overall, there is clear evidence of significant mercury concentrations in soils near the 81-10 retort
furnace, but many questions remain to what degree, if at all, 81-10 is a source of mercury to EFPC. If the
conclusions of the 1980s studies are still valid and mercury from 81-10 is able to move though subsurface
conduits to the Big Springs area, then 81-10 mercury is likely being treated by BSWTS and is not a major
current source of mercury to the creek. If there is a direct connection between 81-10 and the creek it is
probably a small contribution relative to other sources, based on the relatively small change in flux
between Outfall 200 and Station 17 during base flow conditions.
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Fig. 6. A soil core in a Lexan liner from the 81-10 site showing visible mercury blobs and droplets.
4.1.5 WEMA Surface Soil Erosion and Wet-Weather Export

Studies of storm flow mercury transport in EFPC conducted in 1997 and 1998 clearly demonstrated that
most of the increased mercury flux associated with rainfall events originated from erosion/resuspension of
fine particulates from the open streambed downstream from Outfall 200 rather than within the enclosed
storm drain network above the outfall (Energy Systems 1997, BJC 1998; BJC 1999; BJC 2000). Mercury
concentrations on particulates at Outfall 200 during elevated flow were typically low (< 20 mg/kg), while
concentrations at downstream sites were 50-100 mg/kg. Similarly, storm-flow-related mercury flux at a
site 5000 ft downstream was fivefold higher than at Outfall 200. Although mercury flux at Outfall 200
increased in response to increased discharge during wet weather, most of the increase was associated with
greater flux of dissolved mercury rather than inputs of particle-associated mercury expected from erosion
of contaminated surface soil. There was no indication that soil erosion from the Old Salvage Yard and
other areas in the west end of the Y-12 Complex was an important source of mercury to the N/S Pipe or
EFPC.

Various conduits leading from buildings to the storm drain network, such as floor and roof drains, have
the potential to contain residual deposits of metallic mercury. Increased flow in such pathways during
rainfall events can move metallic mercury downstream into the storm drain network or move metallic
mercury already in the storm drain system farther downstream. Periodic appearance of metallic mercury
in junction boxes within the storm drain network (and subsequent removal by Y-12 staff) gives evidence
that such movement is occurring, but the source and extent of the movement are unknown and need
further investigation.

The conceptual model provided here is not intended to be a mechanistic description of mercury transport
and processing within the stream, where there are additional complications related to the form of mercury
(dissolved, particle-borne, colloidal elemental mercury, or methylmercury). However, evaluation of
existing monitoring data suggests that approximately two-thirds of the mercury export occurs under base
flow conditions and the remainder under wet-weather flows. There is a need to quantify mercury export
from upstream of Outfall 200 through the course of storm events and compare that flux simultaneously
with export at other Y-12 storm drains and downstream in EFPC (Station 8, Station 17, and EFPC sites
within the city of Oak Ridge). A study conducted under RMPE was restricted to UEFPC and found that
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mercury export increased at all sites, as expected, but far greater inputs arose from the open stream
downstream of Outfall 200 than from the enclosed storm drain system upstream. As described earlier,
there are additional complications with determining storm flow flux in downstream waters that obfuscates
obtaining an accurate mass balance.

4.2 EAST PLANT AREA

The principal mercury source areas, contaminant migration pathways,
and discharge points for the east end of the Y-12 Complex (the East
Plant Area), defined here as the zone between Outfall 200 (at the ERSIuEEPE R IENETED)
boundary of WEMA) and Station 17 near Scarboro Road, are shown EEEISIHEICHESEIEEEIEVE

in Figs. 1 and 2. Within the Y-12 Complex facility boundary, UEFPC [REEAEIAIESEICLYE
is located within the eastern part of the plant and receives a number of [T A
relatively low-concentration mercury inputs from storm drains, [ebuaek path\llovays. lizss el
process water lines, groundwater (including Kkarst-related inputs via not appear to be major

. . sources of mercury to the
Outfall 51), sheet flow/erosion, and a treatment system discharge. ST y

Key Point:

The East Plant Area appears to contribute a small percentage of the

total flux to the creek compared to inputs from WEMA via Outfall 200 into the creek’s headwaters and
contributions from the contaminated creek sediment (Fig. 4). This low-level flux from the East Plant Area
(outside of bank soils) assumes continued treatment of groundwater contamination in the area. A
complicating factor is that east end sampling for mercury in storm drains, apart from Outfall 51 and
BSWTS-related sampling, has been less comprehensive than the sampling at WEMA. Most often the
available mercury data used in the conceptual model were from intermittent grabs during base flow
conditions.

4.2.1 East Plant Area Buildings

The East Plant Area contains a number of buildings in which mercury was historically handled. Those
buildings include 9201-2 (Alpha 2), 9733-1, 9202, and 9733-2. Mercury has been detected within and
surrounding other buildings and soils in the east end but at much less significant levels. Alpha 2
represents the most difficult remediation challenge in the east end relative to mercury, with major losses
reported to surrounding soils, as well as major spills inside the building that seeped to the building’s
basement. Most of the building drain, sump, and groundwater issues identified for the WEMA buildings
are applicable to Alpha 2. A sump in the basement of Alpha 2 extracts mercury-contaminated water that is
pumped to BSWTS, providing about a gram per day of mercury. The mercury in basement water is
presumed to come from groundwater surrounding the building, legacy mercury from spills in the building
itself, and abandoned piping still in the facility. Soils surrounding the 9733 area were partially remediated
many years ago, but elemental mercury remains elevated, as evidenced by recent ORNL soil-gas
sampling in the area. At all of the mercury-use buildings without dewatering sumps, residual mercury
contamination exists within soil and shallow groundwater beneath and adjacent to the buildings, but the
extent to which this mercury finds its way to storm drain or surface flow paths to the creek in this area is
not well understood.

4.2.2 East Plant Area Soils and Groundwater

The east end of the facility is influenced by a primary source of groundwater flow that travels from west
(within WEMA) to east (Fig. 1). Soils and groundwater around the 81-10 site within WEMA contain high
mercury concentrations. Mercury in groundwater may flow from the 81-10 area into the east end of the
facility through preferential flow paths including (1) karst conduits and fractures at both intermediate and
deep intervals in the Maynardville Limestone, (2) the old UEFPC stream channel, and (potentially) (3)
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shallow groundwater flow along pipes and porous fill areas. The hydrogeologic system in the eastern area
of Y-12 is complex, as the various construction activities in the eastern plant area have affected
groundwater and surface water flow patterns. Mercury-contaminated groundwater in this area is thought
to be primarily captured by BSWTS.

The amount of mercury removed by the treatment system has far ]
exceeded that which previously entered EFPC via Outfall 51, [RARAMALE

especially during the first few years of operation. Based on EEEN=IRS il MET=E =l
monthly grab and weekly flow estimates, high influent flux to the EESYEICUREOZEERs[aliilerTglE
treatment system was observed during the first three years of ReLEWIESRINNEIWTIRI{IRIE
BSWTS operation (maximum monthly grab of 97.7 g/d; maximum RREEESECUNIRYEIERRZEY
annual average in 2007 was 22 g/d). The average influent flux 10 AR AL
BSWTS over the last 3 years (2008-2010) was 6 g/d, about 2 to 3 mghcer;hka” IEHTEETE] {0 13
fold higher than historical average flux from Big Springs to EFPC. ‘

The high influent flux to BSWTS suggests that BSWTS treated particulate mercury that previously did
not reach EFPC, or the collection system altered subsurface flow pathways around 9201-2 that mobilized
mercury.

In 2010 ORNL conducted shallow (1 ft) soil-gas sampling investigations around 9201-2 in an area in
which elemental mercury was detected when subsurface piping was laid as part of new construction
activities. The soil-gas sampling results suggest the mercury contamination is limited to an area to the east
and south of 9201-2, but deeper sampling is needed to confirm these observations.

Outfall 51 is the most contaminated outfall exiting the East Plant Area into the creek and represents the
bulk of known mercury-contaminated groundwater still entering the creek. Outfall 51 also receives
BSWTS bypass flow that can be substantial during high precipitation events. The average flux in FY
2010 at Outfall 51 was 0.9 g/d, 2-3 times higher than the average in recent years, most certainly due to
BSWTS bypass during high flow events. Outfall 51 water historically contained a strong dissolved
elemental mercury signal, potentially linked to subsurface metallic mercury in the limestone solution
cavity network upstream (81-10 or under N/S pipe).

Shallow groundwater in the East Plant Area is likely to be intercepted by storm drains, but the extent to
which groundwater is a mercury source to specific storm drains is not well known. There are no known
mercury-contaminated large springs or extensive seepage areas that enter UEFPC (aside from Big Springs
via the BSWTS and Outfall 51) and, therefore, no known mercury groundwater sources directly entering
the creek. If there are low-level inputs, they are too small to be observed from changes in mercury in
water. Any karst system discharges should have a strong Hg(0) component that would be readily
detectable above the very low concentrations of dissolved gaseous mercury in UEFPC. However, given
the complexity of the subsurface environment in this area and the nature of karst geology, future
construction activities have the potential to dramatically change subsurface flow paths, and future
additional inputs to the creek are possible.

4.2.3 East Plant Area Storm Drain System

As is the case in WEMA, the storm drains themselves are sources of mercury to the creek, either by the
trapping of mercury at the bottom of pipes and catch basins or via cracks in pipes that allow infiltration of
contaminated groundwater. In the case of old and cracked storm drain lines, the pipe footer may be a sink
or trap for mercury during base flow conditions and a source of additional flux during rain events. The
footers or spaces surrounding the storm drain pipe may be an additional, separate conduit for mercury-
contaminated water to the creek. The mercury interactions between the storm drain, footers, and
groundwater are not well understood and represent a characterization need. Although in the east end of
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the facility individual storm drains contribute a small percentage of the total flux to the creek, there are a
number of storm drains with detectable mercury that cumulatively represent about 10% of the total flux.

4.2.4 East Plant Area Ungauged Flux

Ungauged sources can arise from (1) the infiltration of mercury-contaminated groundwater into the
surface flow, (2) dissolution of Hg(ll) and Hg(0) from within the streambed, and
(3) desorption/dissolution/resuspension of mercury from stream-bank
soils that slough off into the creek. Stream-bank and sediment sources
contribute about a quarter of the total flux into UEFPC during base flow
conditions. Although mercury is found at elevated concentrations in
almost all earthen banks and sediment in UEFPC, the primary source of
ungauged mercury flux to creek water during base flow is a highly
contaminated sediment zone upstream of Outfall 109. Beads of mercury
have been observed along with high concentrations of dissolved
mercury within the gravel substrate. Recent studies suggest that surface
flow from flow augmentation enters the contaminated streambed to
eventually re-enter the surface flow at much higher mercury
concentrations downstream (Southworth et al. 2009; Southworth et al. 2010a).

Key Point:

Additional
characterization is
needed to better

guantify the significance
of mercury inputs from
preferred subsurface
flows paths and other
ungauged flux sources.

A recent study of wet-weather export of mercury from the EFPC watershed found that most mercury
exported from the watershed under high flow originated from erosion of stream banks and streambed
deposits downstream from the Y-12 facility (Southworth et al. 2010b). Virtually all mercury exported
under these conditions was particle-associated, with the dissolved (filter-passing) mercury concentration
remaining unchanged in turbid versus clear water. Although wet-weather flows appear to account for
most of the total mercury export from the watershed, the continued base flow input of dissolved mercury
originating within Y-12 sustains the day-to-day exposure of aquatic life in the stream.

4.25 Instream Processes

The conceptual model is focused on major sources and transport pathways, but some understanding of
instream processes is relevant to the issue of downstream transport, and a brief summary is provided here.
If EFPC is depicted as originating where it exits the Y-12 storm drain network (N/S pipe), these
headwaters contain about 700-1000 ng/L dissolved Hg(ll). The concentration is immediately diluted to
around 200 ng/L by flow management, and the dissolved mercury reacts with the suspended solids in the
water and the streambed biofilm. One kilometer downstream at Station 8, it is 70% particle-associated,
and at Station 17 it is 90% particle-associated. Within the Y-12 Complex downstream from the N/S pipe,
EFPC picks up additional waterborne mercury from diffusion/advection of streambed pore water, various
outfalls, erosion of stream-bank contamination, and possibly other unidentified external and instream
sources as discussed above.

Total mass flux of inorganic mercury in EFPC is dominated by the
transport of  particle-associated mercury.  Mercury-enriched
particulates are detained in the streambed as they gradually wash

Key Point:

Contaminated sediments in
East Fork Poplar Creek act as

through the system, with most of the mercury being on the silt/clay-
sized particles. Fine particles are retained in the biofilm (periphyton)
coating that covers hard surfaces of the streambed and within gravel
reaches of the stream. These two habitats contain a substantial
inventory of stored mercury that may be transported during high-flow
events and accumulated at lower flows. Because of the high
partitioning (Ky) between aqueous and solid phases, these materials

a distributed or secondary
source zone for mercury. This
mercury is subject to release
and/or redistributed under a
variety of conditions. The
stream sediments continue to
be a significant input of
mercury to the stream.
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act to buffer water column and pore water concentrations of dissolved mercury. Based on data from a
1996 study of sediment transport in UEFPC, at that time there appeared to be about 86 kg of mercury in
streambed particulates in the reach from the N/S pipe to Lake Reality. Although large, this inventory
would have been entirely removed (or replaced) at mercury export rates typical of UEFPC (roughly 10
kgl/year) over the decade since the study was conducted.

Dissolved inorganic mercury is assumed to be the form of mercury that acts as a direct precursor for the
formation of methylmercury by microorganisms (or, to a lesser extent, by abiotic processes likely to
involve extracellular release products from microorganisms) (Benoit et al. 2003). Methylation is carried
out by sulfur- and iron-reducing microorganisms and is most clearly associated with redox transition
zones, such as lake sediments, where aerobic conditions grade into anaerobic zones (Gilmour et al. 1991).
Dissolved inorganic mercury is delivered to the sites of methylation from the water column and/or from
mercury-contaminated particulates within the streambed (Brigham et al. 2009). A good understanding of
the relative roles and importance of these two sources in the production of methylmercury is vital to
determining the appropriate course for actions intended to reduce mercury bioaccumulation.
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5. CONCLUSIONS AND RECOMMENDATIONS

Based on the current conceptual understanding of mercury sources, transport, and flux at the Y-12
Complex and UEFPC, the authors offer the following conclusions and recommendations for
environmental management decision making relative to the mercury issue.

Current Conditions

Of the known mercury inputs into UEFPC, Outfall 200 is by far the most important current source of
mercury to creek water. Depending on flow conditions, Outfall 200 represents approximately 70-80%
of the flux observed at Station 17. This is a change from 10 years ago when Outfall 200 was thought
to represent approximately 20% of the flux to Station 17.

Base flow mercury flux from some WEMA outfalls (especially Outfall 163) and Outfall 200 appears
to have increased from pre-ROD levels in 2000. However, flux is highly variable and weather/flow
dependent, and higher fluxes have been observed before and after the 2000 assessment.

The current assessment is that flux from Outfalls 150, 160, 163, and 169 accounts for most, if not all,
of the flux at Outfall 200. Sediments within the N/S pipe have not been sampled for mercury, but are
unlikely to be a major source.

Under base flow conditions, stream sediment provides the second most important continuing source
of mercury into creek water (upstream of Outfall 109). Flow management appears to have increased
flux from this sediment source.

Shallow groundwater near Big Springs is a known and substantial mercury source that highlights the
need for continued operation of BSWTS. The primary groundwater sources to the BSWTS, whether
originating from 81-10, the WEMA area, or the Alpha 2 area, are not well understood.

BSWTS has been successful at removing approximately 2-3 g/d of mercury that entered UEFPC
prior to BSWTS start-up, as well as substantially reducing the average mercury concentration in the
creek. Over much of its operation, BSWTS has removed a much higher amount of mercury from
groundwater than was anticipated.

Little direct evidence is available to establish that high mercury soil areas at 81-10 and Alpha 2, or
low mercury sites at the far west end of the facility in or around the Old Salvage Yard, are sources of
mercury to the creek. Relative to known sources of mercury within WEMA storm drains and stream
sediments, mercury flux to the creek from these sites is likely to be small if present.

Recommendations — Transport Pathways

Transport pathway sampling is needed that includes measurement of mercury concentration and flow
under base flow and storm flow conditions at multiple sites at the same time.

Accuracy of flow measurements is an uncertainty in calculations of flux. Better techniques are needed
to measure flow within difficult-to-access storm drains. Use of metered dye (fluorescein) and
fluorescence spectrometry might be helpful.

There is significant uncertainty associated with shallow groundwater movement near contaminated
buildings and interactions with preferred flow paths and subsurface infrastructure. Further study is
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needed to understand interactions between storm drains, footers/backfill, and surrounding soil. Most
wells at Y-12 were not designed to help understand these processes.

Continued sampling of WEMA storm drains during and after WEMA cleanout activities is important
in assessing remedial performance. The feasibility studies for the UEFPC interim control actions
assumed that hydraulic isolation, sewer relining, and capping actions within WEMA would result in
an approximately 50% reduction of mercury flux, from 1.8 to 0.9 g/d. Current measured fluxes from
WEMA prior to relining and cleanout activities are substantially higher (5-15 g/d), but the WEMA
storm drain action appears well targeted to make a difference in mercury flux to the creek.

The conceptual model for mercury identifies the major sources and transport pathways for mercury at
Y-12, but the many small sources of mercury identified in the model may also be important if the goal
is to reach very low mercury levels in stream water and fish. Additional mercury flux information is
needed for these sites, especially during high flow conditions.

Although the focus of the conceptual model evaluations was on Domain | and Il transport pathways,
the downstream instream processes must be a part of the overall mercury remediation strategy and
research at the site. Ungauged downstream flux is not well understood and needs further study.

Characterization activities are needed to define the nature and extent of potential or poorly-
understood sources, including the forms and mobility of mercury.

Recommendations — Conceptual Models

The use of conceptual models is recommended to consolidate complex data and emphasize key
mercury processes at Y-12, providing a more nuanced and robust understanding of the site. These
conceptualizations can be structured to support cleanup and reconfiguration efforts and assist DOE in
developing a focused and effective applied science research portfolio to address key uncertainties and
data gaps.

In the complex mercury environment of the Y-12 Complex and UEFPC, conceptual models should be
regularly updated for effective environmental management decision making.

Comparisons with past mercury conceptual models and mercury dynamics are useful in
understanding how conditions and assumptions have changed over time.

Assumptions, uncertainties, or unknowns identified in the conceptual model should be evaluated by
field studies and/or process models that can help in making informed remedial decisions as well as
understanding potential long-term impacts of remedial actions.

Site-specific conceptual models and summaries of existing data and data gaps for individual source
areas (buildings, drains, etc.) and/or conveyances are needed.

In addition to the above recommendations, research is recommended to develop a more robust
conceptual model for Y-12 that includes

— evaluation of mercury speciation within the facility, using new tools to detect and quantify
elemental mercury;

— evaluation of the importance of mercury concentration versus flux on downstream media and
bioavailability;
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— evaluation of the importance of base flow versus storm flow flux; and

— understanding the connections between concentrations of inorganic mercury precursors and
methylmercury concentration, bioavailability, and bioaccumulation.
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APPENDIX A. COMPENDIUM OF HISTORICAL MERCURY
CONCEPTUAL MODELS AND DIAGRAMS

Select conceptual models and diagrams used to describe the mercury situation at Y-12 or East Fork Poplar
Creek since 1983 are provided in this Appendix. Types of models shown herein include those describing
instream processes, physical features at the Y-12 Complex, and mercury sources and transport pathways.

A.1 INSTREAM PROCESSES

Many of the conceptual models first developed in the 1980s and 1990s focused on in-stream mercury
processes (Appendix A, Sect. A.1), especially food-web interactions. These early conceptual models
(Figs. A.1.1-A.1.6) separated media such as soil, sediment, surface water, and biota into boxed
compartments. Media linkages and food-chain pathways were indicated in these models but with little
depiction of mercury chemistry, environmental factors, or physical complexities. Mercury chemistry and
various environmental factors affecting cross-media interactions, bioavailability, and bioaccumulation
were a major component of stream-focused conceptual models by the 2000s (Figs. A.1.7-A.1.12). The
models introduced the importance of the various forms of mercury; importance of subsurface-to-surface-
water interactions; and influence of water chemistry variables, microbial community
methylation/demethylation factors, and mercury bioavailability. These instream models were not spatially
explicit or designed to show the magnitude of mercury from various sources. They have been particularly
useful, however, in showing where there are research needs; for instance, Fig. A.1.9 illustrates the
importance of groundwater-to-sediment-to-surface-water interactions, and Fig. A.1.11 highlights
opportunities for EM-32 mercury remediation research.

A.2 PHYSICAL FEATURES AT THE Y-12 COMPLEX

The physical features within the Y-12 Complex are important considerations in how mercury is
transported to the creek. Conceptual models that focus on mercury-related infrastructure and subsurface
dynamics are shown in Appendix A, Sect. A.2, and all are characterized using cross-sectional diagrams.
Cross-sectional diagrams provide an opportunity to visually depict the various subsurface, geological,
hydrological, and infrastructure/building interactions affecting mercury transport (Figs. A.2.1-A.2.4).
Much like conceptual models highlighting in-stream processes, conceptual models highlighting physical
subsurface features are rarely spatially explicit. The focus on physical processes leaves little opportunity
for indicating mercury chemistry or quantities (speciation, concentration, or flux). The conceptual models
focused on physical features are useful in indicating the complexity of the Y-12 buildings, infrastructure,
and subsurface environment, which affects mercury transport.

A.3 SOURCES AND TRANSPORT PATHWAYS

Conceptual models and diagrams focused on mercury sources and transport pathways within the Y-12
Complex are provided in Appendix A, Sect. A.3. Characteristic of these conceptual models and diagrams
is the spatially explicit depiction of major sources and transport pathways. Perhaps the simplest of these
kinds of depictions, which may provide the beginning basis of a conceptual model, is the reporting of
mercury concentrations and flux on a map (UCC 1983b; Fig. A.3.1). Other conceptual models focusing
on sources and transport pathways do not show mercury concentrations or flux but focus on indicating
transport pathways between specific building sources, outfalls, and creek locations (Figs. A.3.2, A.3.5).
The most rigorous conceptual models showing mercury sources and transport pathways also show the
magnitude of mercury (typically in concentration or flux). Qualitative conceptual models of this type
were used to evaluate the feasibility of interim source control actions for the UEFPC Feasibility Study
and Record of Decision (ROD) (DOE 2000; DOE 2002) (Figs. A.3.3 and A.3.4).







eV

A.1 INSTREAM PROCESSES

R
—— s
FIXED FILET
FOOD CONCENTRATION
INTAKE T
ASSIMILATED ! )
FROM FOOD ‘

FIXED WATER -
CONCENTRATION

UPTAKE RATE

Fig. A.1.1. 1987. One compartment bioaccumulation model. Source: Young 1987. Model used to explain bioaccumulation of mercury by bluegill sunfish in

East Fork Poplar Creek.

FIXED
DEPURATION

99ssauUa] ‘abpiy MeQ Maau) Jejdod X404 1se3 Jaddn pue xsjdwo)d ZT-A

ay1 1e xnj4 pue ‘skemyred 1odsued ] ‘saaunos Ainasn Aewlid Jo [apo [emdasuo)



-V

Atmospheric lnpots TERRESTRIAL

HABITAT TYPE INSECTS

WATER SURFACE —

Surface Water Outputs B8

 Surface Water Inpuis
e B

REDBREAST = LARGEMOUTH w
gl SUNSH e BASSS g
Subsorface Water Inpots > 5 Y - m .

WATER COLUMN~

Subsurfoce Water Ovtprts B :

SUSPENDED
S s

PERIPHYTON STONEROLLIR S

SUBSTRATE SURFACE =

nsy
: BENTHIC

CRAY
LAY MAGOIRVERTEERATES

SEDIMENT

SoIL

Fig. A.1.2. 1994. Simplified food web for EFPC aquatic ecosystem. Source: DOE 1994. Model used to describe instream mercury processes for the remedial
investigation of East Fork Poplar Creek/Sewer Line Beltway.

99ssauUa] ‘abpiy MeQ Maau) Jejdod X404 1se3 Jaddn pue xsjdwo)d ZT-A

3yl 1e Xn|4 pue ‘skemued 1odsuel ] ‘saa1nos A1nausiy Aewilid Jo [apoN [endsouo)



SV

ABIOTIC
MEDIA

AND
MIGRATION
ROUTES

\

e
L =

RECEPTORS

EAST FORK POPLAR CREEK WATERSHED

RERTA Y it 0 AP GEMID. & A0 w5 ) e
i TSI —— LMOIRICTIONAL MGRATION ROUTE
OUTPUTS
(@) MASE BPUT O CUTRUT
— EORECTIONAL MGRATION ROUTE —
O ABCTIC MEDU TS
et LECOMOARY AGHATION ROUTE
Q FUSCTIONALLY - LNCED ABDTIC MEDIA. s PHOPOSED MORATION ROUTE FOR
PHASE ia CHAACTERIATION
0 L PRI POPULATION |
- | MEDHUM TO BE CHANACTERSIED 8 FHASE bn |
l % OLOCRCAL COMBMM T |

Fig. A.1.3. 1994. Conceptual model of releases from the Y-12 Plant to EFPC. Source: DOE 1994. Model used to explain instream mercury compartments and
pathways for remedial investigation of East Fork Poplar Creek/Sewer Line Beltway.

99ssauUa] ‘abpiy MeQ Maai) Jejdod X404 1se3 Jaddn pue xajdwo)d ZT-A

ay1 1e xnj4 pue ‘skemyred 1odsued ] ‘saaunos Ainaan Aewlid Jo [apoN [emdasuo)



9-v

min o Sediment
) 4 l
r _ |
| Aquatic Biota '
| LANT |
|
| e | | P TR
| i s ’_ Floating |
| |
| |
|
|
|
| ‘ |
| 1
| Aquatic |
! Invertebrates [ Zooplankton | |
| N I
I 1
|
|
| |
| |
| |
| |
I YYyY.v v v |
. FISH FISH FISH |
| R g Dat::\r:las Invertebrate Lyl Plankton |
i Feeders Feeders Feeders |
| |
| |
| |
|
|
! » FISH =

Piscivores

A

Piscivoraus
Wildlife |

Fig. A.1.4. 1995. Conceptual model for the exposure of piscivorous wildlife to contaminants. Source: DOE 1995. Model used to describe ecological risk
pathways for wide-ranging wildlife species on the Oak Ridge Reservation.

99ssauUa] ‘abpiy MeQ Maau) Jejdod X404 1se3 Jaddn pue xsjdwo)d ZT-A

3yl 1e Xn|4 pue ‘skemued 1odsuel ] ‘saa1nos A1nausiy Aewilid Jo [apoN [endsouo)



LY

Contaminant

| Source OU |
|
‘ Sources

I

|| ¥ | F

Aquatic Biota ——

\
1
|
L |
|
Surface Sail |
|
i
|
r vy
Waste W : ’ |
| Waste Water, - |
Ground Water, " —. lso:ltl:tmtr |
Runoff, and an n:ﬂp rates I
Eroded Soil and Processes 1
|
: + A + + y + + I
On-0U Small Ground |
| Surface Water L HSrrbr?allr 3 oSn?aII < Invertebrate |
and Sediment sl Ll Feeders |
|
|
|
|
|
|
|
|

9 Integrator

Aquatic
Integrator

Ground-
water OU

Fig. A.1.5. 1996. Conceptual model of the transfer of contaminants through a source OU and into integrator OUs. Source: DOE 1996a. Model used to
describe ecological risk pathways for wide-ranging wildlife species and relationship with operable units (OUs).
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Fig. A.1.6. 1996. Flows of mercury in EFPC sediment and surface water. Source: DOE 1996b. Model used to develop a program plan for baseline and
postremediation monitoring as part of the Lower East Fork Poplar Creek Remedial Action Project.
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Simple diagram of key Hg chemistry processes

Fig. A.1.7. 2002. Diagram of key mercury chemistry processes. Source: Peterson and Southworth (Oak Ridge National Laboratory), unpublished. Used to

describe mercury chemistry processes in stream and reservoir systems.

M Petarson

99ssauUUa] ‘abpIy e a1 Jejdod 404 1se3 saddn pue xsjdwio) ZT-A

ay1 1e xn|4 pue ‘skemyred 1odsuel | ‘seaunos Ainats|N Arewlid Jo [apojN [emdasuo)



0T-v

Addressing the source term only a piece of the puzzle

FACTORS THAT

ENHANCE HG BIOACCUMULATION
industrial or mining point source(s)

low ph, low buffering capacity

low TSS

Chemical/ S04 ennchment stimulates methylation
Limnological high DOC, humic content

pronounced anaerobic hypolimnion

low ecosystem productivity (oligotrophic
conditions)

Biological high % of wetlands/peat bogs

long food chains

large, old fish; predators

low exploitation of fishery

ORNL-developed framework/checklist for Federal Energy Regulatory
Commission staff evaluations of mercury issues in reservoirs

Fig. A.1.8. 2002. Factors that enhance mercury bioaccumulation. Source: Peterson and Southworth (Oak Ridge National Laboratory), unpublished. Diagram
used to highlight the importance of chemical and biological processes on bioaccumulation.
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Evolving Conceptual Model

Risks / trends -

inpeisfdtimely SW Hg Health Risks

better known Aquatic Food Chain Instream water chemistry
Length; species Hg speciation; w quality
/‘ /' /, /,

7 7

Stream sediments/particles
Types, movement, binding

GW-SED-SW Interactions

Soil/land/riparian inputs
Seepage and overland flow; land
use/erosion; high contam layers

Sediment-associated biological
Periphyton, micro-fauna

Microbial interactions
Methylation

Demethylation f;,@
Community factors {)\o@\

Subsurface interactions
Chemistry;speciation

S
G

Subsurface source variation; fate and transport
GW, SDs, footers, flow paths to stream

Near Source Source reduction
Soil HgO, Hgll complexes; mass, concentration and loading focus of
of methylmercury precursors remediation

Fig. A.1.9. 2007. Evolving conceptual model for mercury on the Oak Ridge Reservation. Source: Peterson (Oak Ridge National Laboratory) unpublished.
Presented at Department of Energy staff visit to ORNL highlighting the many research questions associated with chemical and biological processes in
groundwater, sediment, and surface water.
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EFPC Mercury Transport/Accumulation Model

EFPC Reach X-1 EFPC Reach X EFPC Reach X+1

Fiscivore

amn
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il

Frimary consumer
S e

ToO

Upstream Methyl Hg downstream
meHg meHo
£ - N
Methylation ToO
Upstream downstrearm
total Hg total Hy
7~

& S, e
\& Toatal Hg

Strearn  Stream StreamO
Flovwe TSS  Temperature

External factors affect exchange rates

piscivore

omnivore

Fish concentration
can be tracked
through time in
response to changes
in flow, temperature,
Hg input, etc.

Stella; M. Bevehimer

Fig. A.1.10. 2008. Mercury transport and accumulation model for East Fork Poplar Creek, using STELLA. Source: Mark Bevelhimer (ORNL),
unpublished. Model used to evaluate changes in fish bioaccumulation with changes in temperature and flow through time.
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Fig. A.1.11. 2008. Conceptual model showing remediation issues in four domains: buildings and rubble, source zone soil, north/south discharge, and
creek. Source: Looney et al. 2008. Used for EM-22 Technical Assistance Team meeting focused on East Fork Poplar Creek mercury issues. This depiction
focused on processes within domain IV (upper and lower reaches of creek).
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Domain I: Buildings Domain Il (Surface Soil Domain Il (Outfall 200) Domain IV (Creeks

Rubble and Shallow and Shallow Subsurface || */dentified as an area of and Streams)

soll Contamination) oppartnty : +|dentified as an

*Uncertainty associated «Part of currently planned —Stannous Cl_1|0r|de —Need to area of opportunity

with future D&D actions | | future actions includes confirm effectiveness under —Ecosystem

and effects on capping/paving current conditions controls

downstream waters —Addition of mercury Flow mgt

=Costly effort in high sequestrants at Outfall 200 Fish mgt

security areas —Use of soFiium thiosulfate for Habitat/Bank

dechlorination modification

Qutfall 200 -Se addition

TAT: Potential approaches/technologies

Figure A.1.12. 2008. Conceptual model showing remediation approaches or opportunities in four domains, with basic mercury chemistry interactions in
subsurface, stream sediment and surface waters. TAT= Technical Assistance Team. Source: Looney et al. 2008.
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A.2 PHYSICAL FEATURES AT THE Y-12 COMPLEX

Cooling H0

HV

Floor Drain

Basement

Outfall

Former
Spill Area

{ Sump \Hno

oncrelelSoiP

1P TANINANIRETT RS R R RN n gAY
)

Adapted from ORNL-DWQ 94M-1423A2 12-071894-152

Fig. A.2.1. 1993. Foundation and equipment drains transport path to surface water. Source: Norris 1993. Model of building mercury interactions used as
part of integrated strategy for mercury remediation on the Oak Ridge Reservation.
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Fig. A.2.2. 1997. Conceptual site model for UEFPC. Source: DOE 1997. Conceptual models were generated for major watershed units as part of a strategy to
integrate groundwater, surface water, and biota sampling.
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Fig. A.2.3. 1998. Conceptual model of mercury sources and major flow paths, Y-12 Complex. Source: DOE 1998. Model used as part of remedial
investigation of the Upper East Fork Poplar Creek Characterization Area at the Oak Ridge Y-12 Plant.
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Fig. A.2.4. 2000. Generalized conceptual model for contaminant transport in the UEFPC Characterization Area. Source: DOE 2000.
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A.3 SOURCES AND TRANSPORT PATHWAYS

¥.-DWG B3-T6TRAD

Hg DRAIN LINE SAMPLING PROGR AM
DECEMBER 9 & 10, 1982

Y-12 PLANT AREA WEST

Y-12 PLANT AREA EAST
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- 5 1.8 " LDAD A A
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- FOR ParE S GG, COMCE TR AT (O DA T4
oiw

Fig. A.3.1. 1983. Sampling locations and results from the December 9-10, 1982, check of Y-12 Plant drain lines for mercury content. Source: UCC 1983b.
Perhaps the first diagram to indicate mercury flow paths at the Y-12 Plant.
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Fig. A.3.2. 1998. Schematic of buildings, sumps, storm drains, outfalls, mercury treatment systems, and surface water monitoring locations relevant to
the Y-12 Plant’s mercury abatement program. Source: BJC 1998.
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Fig. A.3.3. 2002. Mercury flux conceptual model: current conditions. Source: DOE 2000. Baseline flux used to assess potential mercury concentration and
flux changes associated with various interim source control actions (as part of feasibility study). Includes concentration and flux numbers in the year 2000 after
flow management and bank stabilization actions. Considered qualitative conceptual model.
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Fig. A.3.4. 2002. Mercury flux conceptual model: postremediation. Source: DOE 2000. Modeled reduction of flux if preferred alternative implemented.
Model used for evaluating mercury concentration and flux changes associated with various interim source control actions (as part of feasibility study).
Considered qualitative conceptual model.
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Fig. A.3.5. 2009. Conceptual model for mercury at the Y-12 Complex. Source: Peterson and Efroymson (ORNL), unpublished. Model composed to help
address Clean Water Act compliance/National Pollutant Discharge Elimination System goals.
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(865) 576-3461
petersonmj@ornl.gov

Mark Peterson is the leader of the Ecological Assessment Team in the Environmental Sciences Division
at Oak Ridge National Laboratory (ORNL) and the program manager of the Biological Monitoring and
Abatement Program—a long-term multidisciplinary monitoring program implemented primarily in Oak
Ridge, Tennessee. As both a principal investigator and program manager, he has evaluated the aquatic
environment near the Y-12 National Security Complex since 1988, including assessment of changes in
mercury contamination in fish. He has more than 25 years of environmental assessment experience, with
the last 20 years focused on the bioaccumulation of contaminants near Department of Energy (DOE) and
Department of Defense sites. Related to mercury, he was a co-investigator for the Lower East Fork Poplar
Creek Remedial Action Project and Reduction of Mercury in Plant Effluent (RMPE) Program (both in
Oak Ridge); the Mercury Experiment to Assess Atmospheric Loading in Canada and the United States in
Ontario, Canada; and the Barrow Arctic Mercury Study in Alaska.

Brian B. Looney

Savannah River National Laboratory
Building 773-42A, Aiken, SC 29808
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brian02.looney@srnl.doe.gov

Brian Looney is a fellow research engineer at the Savannah River National Laboratory. While in this
position for the past 15 years, he has coordinated development and deployment of environmental
characterization and cleanup technologies. Dr. Looney has successfully performed environmental projects
on a wide range of topics. For example, he was the principal investigator responsible for the first large-
scale application of horizontal drilling to environmental remediation. Other successful research efforts
have included soil-gas survey techniques for hazardous waste sites, barometric pumping for vadose-zone
cleanup, gas-phase nutrient addition to stimulate bioremediation, and various topics associated with
modeling and risk assessment. Dr. Looney currently holds five U.S. and one foreign patent for
environmental technologies. Most of these are licensed to environmental engineering companies and in
use throughout the United States. Dr. Looney, in collaboration with others, contributed to recent field
studies at the Mayak Site (a former nuclear production facility) in Russia. Recently, he co-edited the book
Vadose Zone Science and Technology Solutions. He also led the successful efforts to redefine the
Subsurface Contaminants Focus Area technical program in terms of technical targets within which
research and development programs could be developed.

George R. Southworth

Att: Teresa J. Mathews

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6351
mathewstj@ornl.gov

George Southworth recently retired from ORNL after 35 years of research in the fields of environmental
chemistry and toxicology. His research background is in the environmental transport and transformation
of chemicals in surface waters and groundwater and studies of the toxicological and ecological effects of
chemicals on aquatic organisms and communities. He worked in the Biological Monitoring and
Abatement Program at ORNL beginning in 1985 as principal investigator and group leader, with primary
emphasis on the bioaccumulation of mercury, polychlorinated biphenyls, and other metals and organic
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chemicals. In 1997 he became lead scientist in the RMPE Program at the Y-12 National Security
Complex. In that role he participated in studies of new treatment technologies (chemical reduction/air
stripping) and helped identify previously unrecognized sources of mercury contamination to East Fork
Poplar Creek (metallic mercury in streambed sediments). In 1999 he began working on several
Environmental Protection Agency and DOE—funded studies of mercury cycling between the atmosphere
and aquatic and terrestrial systems in Alaska, Canada, Florida, and the upper Midwest. Most recently he
was a key participant in DOE’s research on the environmental behavior of mercury on the Oak Ridge
Reservation.
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Carol Eddy-Dilek is an environmental scientist at the DOE Savannah River National Laboratory in Aiken,
South Carolina. For the past 21 years, she has facilitated development of innovative approaches and tools
for environmental characterization and remediation, particularly cone-penetrometer methods for solvent
and dense, nonagueous-phase liquid investigations. Her efforts resulted in the successful development or
deployment of more than 50 innovative methods for subsurface access and characterization applied within
the DOE complex. For 3 years she coordinated technical assistance activities for the DOE Ohio Closure
Sites (Fernald, Ashtabula, and Mound), which provided technical experts to address challenging
environmental issues encountered during the expedited closure process. She currently is the technical lead
on a DOE Headquarters characterization program and the coordinator for the technical assistance program
within the Center for Sustainable Groundwater and Soil Solutions at the Savannah River National
Laboratory.

David Watson

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6038
(865) 241-4749
watsondb@ornl.gov

Dave Watson is a hydrogeologist with diverse technical skills and more than 27 years experience
managing surface water, groundwater, and vadose-zone investigations and remediation projects. He has
managed large federal and state Superfund projects, and as manager of CH2M-Hill’s Portland, Oregon,
groundwater department, he was responsible for coordination and implementation of all hydrogeology-
related projects completed in the office. Since 1993 he has been a hydrogeologist at ORNL, providing
technical assistance and oversight to the Environmental Management and Groundwater Protection
Programs. He was the technical lead for the Y-12 Bear Creek Valley and Upper East Fork Poplar Creek
watershed remedial investigations, risk assessments, and feasibility studies and project manager on the Y-
12 permeable reactive barrier projects. Through this experience he has developed a detailed understanding
of the fate and transport, assessment of risk, and remediation of contamination (especially mercury) in the
environment at Y-12. He is currently the DOE Subsurface Biogeochemical Research Program Field
Research Center (FRC) manager. The FRC is located on the west end of Y-12 and has a mission of
conducting advanced scientific subsurface research, the results of which are being used to conduct
contaminant characterization, fate and transport, and remediation activities at Y-12 and other DOE sites.
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Richard Ketelle
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Richard Ketelle presently serves as the technical lead for the Bechtel Jacobs Company LLC Water
Resources Restoration Program (WRRP). As technical lead for CERCLA activities at all three Oak Ridge
facilities, he conducts a wide variety of groundwater and surface water monitoring and remediation
activities. He is the primary author of groundwater sections of the annual Remediation Effectiveness
Report in Oak Ridge, and contributes his expertise to CERCLA core team meetings at which the efficacy
of various remedial action options is determined. Relative to mercury, he leads CERCLA studies of
mercury flux in storm drains and creeks at Y-12 and ORNL.

Mary Anna Bogle

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6038
(865) 574 7824
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Mary Anna Bogle retired from ORNL after more than 30 years of applied environmental chemistry
research, including decades of experience studying mercury processes at the Y-12 Complex. She was a
scientist working for the RMPE Program at the Y-12 Complex in the 1990s and early 2000s. She has
extensive experience evaluating the role of mercury from storm drain sources within the Y-12 Complex,
especially within the West End Mercury Area. In addition to studies in Oak Ridge, she has worked on
several EPA- and DOE-funded studies of mercury cycling between the atmosphere and aquatic and
terrestrial systems. She is currently working as an ORNL subcontractor for the EM-32 program in Oak
Ridge.
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