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ABSTRACT

Releases of mercury from an industrial facility in Oak Ridge, Tennessee in the 1950s and early 
1960s resulted in contamination of soil and groundwater within the facility, as well as 
downstream surface waters.  Remediation efforts, which began in the 1980s, have decreased
waterborne mercury concentrations near the facility, but elevated levels of mercury remain in 
the soil, sediment, water, and biota. Widespread distribution of mercury sources and complex
mercury transport pathways are some of many challenges at the site.  For effective 
environmental management and closure decision making relative to mercury contamination at 
the facilities, an up-to-date conceptual model of mercury source areas, processes, likely flow 
paths, and flux was deemed necessary. Recent facility and reconfiguration efforts, site 
characterizations, remedial actions, and research are facilitating the collection of new mercury 
data in Oak Ridge. To develop the current model, a multi-organizational team reviewed existing 
conceptual models from a variety of sources, consolidated historical data and source 
information, gathered input from local experts with extensive site knowledge, and used recently 
collected mercury data from a variety of sampling programs. The developed site conceptual 
model indicates that the nature and extent of mercury concentration and contaminant flux has 
significantly changed in the ten years since flux-based conceptual models were used for 
previous remedial action decisions. A new water treatment system has effectively reduced 
mercury inputs to the creek and is removing substantially greater quantities of mercury from 
groundwater than was expected.  However, fish concentrations in downstream waters have not 
responded to decreased water concentrations in the stream. Flux from one large outfall at the 
creek’s headwaters appears to be a greater percentage of the overall flux leaving the site than 
previous years, albeit year to year variation in flux is large, and 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.  The conceptual model is a key reference in helping to prioritize 
future remedial actions, defining future monitoring, conducting numerical modeling efforts, and 
evaluating research needs.

INTRODUCTION

Conceptual models are diagrams or narrative descriptions used to inform decision-makers, and 
are often used in environmental management [1].  Conceptual models can help focus 
stakeholders on the key processes and elements important to effective decision-making.  They
must balance the need to capture complex processes with the potential problem of adding too 
much complexity and losing the key messages that the model is trying to convey.  The intended 
audience or decision-maker using the model is also an important consideration in developing a 
conceptual model.  The conceptual model for scientists, engineers, and simulation modelers 
may be very different from the conceptual model needed to convey key concepts to program 
managers, public stakeholders, or regulators [2].  The developer must consider carefully the 
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level of detail needed to meet the objectives and communicate the goal and intended use of the 
conceptual model.  For example, one conceptual model may have the primary goal of showing 
the behavior of mercury in a stream as influenced by water flow, diffusion and sediment 
processes, while another conceptual model may simply show the types and locations of 
contaminant releases.  Importantly, since conceptual models are only as good as the data that 
is available to support them, it is useful to convey uncertainty and data gaps associated with key 
aspects of the model.

Conceptual models have long been used as a way to visualize and understand the complex 
mercury processes at the Y-12 National Security Complex (Y-12 Complex) and downstream 
East Fork Poplar Creek (EFPC) in Oak Ridge, Tennessee.  At this large industrial site, 
operations in the 1950s and 1960s that used mercury resulted in substantial contamination of 
surrounding soils and downstream environments.  Because of the scale of contamination and 
the complexities of mercury and its behavior at the site, EFPC has been one of the most well 
studied mercury contaminated stream systems in the US.  Although there have been substantial 
successes in decreasing mercury levels in surface water, mercury concentrations in water and 
fish remain above water quality and fish advisory thresholds.  Because of the many site-specific 
challenges and numerous remediation approaches undertaken, the approach to conceptual 
model development in Oak Ridge has varied over time.  

Many of the conceptual models first developed in the 1980s and 1990s focused on in-stream 
mercury processes, especially food-web interactions [3], [4], [5], [6], [7]. These early conceptual 
models 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 [8], [9].  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 in-stream models were not spatially explicit or designed to show the 
magnitude of mercury from various sources. They have been especially useful, however, in 
showing where there are research needs.  

Another approach to defining a site conceptual model at the Y-12 Complex included the use of 
cross-sectional diagrams. Cross-sectional diagrams provide an opportunity to visually depict the 
various subsurface, geological, hydrological, and infrastructure/building interactions affecting 
mercury transport [10], [11], [12], [13]. Much like conceptual models highlighting in-stream 
processes, conceptual models highlighting physical subsurface features are rarely geospatially 
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 facility buildings and 
infrastructure, and subsurface environment, which affects mercury transport.

Some of the most useful types of conceptual models for remediation decision making are those 
focused on mercury sources and transport pathways. Characteristic of these conceptual models 
and diagrams is the spatially explicit depiction of major sources and transport paths. 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 [14]. 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 
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locations [15].  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) at Y-12 [13], [16].  
These decision documents, which used a flux based conceptual model to evaluate the 
effectiveness of various source control actions, have largely defined the mercury remediation 
strategy at the site over the last ten years.  

Based on recent data from the site, the nature and extent of mercury concentration and 
contaminant flux has significantly changed in the ten years since flux-based conceptual models 
were used for previous remedial action decisions. For effective environmental management and 
remediation decision making at the facility, an up-to-date conceptual model of mercury source 
areas, processes, likely flow paths, and flux was deemed needed.

METHOD

To develop the current model, a multi-organizational team reviewed existing conceptual models 
from a variety of sources, consolidated historical data and source information, gathered input 
from staff members with extensive site knowledge, and used recent mercury flux data from a 
variety of sampling programs. 

The following structured process was used to develop the conceptual model:

1. define the goals and objectives; 
2. delineate the spatial and temporal scales and boundaries for the model;
3. discuss sources of information, data, current knowledge, and existing conceptual models; 
4. describe both primary and secondary sources of mercury; 
5. identify the primary and secondary diffuse sources of mercury;
6. describe mechanisms, flow paths, and routes of exposure; 
7. develop and refine the graphic conceptual model; and
8. identify technical uncertainties and data needs.

Because of the previous use of a flux-based conceptual model to define the upper EFPC 
remediation strategy at the site, the team decided early on that a “source-and-transport-
pathway” type of model would be the most useful for remediation decision-making.  In addition 
to consolidation of historical information from reports and site databases, the team interviewed a 
number of staff with extensive site knowledge. These discussions with staff were invaluable to 
understanding not only what data was available, but the methods of collection and level of 
uncertainty associated with previous monitoring and research.  

To evaluate the current role of mercury source areas and provide estimates of mercury flux, 
data from a number of recent investigations were included in defining the current site conceptual 
model.  New data sources used for the conceptual model include a 2007 synoptic survey of 
mercury flux in storm drain and stream sites [17], studies of the role of sediment and flow 
management in 2008 and 2009 [18], [19], CERCLA-funded flow proportional composite 
sampling of key storm drain and stream sites in 2009 and 2010 [20], [21], West End Mercury 
Area (WEMA) storm drain surveys in 2009 as part of American Recovery and Reinvestment Act
investigations [22], [23], and soil mercury investigations in 2010 near old mercury-use buildings
[9], [24].
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RESULTS

A basic understanding of the location of facility infrastructure and contamination areas is 
necessary to fully utilize the site conceptual model.  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 metallic elemental mercury have been released from the Y-
12 facilities into the environment, primarily before 1960. The major mercury-use buildings, 
outfalls, and mercury-treatment systems found within the western and eastern areas of the 
facility are shown in Figure 1 (mercury-use buildings highlighted in red). The mercury-
contaminated infrastructure at the facility is designated along with current and planned major 
decontamination and decommissioning (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. 

Fig 1. Major historical mercury-use infrastructure, treatments systems, and outfalls within the 
Y-12 Complex.

The developed conceptual model coupled the basic spatial locations of facility infrastructure and 
flow paths with the best available mercury flux results (Figure 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 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 
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Fig 2. Conceptual model for mercury showing primary sources areas, transport pathways, 
and flux (grams per day) at the Y-12 Complex.

(karst) system, streambed sediments, buildings, sumps, footers, process pipes, tanks, and 
mercury nonaqueous-phase liquid collection zones in the subsurface. Note in the figure 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). The 
conceptual model 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.

The conceptual model takes a mass balance approach, but uses arrow sizes that reflect a range 
of observed flux for each location.  This is necessary because of both spatial and temporal
variation in mercury results, which makes closing the mass balance for mercury at the site 
extremely difficult [15], [25], [26], [27]. 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, especially 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, annual) 
using flow-paced continuous sampling devices [21]. Therefore, flux averages in the conceptual 
model include base flow and storm flow sampling to the degree possible. 
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The role of large storm events can be seen in the difference between median and mean flux 
(Table 1).  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 can provide a more stable central tendency indicator [21].  
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) under various 
flow regimes over space and time can be difficult.  However, for many of the storm drain sites 
grab sample data were the only information available.

Table I. Annual flux averages at Station 17, near the facility boundary.

Station 17 (near facility boundary)
Year Na Minb Medianb Meanb Maxb Annual 

fluxc
Annual 
rainfalld

FY 2000 365 5.7 13.8 33.0 984 12,045 52.0
FY 2001 365 4.5 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 11.1 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 3.5 7.1 10.9 88 3,967 46.4
FY 2007 365 1.9 7.0 10.8 69 3,935 36.3
FY 2008 366 1.8 5.4 7.0 67 2,556 46.0
FY 2009 365 1.8 7.0 10.7 124 3,901 62.5
FY 2010 365 0.4 8.0 19.4 532 7,081 58.8

a number of days with calculated mercury flux
b grams per day mercury flux
c grams per year discharged
d total annual rainfall (inches) measured in Oak Ridge
e 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.

The variability in estimated mercury flux over time, location, and flow conditions is well 
demonstrated by the results presented in Table II.  In the early 1980s flux within WEMA storm 
drain conduits (Outfalls 150, 160, and 169) was in the range of tens of grams per day [28], 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) 
has varied over time, ranging from 171 to 41% (sum of WEMA outfalls divided by 200 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 pipe was calculated as a source term in the 
feasibility studies leading to the Phase 1 Record of Decision [13]. 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 II; [21]).  However, two high mercury 
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Table II. Select flux estimates (grams per day) and mass balance at WEMA drain 
conduits, Outfall 200, and Station 17, 1980s–2010.

Outfalls
Early 
1980s

1996-
1997 

1999-
2000 

2002-
2003 2007 2009

2010 Dry 
Weather 
April 21 

week

2010           
Wet 

Weather          
Jul 14 
week

2010                 
Jan-Sep 

Flux
OF150 15 0.3 0.14 1.0 0.6 1.0 1.0 4.0 1.4
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 1.4 2.1 22.8 5.5
OF169 60 3.2 0.87 4.6 NS 1.3 1.2 3.4 1.4
OF Sum 95 5.3 1.81 12.3 NS 4.2 4.5 32.3 8.9

OF 200 NS 6.9 2.31 7.2 5.2 9.5 4.6 31.2 8.6
St. 17 42 11 11 23 5.1 11 6 141 24

Mass Balance
OF Sum/OF 200 77% 78% 171% NS 45% 98% 104% 103%

OF200/St 17 61% 21% 32% 100% 89% 78% 22% 36%

Data obtained from DOE reports and unpublished studies including [9], [15], [17], [20], [21], [26], [28].
NS = not sampled or applicable; St. 17 = Station 17.

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 (Figure 3). Over the last 
three fiscal years (2008-2010) the mean annual flux at Outfall 200, and the median flux in FY 
2008 and FY 2009, was greater than at Station 17 (Table II). When sampled under dry-weather 
base flow conditions, as was done for the 2007 synoptic study and a week in April 2010, Outfall 
200 was 78–100% of the measured flux at Station 17. The weight of evidence suggests that 
Outfall 200 can explain at least 60-80% 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 during storm flow events can be as low 
as 20-40%, with 60-80% of the flux at Station 17 associated with ungauged sources (Table II). 
For example, 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.  Sediments in upper EFPC 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 [18], [29]. Thus weekly flux averaging 
can be strongly affected by large changes in water flow volumes and short-term spikes of 
particle-associated mercury [21].  Ungauged flux downstream of Outfall 109 to Station 17 
represents a very uncertain and not well understood contribution to the upper EFPC mass 
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Fig 3.  Estimated percent mercury flux contributions to Station 17 (near facility boundary) and 
Outfall 200 under base flow conditions. Based on recent data used for the conceptual model.

balance during wet-weather periods (Figure 2). Further complicating the downstream mass 
balance is the fact that year-to-year variation in export estimates at Station 17 is very large and 
can differ significantly depending on what data are used to generate the estimate (e.g., 
depending on whether use grab samples or composites, include or exclude very high spikes, or 
what averaging method is used).  

DISCUSSION

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. The model flux estimates are based on the most recent or best available flux data 
from a variety of sources over a number of years; no comprehensive, concurrent mercury 
sampling has been done at all sites of interest.  Spatially explicit studies may also not account 
for the very high temporal variability in mercury results at the site.  The conceptual site model 
was designed as a tool for environmental managers and should not be confused with output 
from a numerical modeling effort.

Evaluation of the model indicates that the nature and extent of mercury concentration and 
contaminant 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 EFPC characterization area [13], [16].  The Big Springs Water Treatment System 
has effectively reduced mercury inputs to the creek from the Outfall 51 area and has removed 
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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 of the overall flux 
leaving the Y-12 Complex. 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
(Table II).  One justification for the conceptual model effort is that it has provided a more 
updated and detailed understanding of current conditions at the site.

This more detailed and more nuanced information is a key to supporting environmental 
management and assisting in prioritizing and deprioritizing potential activities. For example, the 
major fluxes associated with the West End Mercury Area (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 recent actions (e.g., drain cleanout and relining) 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 
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.

Key uncertainties were identified in the development of the conceptual model, including, for 
example, the uncertain identification of primary mercury sources during high flow events. An 
additional consideration for identifying and assessing the importance of mercury source areas is 
that the conceptual model utilizes mercury water concentrations (and flow data) to calculated 
flux that may under represent elemental mercury release via sediment movement.  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.  

To improve the conceptual understanding of mercury sources, transport pathways, and flux at 
the Y-12 site, additional characterization, monitoring, and research is needed. Assessment 
recommendations include a better understanding of mercury speciation (especially elemental 
mercury) 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.

The site conceptual model diagram was provided to local environmental managers and 
stakeholders in March 2011.  Since that time, there has been a great deal of attention on the 
mercury issue, coinciding with regulatory discussions of site remediation priorities.  As of 
November 2011, a number of actions have been initiated to potentially address some of the 
identified issues or source areas, or to better evaluate data gaps and uncertainties.  These 



WM2012 Conference, February 26 – March 1, 2012, Phoenix, Arizona, USA

10

initiatives and evaluations are being conducted in addition to completion of the WEMA storm 
drain cleanout and relining in 2011. Various initiatives include:

 Consideration of potential treatment options for storm drain 163 
 Physical removal of visible beads within catch basins have been conducted
 Minimum flow requirements to the creek were changed in the new site NPDES permit (from 

7 MGD historically to 5 MGD), and further changes to flow are being contemplated. Reduced 
flow may decrease mercury flux from upper EFPC sediment

 DOE Environmental Management (EM-30) research has been targeted to evaluate mercury 
forms and mobility in areas of the facility where there are uncertain flow pathways

 A study of storm flow flux in the east end of the facility was conducted in the summer of 
2011 in an effort to better understand storm flow sources 

 Treatment facility staff are investigating operational modifications to improve mercury 
removal efficiencies

The conceptual model appears to have been successful in communicating the locations of key 
source areas and the current mercury flux status, and has helped decision makers define their 
short-term remediation strategies and monitoring and study needs.

In summary, the site conceptual model has been well received by site environmental managers 
and stakeholders and has, minimally, helped facilitate a dialogue as to the best path forward at 
the Y-12 site for mitigating the impacts of mercury on the surrounding environment.  As 
conditions change and new data becomes available, continued updates, refinements, and 
improvements to the model are essential.  Scientifically sound conceptual models can be 
powerful tools for evaluating past and present remedial activities and provide a strong technical 
basis for prioritizing and optimizing remedial responses in a cost-effective and efficient manner.
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