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Table 3. (continued) 
Subdomain III -- Outfall 200 Area

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL

Control of Hg mobilization 
within the shallow karst 
system (Outfall 51 source 
control)

Uncaptured fraction of 
Outfall 51 spring flow 
contributes reactive, 
dissolved Hg to EFPC 
surface flow. Source of the 
Hg in the spring is 
upstream, likely metallic 
Hg in solution cavity 
network.

Hg in spring is assumed to 
arise from the dissolution 
of Hg()) and Hg(II)  from 
deposits of metallic 
mercury in the solution 
cavity network. Rate of 
dissolution and 
subsequent transport 
could be reduced by 
adding material to the 
subsurface flow system 
that coats mercury 
deposits and impedes 
dissolution.

Would interdict a difficult 
source without extensive 
excavation and expense.

Most of this source is 
presently treated by BSTS, 
wouldn't remove a big 
fraction of current loading. 
Unintended consequences 
of actions affecting solute 
transport in karst system 
could be hard to rectify. 
Not currently available 
technology for effectively 
coating metallic Hg in 
water.

Very immature
Would require extensive 
research before 
application

Not presently viable, 
needs research, would 
only affect a fraction of Hg 
load

Continue projected 
CERCLA actions

Removal of contaminated 
sediments, 
cleaning/relining 
contaminated storm 
drains, limiting infiltration 
of  rainwater

Further reductions in Hg 
loading to UEFPC

Already approved in 
CERCLA process, 
employs actions that  have 
effectively reduced Hg 
inputs in the past. Hs had 
success in reducing Hg 
bioaccumulation at one 
site in UEFPC

Success is totally 
dependent upon inorganic 
Hg concentration in water 
being reduced to the point 
where it limits 
methylmercury production 
in EFPC. Reductions in Hg 
inputs achieved to date 
have not been successful 
at achieving this 
throughout most of EFPC. 
Reducing groundwater 
inputs to contaminated 
storm drains could have 
unintended effects on 
mercury transport if it 
induces the intrusion of 
chlorinated process water 
from storm drains into Hg-
contaminated 
footers/backfill.

Mature technologies 
previously employed at the 
site, except for actions 
that limit infiltration, lower 
shallow water table.

There is a need to define 
an appropriate 'target' 
concentration for inorganic 
Hg concentration in EFPC. 
Reasonable but optimistic 
estimates used for setting 
preliminary cleanup goals 
were clearly too high. 

Viable.  These efforts are 
proceeding towards a goal 
that may (or may not) be 
adequate to meet 
emerging environmental 
endpoints. Need continued 
efforts to determine 
appropriate target 
concentration. Should 
proceed along with 
development/testing of 
alternative strategies
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SUBDOMAIN IV – UPPER AND LOWER REACHES OF STREAM 
 
Subdomain IV is the most complex and diverse environmental zone in the EFPC system.  
This subdomain is also the key area where critical mercury transformations occur and in 
which uptake into the food chain occurs.  These characteristics provide both challenges 
and opportunities.  As a result, the technical working group developed the most diverse 
and voluminous set of possible strategies and identified many significant uncertainties 
and research needs.  In the simplest sense, the goals of all of the strategies developed by 
the team there fit in to a few broad classes:  

1) remove mercury (sediment or soil removal)  
2) physically block, stabilize or isolate mercury (bank stabilization, relocate creek 

channel, stabilize floodplain using plants, reestablish a lake or pond in flow 
system)  

3) non biological actions to reduce mercury uptake (modify physical conditions in 
stream, selenium amendment, photochemical inhibitors) 

4) microbial ecology modifications to reduce mercury transformation, accumulation 
and uptake (decrease methylation processes or increase demethyhlation processes) 

5) innovative fisheries management (remove contaminated fish, stock fish with a 
lower accumulation potential, add clean food for fish).   

 
These strategies are presented in this order, with summary evaluations, in Table 4.  The 
technical working group coalesced around the position that actions in subdomain IV have 
a high potential to reduce the mercury in the food chain and that many of the possible 
actions are potentially cost effective – several were identified as potential Quick Wins.  
Some of the most promising ideas, however, were those that rely on understanding and 
manipulating microbial ecology.  The technical working group believes that more 
research is needed to realize the full potential of these concepts and urge funding by the 
Office of Science and other basic science funding agencies. 
 
Sediment/Soil Removal 
This would be a selective “removal” action targeting sediment and/or soil deposits 
demonstrated empirically to contain mercury in form(s) that are bioavailable.  The 
objective would be to reduce or eliminate releases of bioavailable mercury to the East 
Fork Poplar Creek.  It would require sampling to identify and delineate “reaches” of the 
creek where mercury is entering, or could enter, the water column in,  for example, 
“dissolved” form where dissolved might be defined as “0.45 micron pore filtering 
passing”, by molecular weight cutoff (e.g., <5000 MWCO) or by some other easily 
measured form of mercury, including simply methylmercury.  One might search for such 
reaches by close-interval surface or hyporheic water sampling, or by performing a simple 
aqueous extraction of soils and sediments.  Once identified the deposits of soil or 
sediment would be removed by dredging or mechanical excavation and disposed of by 
upland land filling.  This type of action is neither innovative nor high risk beyond the 
identification of material for removal. In effect the original ROD for LEFPC required 
selective removal of floodplain soil where the objective was limited to protection of 
human health and not reduction of mercury in fish.   
 
Bank Stabilization   
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If historical deposits of Hg-contaminated soil or sediment were determined to be eroding 
or subject to erosion within any part of EFPC, and further, to be releasing mercury in 
bioavailable form(s) to surface water, then it could be effective to prevent further erosion 
by stabilizing the subject deposits.  The objective of this action would be to reduce or 
eliminate further inputs of bioavailable mercury.  For such action to be effective it would 
first be necessary to determine whether “particle-associated “ mercury in these deposits 
is, or could become, bioavailable when resuspended/redistributed within the creek.  
Secondly it would be necessary to identify and delineate those banks that are the major 
contributors to this loading.  The stabilization of riverbanks is well-developed technology 
with much experience/expertise available from other federal agencies such as the U.S. 
Army Corps of Engineers. This option would require a long-term commitment to 
monitoring and maintenance of stabilized banks, as well as early demonstration that it 
was effective in reducing mercury in fish. 
 
Relocate Creek Channel  
Creek channel relocation would be a selective action targeting bypass of a specific creek 
reach containing bioavailable mercury with the objective of reducing the input of 
inorganic bioavailable mercury or methylmercury to the system.  As with a removal 
action this approach would require sampling to identify and delineate “reaches” of the 
creek where mercury is entering, or could enter, the water column. Some portions of the 
channel of East Fork Poplar Creek have already been relocated although not for the 
purpose described here.  Urban development with Oak Ridge has resulted in some 
channelization and relocation of the creek, for example, near the intersection of Illinois 
Ave and Oak Ridge Turnpike. Similarly, much of the original UEFPC channel has been 
altered and/or relocated.  Candidate channel sections for selective relocation exist in both 
upper and lower EFPC if identified to be contributing to the mercury in fish and there is 
DOE precedent and engineering experience with reconstruction of stream channel on the 
ORR (e.g., tributaries to Bear Creek and White Oak in Melton Valley). 
 
Stabilize floodplain and stream bank soils using native plants  
This option is similar to bank stabilization techniques designed to limit floodplain and 
stream bank mercury inputs to the stream, but is less obtrusive than conventional earth 
moving options.  The goal of this option is to plant highly rhizomous, native plants along 
drainage ways and eroded bank areas that are high in mercury.  Before this option is 
attempted, a more in-depth evaluation of the role of riparian and floodplain sources on 
mercury bioaccumulation is needed.  Further, assuming that floodplain mercury is a 
significant source to downstream waters, a survey of floodplain hotspots would be 
needed to better target plant restoration efforts.  This option offers an additional 
advantage in that the efforts over the long-term could enhance natural resources.  Unlike 
major earth moving activities which can be problematic to implement on private lands, 
floodplain stabilization efforts using plants could be encouraged by providing technical 
advice or plant specimens to watershed organizations or landowners. Increasingly, there 
are more refined methods for bank stabilization using plants, although plantings are less 
permanent than structural changes, especially without continued plant management. This 
option is more viable if conducted in conjunction with other remediation techniques, 
including bank armoring efforts.  Planting alone is unlikely to result in fish reaching 
mercury concentration targets. 
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Return Lake Reality and Upper EFPC to 1985 conditions  
 
In the 1980's, mercury concentrations in fish in EFPC displayed a strong correlation with 
inorganic mercury concentrations. Inorganic mercury concentrations in water and fish 
decreased with distance downstream of Y-12, with fish in lower EFPC near the current 
target concentrations in fish of 0.3 mg/kg.  If 1980s-like conditions were still present in 
EFPC, the 90% decrease in inorganic mercury loading since that time may have resulted 
in a commensurate decrease in fish.  To restore environmental factors thought to be most 
important in driving the 1980s correlation, this option involves restoring of 1980’s 
conditions in Lake Reality, similar to the old New Hope Pond environment, and shutting 
off flow management and dechlorination activities (which were implemented in the 
1990s).   
 
Establishment of a highly vegetated Lake Reality retention basin would increase the 
effectiveness of the basin as a sediment trap. Based on the historical patterns of mercury 
bioaccumulation associated with changes in chlorine inputs in EFPC, increasing potable 
(chlorinated) water inputs could have a positive impact on mercury concentrations, 
although the relationship is not well understood and more research is needed. Changes to 
dechlorination would likely render the upper 1 -2 km of EFPC toxic due to residual 
chlorine inputs. Although shutting off flow management and dechlorination activities 
would be easy to implement, wholesale changes to flow and chlorine input in EFPC is 
unlikely to receive regulatory and public approval because of the toxicity issue.  
Restoring Lake Reality to a system dominated by rooted, submerged aquatic vegetation is 
a more doable action, but it would take some time to establish these conditions, and the 
success of this action alone in reducing mercury levels in fish is uncertain.  This is 
another option that could use further research.  A small pilot field study would be 
relatively straightforward to set up in Lake Reality or the bypass channel, where 
underlying assumptions could be tested. 
 
Modify in stream physical conditions to affect ecology and bioaccumulation  
The use of mercury sequestrants and other options associated with changes in water 
chemistry are highlighted in Zone 3.  This option is meant to address potential changes in 
stream aqueous conditions far downstream of outfall sources of mercury.  Primarily 
through changes in flow management and instream/riparian habitat, key factors affecting 
mercury methylation and bioaccumulation can be manipulated, including temperature, 
amount of total suspended solids, sedimentation, amount of sunlight, and algal/vegetation 
characteristics.  These changes can affect the mercury uptake process, and/or can affect 
the stream’s ecology in a beneficial way.  For example, warmer stream temperatures and 
greater suspended particles and nutrient enrichment would favor low mercury species 
such as bluegill and stonerollers, but limit high mercury species such as rockbass.  An 
advantage of EFPC is that unlike most streams, the aqueous conditions are more 
controllable by modifying facility inputs and flow management at the stream’s 
headwaters.  Bringing in more clean sediment via flow management could also be 
beneficial, in overlying more contaminated sediments or increasing particle-associated, 
and less bioavailable, mercury.  Proposed actions such as changing flow, stream 
temperature or TSS may be straightforward; however, the effect of these changes on 
mercury bioaccumulation is unknown. This option is amenable to controlled scientific 
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study.  This option is unlikely alone to reduce mercury in fish to target levels, but might 
be a viable option in concert with other source reduction options.   
 
Selenium Amendment {Potential Quick Win} 
The use of selenium compounds to reduce mercury in fish and other biota has been 
investigated in both controlled “mesocosms” (e.g., Rudd and Turner 1983) and whole 
lake experiments (Parkman and Hultberg 2002). In addition there are examples where 
unintentional selenium inputs (Chen et al 2001) or removals (Southworth et al 1994, 
2000) that have provided an opportunity to observe the response in tissue concentrations 
in fish. Early whole lake treatments in Sweden produced troubling results when fish 
disappeared from some treated lakes due to the toxic effects of this chemical if the dose is 
not carefully controlled (Parkman and Hultberg 2002).  Later whole lake treatments in 
Sweden at lower doses have apparently been very successful at significantly reducing 
mercury in fish and biota in the treated lakes (Hultberg 2003; Hultberg 2006).  
Unfortunately there have been no studies of the application of selenium in stream or river 
systems although some lake systems with high water renewal rates (<< 1 year) have been 
treated and studied (Hultberg 2003).  Water and biological tissue concentrations that are 
likely to cause toxicity are fairly well known (Hamilton 2003, 2004) and thus it should be 
relatively easy to establish a dosing system to stay below toxic concentrations.  An 
application at the DOE Y-12 Plant would be especially amenable for an application 
because the facility sits astride the headwaters and is already dosing to dechlorinate 
chlorinated effluents.  Application downstream might require development of a sparingly 
soluble matrix containing selenium that could be scattered in the streambed.  The early 
Swedish work actually employed selenium imbedded in a rubber matrix for the purpose 
of achieving a prolonged slow release.   
 
Addition of photochemical inhibitors to upper EFPC 
Photochemical processes (both reduction and oxidation) drive the cycling of waterborne 
Hg (including particle-associated Hg) between Hg (0) and Hg (II), possibly generating 
reactive Hg species that are key precursors for MeHg production. Preliminary studies at 
ORNL suggest that the entire water column inventory of inorganic Hg in contaminated 
streams such as EFPC can undergo an oxidation/reduction cycle in less than a day. If the 
rate of microbial production of methylmercury is limited by the concentration of 
ephemeral forms of inorganic Hg (including Hg (0)), interfering with the photochemical 
redox cycle has the potential to reduce aqueous methylmercury concentrations, and 
consequently, mercury bioaccumulation in fish. 
 
Photochemical processes can be enhanced or impeded by various chemicals that 
scavenge reaction intermediates or block critical wavelengths of light. The addition of 
low concentrations of photochemical inhibitors, (probably dyes) to the shallow-
illuminated upper reaches of EFPC may be effective at preventing the formation of 
important methylation precursors. Alternatively, impeding photochemical oxidation 
while allowing photochemical reduction to proceed would allow aqueous Hg (0) to build 
up and be lost to volatilization, reducing total waterborne mercury concentrations. 
 
This approach could potentially be relatively inexpensive and simple, and may have little 
effect on the ecology or appearance of the stream. However, it is speculative and 
theoretical, without a solid foundation of research to support it. There may also be 
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regulatory constraints against adding photochemical inhibitors to public waters. 
However, dyes such as Aquashade are commonly added to privately controlled ponds to 
inhibit the growth of aquatic vegetation (both algae and rooted plants). 
 
This is a relatively unexplored area of research that might shed knowledge on the global 
cycling of mercury. Simple experiments such as light/dark microcosms, sampling fish for 
mercury analysis from ponds treated with photochemical inhibitors such as Aquashade 
could provide an indication of whether this approach has promise. 
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Strategies that Manipulate Microbial Ecology 
The technical working group developed several ideas that are all based on manipulation 
of microbial ecology.  These include: 

o Increase demethylation by bioaugmentation 
o Increase demethylation by GMO bacteria 
o Increase demethylation by geochemical manipulation 
o Decrease methylation by bioaugmentation 
o Decrease methylation by geochemical manipulation 

 
These ideas, while related in a general way, exhibited key differences so each is 
described separately in Table 4.  The strategies are broadly differentiated into those that 
increase demethylation and those that decrease methylation.  Within each category, the 
manipulation methods include bioaugmentation (adding appropriate naturally occurring 
organisms), manipulation of geochemistry, and for demethylation, adding genetically 
modified organisms (GMO).  In practice, these strategies could be used alone, in 
combination with each other, or in combination with other stream based actions.  The net 
result of the ecological changes is lower methyl mercury concentration in the water and 
lower fish uptake – conceptually these strategies partially decouple the total mercury in 
the stream water from the form(s) of mercury available for uptake into the food chain.   
 
Two overarching conclusions that from the evaluation process were: 1) microbial ecology 
based strategies are some of the most promising ideas for long term application in the 
Oak Ridge environment, and 2) significant advancement in basic science and 
understanding is needed for reliable application of any of these strategies (or a 
combination of strategies.  Thus, this is a prime target for investment by the DOE Office 
of Science and other basic science funding agencies.   
 
This research should focus on elucidating rates, mechanisms and controls of microbial 
(and abiotic) processes affecting Hg speciation and transformation, and resolve how 
critical Hg precursors are produced, transported and subsequently methylated in the 
ecosystem.  Funding should be used to develop and validate models to understand in 
detail the biochemical and biophysical mechanisms of transformation between major Hg 
species and MeHg.  To be useful, the research will need to mechanistically relate Hg 
speciation and transformation to coupled with redox reactions of aqueous species (e.g., 
Fe, dissolved oxygen (DO), DOM, and S) and determine the influences of parameters 
such as pH, Eh, and ionic strength.  The research should clarify the microbial ecology of 
key transformations (e.g., sulfate reducing bacteria are the dominant microbes 
responsible for Hg methylation, but other groups of microbes also contribute directly or 
indirectly to net MeHg production) 
 
Remove highly contaminated fish 
The basic premise of this option is that removing the most highly contaminated fish can 
interrupt the contaminant exposure pathways that lead to ecological or human receptors.  
The focus of the contaminant pathway interdiction is at the higher food chain level, in 
contrast to conventional options where interdiction is at the soil or sediment source level.  
Interdiction at the food chain pathway could be advantageous in that the action results in 
immediate risk reduction that is independent of the success of source control actions.  
Fish can be removed using a combination of electrofishing and netting techniques, and 
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the carcasses disposed of in a nearby soil pit or landfill.  Fish removal actions have been 
applied at the K901A pond at ETTP, and fish management actions for reducing PCB risk 
have been vetted and approved by regulators in association with a Non-Time Critical 
Removal Action at the K-1007-P1 Pond at ETTP (Peterson et al. 2005).  Removing high 
risk fish in EFPC is particularly doable upstream of the Lake Reality bypass weir, where 
upstream movement and repopulation by larger fish is unlikely.   
 
This option is less manageable with distance downstream and the open creek system 
where fish can migrate into areas where fish were removed. Continued removal of large 
fish would be needed long-term in those stream sections, unless a weir or dam is created 
downstream that would prevent fish migration.  Based on past experience in Oak Ridge, 
there is some public sensitivity to killing fish, although other fish removal options have 
received public support in Oak Ridge.  An effective argument would need to be made 
regarding the benefits of the action, which might include removal of nonnative fish 
species (e.g., carp and redbreast sunfish) while enhancing native fish populations.  Fish 
management techniques such as electrofishing and netting are relatively routine tools, but 
the application of these tools for bioaccumulation reduction is limited.  Research needs 
include a better understanding of unintended consequences of food chain manipulation on 
mercury processes.   
 
Add fish with low bioaccumulation potential 
This fish management option involves stocking (i.e., adding) of fish species that 
accumulate low levels of methylmercury.  Fish species such as bluegill, trout, and 
topwater cyprinids obtain a significant portion of their diet from terrestrial sources; 
primarily adult terrestrial insects that fall into the water or deposited surface water larvae 
like mosquitoes or midges.  For these fish species, a significant portion of their diet is, 
therefore, relatively uncontaminated with mercury.  These insectivorous food chain 
pathways are also shorter pathways than piscivorous fish, limiting biomagnification.  
This option is less time intensive than in stream management of fish populations.  Fish 
hatchery trucks can distribute fish into the stream at bridges found throughout the length 
of East Fork Poplar Creek. 
   
If high numbers of uncontaminated fish are released, this option assumes that stocked fish 
would out compete resident contaminated fish populations.  Successful competition 
would be dependent, however, on effective stocking rates, timing of stocking (to 
maximize fish egg predation for example), temperature requirements for stocked species 
(this could be managed by changes in flow management), and a detailed understanding of 
species to species relationships in the wild.  Frozen Head State Park, a short distance 
from Oak Ridge, has a creek similarly sized as East Fork that has a put-and-take rainbow 
trout fishery.  Understanding the impact of that annual stocking on resident sunfish could 
be useful in evaluating the efficacy of this option in East Fork Poplar Creek.  Unlike fish 
removal, risk reduction could take years with stocking until fish populations are 
completely replaced.  Fish hatchery and stocking operations are standard fish 
management practices, but application of these tools for bioaccumulation reduction is 
limited.  Prior to whole scale stocking of fish, this option could be readily investigated by 
blocking a small section of stream to undergo stocking and see how resident fish 
populations are affected.   
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The potential impact of this option may be limited due to the fact that bluegill collected 
from the EFPC contains approximately 70-85 percent of the MeHg concentration at the 
same site.  While this option has the potential to reduce overall mercury levels in fish, the 
actual impact to the environment and environmental risk may be relatively low.   
 
Add uncontaminated food for fish  
Large fish receive most of their mercury body burden through the food chain.  This 
option would attempt to convert the food base for these large fish from in stream sources 
to manual feeding of uncontaminated food.  To cover enough of the stream to be 
effective, fish feeders, which are commercially available, would be placed near the 
stream and regular release of uncontaminated food pellets would be provided to the 
stream.  For fish that eat the uncontaminated food, some reduction of mercury in fish 
tissue would be expected with this option.  However, fish would also be expected to 
continue to take advantage of in stream sources, and dramatic decreases in fish mercury 
content are unlikely.  Fish feeders are unlikely to reach most of the fish population in 
EFPC without significant effort, and the ability to train significant numbers of fish to eat 
polluted food is uncertain.  It’s possible that providing significant additional food sources 
to the stream could increase nutrients significantly, and there may be unintended 
consequences of creating a larger fish population that is larger, and more contaminated, 
than current.  This option has never been done before to reduce contamination in fish.  A 
field scale effort could be conducted to evaluate the success of introducing 
uncontaminated food on fish body burdens, but research effort would probably be better 
spent elsewhere.  This is not deemed to be a viable option.   
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Table 4. 
ZONE IV -- Upper and Lower Reach of Stream

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL

Sediment/Soil Removal

Excavation and/or 
dredging to selectively 
remove soil or sediment 
with mercury in form(s) 
that are bioavailable.

Reduce/eliminate release 
of bioavailable Hg to creek 

Permanent remedy but 
would not focus on total 
Hg as a trigger for removal 
action.

Difficult to fully delineate 
areas with bioavailable Hg. 
Removal action may 
temporarily destroy or 
impair some functionality 
of target area and access 
to these areas.  Significant 
transportation and 
disposal costs. Uncertainty 
about long-term 
effectiveness.

Removal actions of this 
type are widely practiced 
and there is local EFPC 
precedent.

Identification and/or 
development of better 
tools to define 
bioavailability.

Viable but not preferred 
unless hot spots identified

Bank Stabilization

Identification and 
stabilization of eroding or 
erodable stream banks 
with significant inventory of 
Hg

Reduce/eliminate inputs of 
particle-bound Hg in creek

Relatively simple to 
implement.

Stabilization actions may 
temporarily destroy or 
impair some functionality 
of target areas and access 
to these areas. 
Monitoring/maintenance 
required.

Bank stabilization 
technology is well-
developed

Need to determine 
whether particle-bound Hg 
is an important substrate 
for methylation

Viable and preferred if 
eroding banks implicated 
in maintaining fish Hg

Relocate creek channel

Identify reaches of EFPC 
that could be abandoned 
in place and replaced with 
new reaches to provide 
clean pathways for water.

Reduce/eliminate channel 
reaches/features where 
Hg is being methylated 
(e.g., oxbow lakes, 
riparian wetlands)

Permanent remedy. 
Contaminated 
soils/sediment to be left in 
place in former channel 
thus no disposal cost. 

Land may not be available 
except on ORR. Some 
uncertainty in identifying 
key reaches for 
application. 

Precedents with Melton 
Branch and Bear Cr where 
streams relocated or 
reconstructed. 

Detailed sampling/analysis 
to identify and delineate 
target channels.

Viable, not preferred
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Table 4. (continued) 
ZONE IV -- Upper and Lower Reach of Stream

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL

Stabilize floodplain and 
stream bank soils using 
native plants

Plant highly rhizomous 
native plants along 
drainage ways and eroded 
bank areas

Stabilize bank and/or 
floodplain soils to prevent 
contaminated soils from 
entering the creek

In addition to decreasing 
mercury inputs to stream, 
also natural resource 
benefits.  Could be 
implemented by providing 
technical advice or plant 
plugs to watershed 
organizations or public. 
Less obtrusive than earth 
moving options. 

Uncertain degree to which 
riparian and floodplains 
sources are the problem in 
EFPC; less permanent 
than structural changes.  

Tools well developed.  
More successful if 
conducted in conjunction 
with armoring/earth 
moving techniques and 
close collaboration with 
landowners.

Need to determine role of 
bank and floodplain 
sources in LEFPC. 

Viable if can work 
agreements or 
collaboration with private 
landowners.  Unlikely 
alone to result in reaching 
fish reduction targets.

Create wetland system 
in Lake Reality and 
return upper EFPC to 
1985 conditions

Establish a highly 
vegetated retention basin 
in Lake Reality that acts 
as an effective sediment 
trap.  Eliminate flow 
management while 
allowing potable 
(chlorinated) water inputs 
in EFPC above Lake 
Reality.

Return stream to circa 
1985 conditions when 
there was there was a 
pronounced decreasing 
gradient in mercury 
bioaccumulation with 
distance downstream

Fish in lower EFPC were 
near target concentrations 
in 1985.  With a return to 
similar stream conditions 
plus the 90% decrease in 
loading since that time, 
fish reduction goals could 
be met.

Upper 1 -2 km of EFPC 
would be toxic due to 
residual chlorine inputs. 
Changes would eliminate 
ecological and regulatory 
benefits of flow 
management. Unlikely to 
obtain regulatory and 
public approval.

Shutting off flow 
management and 
dechlorination would be 
easy to implement.  Lake 
Reality changes would 
take a couple years but 
vegetation could be 
established. Success in 
reaching mercury 
reduction goals still 
uncertain.

Limited understand of the 
role of chlorine on mercury 
bioaccumulation and how 
wetland system may affect 
mercury bioaccumulation 
in downstream waters. 
Research needed.

Not viable in its totality.  
Chlorine toxicity and 
elimination of flow 
management not likely to 
be acceptable.  Lake 
Reality vegetation 
changes would be viable, 
but the degree to which 
the change would limit 
mercury bioaccumulation 
is uncertain.  

Modify instream 
physical conditions that 
affect ecology and 
bioaccumulation

Modify flow management 
and instream/riparian 
habitat to affect 
temperature, amount of 
TSS/sedimentation, 
amount of sunlight, and 
algal/vegetation 
characteristics.  

Change instream factors 
that affect mercury 
methylation and 
bioaccumulation.  Such 
changes can help limit 
high mercury species 
(e.g., rockbass, shiners) 
and enhance others 
(bluegill, rollers)

With facility inputs and 
flow management at 
headwaters, stream 
conditions are more 
controllable than other 
systems.  

Could be difficult to control 
stream processes.

Can change flow, stream 
temperature/chemistry, or 
put more clean sediment 
in stream, but affect on 
mercury bioaccumulation 
unknown.

Amenable to controlled 
scientific study

Unlikely successful alone 
but could be considered in 
concert with other actions
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Table 4. (continued) 
ZONE IV -- Upper and Lower Reach of Stream

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL

Se Amendment to 
stream water

Addition of a selenium 
compound in soluble or 
sparingly soluble form at 
low levels.

Reduction of methylation 
or bioaccumulation of 
mercury by biota

Avoids potentially 
destructive aspects of 
physical remedies. 
Relatively low cost to 
implement.

Risk of toxic response if 
dosing is not carefully 
controlled. Long-term 
maintenance and 
monitoring required. 
Regulatory approval may 
be difficult to obtain

Practiced successfully in 
Sweden for some lakes 
and reservoirs but no 
applications thus for to 
flowing systems

Trial application in a 
mesocosm or artificial 
stream. Development of 
suitable Se-bearing matrix 
(mineral form) for use in 
long-term dosing.

Viable and preferred 
assuming successful 
demonstration in flowing 
system and acceptability 
by regulators and 
stakeholders.

Addition of 
photochemical 
inhibitors to UEFPC

Photochemical processes 
(both reduction and 
oxidation) drive the rapid 
cycling of waterborne Hg 
(including particle-
associated Hg) between 
Hg(0) and Hg(II), possibly 
generating reactive Hg 
species that are key 
precursors for MeHg 
generation. Chemical 
inhibitors may interfere 
with this process

Add trace concentrations 
of photochemical inhibitors 
(probably dyes) to EFPC 
to prevent generation of 
ephemeral reactive 
precursor  Hg species,  
reducing formation of 
methylmercury in system

Potential inexpensive way 
to reduce Hg 
bioaccumulation with little 
ecological effects, 
possible aesthetic 
improvement (to some).

Totally speculative, 
untested theory. May be 
regulatory blocks to 
adding photochemical 
inhibitors to public waters

Dyes are commonly added 
to privately controlled 
ponds to inhibit weed 
control and improve 
appearance. Their affect 
on Hg bioaccumulation 
has not been investigated.

An unexplored area for 
research that could be 
easily and inexpensively 
pursued in microcosm 
studies and by sampling 
fish from ponds treated 
with photochemical 
inhibitors such as 
Aquashade.

Not presently viable, not 
recommended. 

Increase demethylation 
by bioaugmentation

Add bacteria that have 
been isolated from the 
environment with lower 
threshold for induction of 
mer genes

Reduce methymercury in 
water and sediments to 
reduce concentrations in 
fish

Could reduce both total 
and methylmercury in 
water and in fish, cost 
could be low

Right bacteria need to be 
found and it is unknown if 
they would they survive in 
competition in the 
environment, potential 
effectiveness is unknown

Never tried Fundamental Research 
needed

Not viable until much 
future research is done
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Table 4. (continued) 
ZONE IV -- Upper and Lower Reach of Stream

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL
Increase demethylation 
by GMO bacteria 

Add GMO bacteria that 
constitutively express mer 
genes

Reduce methymercury in 
water and sediments to 
reduce concentrations in 
fish

Could reduce both total 
and methylmercury in 
water and in fish, cost to 
deploy could be low.

GMO would have to be 
constructed, would they 
survive in competition in 
the environment, would 
they be acceptable to 
public, potential 
effectiveness is unknown.

Immature, Never tried. Fundamental Research 
needed.

Not viable until much 
future research, may not 
be viable due to 
acceptability even if 
technical challenges are 
met.

Increase Demethylation 
by geochemical 
manipulation

Addition of removal of 
chemicals such as sulfate, 
organic carbon, humics, 
molybdate, etc. that could 
reduce mercury 
methylation. 

Reduce methylmercury in 
water and sediments to 
reduce concentrations in 
fish.

Could reduce both total 
and methylmercury in 
water and in fish, cost to 
deploy could be low.

Don't know which 
additions will work, may 
require constant additions, 
would additions be 
acceptable (e.g., sulfate).

Immature, Never tried Fundamental Research 
needed.

Not viable until further 
research is done.

Decrease methylation by 
geochemical 
manipulation

Addition of removal of 
chemicals such as sulfate, 
organic carbon, humics, 
molybdate, etc that could 
reduce mercury 
methylation.

Reduce methylmercury in 
water and sediments to 
reduce concentrations in 
fish.

Should reduce 
methylmercury in water 
and in fish, cost to deploy 
could be low.

Don't know which 
additions will work, may 
require constant additions, 
would additions be 
acceptable (e.g., sulfate).

Immature, Never tried Fundamental Research 
needed.

Not viable until further 
research is done.

Decrease methylation by 
bioaugmentation

Add iron reducers or (No 
Suggestions) that do not 
have methylation capacity.

Reduce methylmercury in 
water and sediments to 
reduce concentrations in 
fish.

Should reduce 
methylmercury in water 
and in fish, cost to deploy 
could be low more 
acceptable than GMO.

Unknown if they would 
they survive in competition 
in the environment, 
effectiveness is unknown.

Immature, Never tried Fundamental Research 
needed.

Not viable until further 
research is done.
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Table 4. (continued) 
ZONE IV -- Upper and Lower Reach of Stream

Technology/Approach Description Objective Positives Negatives Technical Maturity Research Needs OVERALL

Remove highly 
contaminated fish

Selective removal of game 
fish from contaminated 
EFPC waters using 
electrofishing techniques

Remove source of risk to 
humans by removing most 
if not all edible game fish 
containing high mercury 
levels.

Immediate risk reduction.  
Changing the fish 
population in the upper 
EFPC is relatively simple 
upstream of LR/bypass 
weirs. Independent of 
source control.

Less manageable with 
distance downstream and 
open system.  Unless a 
weir/dam created 
downstream, requires 
continued fish 
management control long-
term. Some public 
sensitivity to killing fish.

Fish management tools 
are off the shelf, but 
application of these tools 
for bioaccumulation 
reduction limited.  Recent 
regulatory-approved 
remediation option in Oak 
Ridge

Need better understanding 
of unintended 
consequences of food 
chain manipulation on 
mercury processes.

Viable especially in 
uppermost EFPC.  Could 
be conducted in concert 
with other actions such as 
flow management 
changes

Add fish with low 
bioaccumulation 
potential

Stock or enhance fish 
populations that 
accumulate low levels of 
methylmercury (e.g., 
bluegill, trout).

Change fish community to 
shorter and more 
terrestrial food chain, thus 
limiting biomagnification. 

Doesn't require instream 
fish management, only 
stocking (addition) of fish.  
Independent of source 
control.

Depends on successful 
species competition (i.e., 
stocked fish replace 
existing species), when 
species interactions 
uncertain. Will take time 
(years) to see benefits.

Fish culture and stocking 
tools are off the shelf, but 
application of these tools 
for bioaccumulation 
reduction limited.  Recent 
regulatory-approved 
remediation option at 
ETTP

Need better understanding 
of unintended 
consequences of food 
chain manipulation on 
mercury processes.  
Ideally suited for a pilot 
experimental study.

Viable especially in 
uppermost EFPC.  Could 
be conducted in concert 
with other actions such as 
flow management 
changes.

Add uncontaminated 
food for fish

Provide fish feeders near 
stream that provided 
uncontaminated food 
pellets for fish.

Reduce uptake of mercury 
in fish by replacing the 
instream food sources 
with uncontaminated food.

Likely to reduce mercury 
concentrations in fish that 
do eat the food.

May reach small part of 
population without 
significant effort.  Will 
need to train fish to eat 
food.  Could increase risks 
by having larger fish 
population or bigger fish.

Never before done to 
reduce contaminant 
bioaccumulation.

Field scale effort could be 
conducted, but research 
effort probably better 
spent elsewhere.  

Not viable.
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4.0 Recommendations 
 
One of the requested deliverables of the mercury workshop was a prioritized list of 
recommendations (Quick Wins) for applied science and technology support from EM-22 
for mercury issues at Y-12 and Oak Ridge facility.  At the January workshop, the team 
divided the Y-12 area and East Fork Poplar Creek watershed site into four subdomains 
and then evaluated these based on a site specific conceptual model.  This resulted in 
specific technology recommendations for each of these areas.   The four subdomains 
were: I) buildings and rubble piles, II) shallow source zone soil, III) the Outfall 200 area, 
and IV) the upper and lower reaches of the East Fork Popular Creek.  A technology 
matrix was prepared for each of the areas that identified potentially applicable 
technologies/strategies.  The consensus of the team was documented for each concept 
using terminology such as “viable-preferred”, conditionally viable, viable but not 
preferred, or not viable.  The following list is a compilation of the technologies that were 
identified as preferred and viable and a summary of the results from each of the matrices. 
 
Subdomain I:  Buildings Rubble and Shallow Soil and Subdomain II Surface Soil 
and Shallow Subsurface Contamination 

• No Quick Wins Identified 
• The primary challenge in these zones is the linkage of achieving site wide 

Remedial Objectives to the decisions and actions.   
• Beneficial technologies such as field screening tools and sensors would be useful 

in these subdomains and these might be available through programs such as 
SBIR.   

The team recommended that Office of Science consider investments in basic research to 
linkage actions taken to decommission building and to remediate soil to the broader goal 
of limiting uptake of mercury in the food chain (e.g., though development of models).   
 
Subdomain III (Outfall 200 Area) 

• Identified as an area of opportunity for several Quick Wins 
Stannous Chloride – Treatment of water in the NS pipe – Confirm 
effectiveness under current conditions 
Addition of mercury sequestrants at Outfall 200 
Use sodium thiosulfate as dechlorinating agent at Outfall 200 

• Mercury inputs to surface water in this subdomain are somewhat unique in they 
are accessible and are comprised primarily of dissolved reactive forms of 
mercury.  

• This combination of access and chemistry provides opportunities for alternative 
strategies to reduce the accumulation of methylmercury in fish throughout the 
entire stream system.   

 
Subdomain IV (Creeks and Streams) 

• Identified as an area of opportunity for Quick Wins 
Addition of trace Se to reduce methylation and/or uptake and maintain low 
fish tissue levels 
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Identified other viable and preferred technologies that involve selective 
physical modifications at areas of methylation (bank stabilization, channel 
relocation) 

• Identified promising ideas that need more research (manipulation of microbial 
ecology) 
 

As noted above, several of the viable and preferred alternatives were designated as 
potential “Quick Wins.”  Quick Win ideas tend to be more mature, have relatively low 
risks and potentially significant impacts, and may need relatively small levels of funding 
for bench or field studies to support implementation.   
 
In order to select and prioritize the near-term technology options, several considerations 
must be taken into account.  First, it must be recognized that the concentrations of 
mercury and methylmercury in East Fork Popular Creek result from a series of complex 
and variable chemical processes that are not completely understood. Second, some of the 
technical recommendations on the Quick Win list may be in conflict especially if they are 
not properly coordinated and sequenced.  As an example, some of recommended 
chemical modifications are incompatible with each other and/or need to be assessed to 
make sure that there are no downstream impacts to fish.   
 
The technical working group recommends that development of a specific proposal to 
move forward and implement a defensible selection of the quick win ideas.  This would 
involve developing a plan that logically integrates some of the recommendations into a 
coordinated technical approach.  This process will require the participation of the relevant 
Oak Ridge organizations, state and federal regulators and stakeholders.  We anticipate 
that a logical and robust “Quick Win” portfolio will incorporate some type of fisheries 
management and ecosystem controls, some action(s) near Outfall 200, and possibly some 
related lab screening studies for promising amendments. Another very important 
consideration is that although some of the technologies may be technically viable, they 
may not be acceptable to site regulators, stakeholders, and site problem holders.  
Participation of these groups in the decision-making and selection process is crucial.   
 
At this point, it is not appropriate for the technical working group to select the preferred 
technology portfolio.  We recommend that the next steps will be best performed in two 
stages: The first stage consists of assembling a local mercury “Creative Solutions Team” 
to consider the identified Quick Win ideas.  This team, through a period of focused and 
intense effort, would identify and develop a detailed recommendation for consideration 
by DOE.  The resulting plan would lay out a specific set of actions for implementation 
along with the priority, schedule and resources.  The team should include key individuals 
from the diverse groups identified above.  For perspective, we believe that the process 
should be performed rapidly and with minimal cost.  The goal is to develop local 
consensus and to determine which combination of options provides the most potential 
benefits within the real-world constraints of the site.  Based on the recommendations, 
DOE should consider moving forward on key Quick Win activities as part of a second 
stage  
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APPENDIX A   PARTICIPANTS AND CONTACT INFORMATION 
 
First Last Affiliation e-mail Phone 
Technical Assistance Team 
Carol  Eddy-Dilek WSRC/SRTC carol.eddy-dilek@srs.gov 513-529-3218 
Brian Looney WSRC/SRTC brian02.looney@srs.gov 803-725-3692 
Tony Palumbo ORNL palumboav@ornl.gov 865-576-8002 
Mark Peterson ORNL petersonmj@ornl.gov 865-576-3461 
George  Southworth ORNL southworthgr@ornl.gov 865-574-7240 
Ralph Turner Self rrtgeo@direct.ca 604-815-8219 
Site Project Team 
Terry Cothron B&W/Y-12 conthrontk@y12.doe.gov 865-576-5586 
Clarence Hill B&W/Y-12 COH2@y12.doe.gov  
Dick Ketelle BJC/Y12 kettellerh@bechteljacobs.org 865-574-5762 
John Kubarewicz BJC/Y12 kubarewiczj1@bechteljacobs.org 865-241-3844 
Liyuan Liang ORNL liangl@ornl.gov 865-241-3933 
DOE 
Vincent Adams DOE vincent.adams@em.doe.gov  
Paul Beam DOE paul.beam@em.doe.gov  
Beth Moore DOE beth.moore@em.doe.gov  
Elizabeth Phillips DOE-OR phillipsec@oro.doe.gov  



 
 
 

1 

APPENDIX B  TECHNICAL ASSISTANCE TEAM EXPERTISE 
 
BRIAN B. LOONEY 
Savannah River Technology Center 
Building 773-42A, Aiken, SC 
(803) 725 3692 or (803) 725 2418 
brian02.looney@srs.gov  
 
Areas of Expertise: 
Dr. Looney (Ph.D. Environmental Engineering) is a senior fellow at the Department of 
Energy Savannah River National Laboratory in Aiken SC.  For the past 23 years, he has 
coordinated development and deployment of environmental characterization and clean-up 
methods based on the fundamental principles of geochemistry, geohydrology and 
engineering.  His efforts resulted in the successful development or application of 
improved subsurface access methods (environmental horizontal drilling and cone 
penetrometer), improved remediation (e.g., sparging, bioremediation and thermal 
methods), and improved characterization (e.g., tracer testing, soil gas methods and 
geophysics).  Dr. Looney has conducted research targeting clean up of source zone 
contamination using destruction, stabilization and/or enhanced removal methods.  He has 
also conducted research on methods for dilute fringe contamination using barometric 
pumping, phytoremediation and the like.  Dr. Looney has authored and edited many 
publications including the recent book, Vadose Zone Science and Technology Solutions.  
He currently holds ten U.S. and one foreign patent for environmental technologies.  Dr. 
Looney received the 2006 National Groundwater Association Technology Award, 2005 
American Chemical Society Industrial Innovation Award, 1996 and 2000 Federal 
Laboratory Award of Excellence in Technology Transfer, 2004 Worlds Best Technology 
Award, and 2000 Energy 100 Award.   
 
ANTHONY PALUMBO 
Deputy Director of the Biosciences Division 
Group Leader for Microbial Ecology and Physiology 
Oak Ridge National Laboratory 
 
Areas of Expertise: 
Dr. Palumbo is the Deputy Director of the Biosciences Division of ORNL and the Group 
Leader for the Microbial Ecology and Physiology group. In this position he has 
developed and directed numerous research projects focused on understanding the 
functioning of microbial communities in natural and contaminated environments and the 
bioremediation of metals and organic pollutants including TCE and PCE. Among those is 
the project “Geochemical, Genetic, and Community Controls on Mercury Methylation” 
which focuses on understanding the genetic basis for mercury methylation in 
Desulfovibrio. Dr. Palumbo holds two patents related to environmental technologies and 
is an author of over 110 papers on environmental microbiology, remediation, and 
microbial ecology. He is a Fellow of the American Academy of Microbiology.  
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MARK J. PETERSON 
Research and Development Staff Member 
Oak Ridge National Laboratory 
Oak Ridge, TN 37831-6351 
(865) 576-3461; petersonmj@ornl.gov 
 
Areas of Expertise: 
Mr. Peterson (M.S., Biological Sciences) is the Leader of the Ecological Assessment 
Group in the Environmental Sciences Division at Oak Ridge National Laboratory, 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 Plant since 1988, including assessment of changes in mercury 
contamination in fish.  He has over 25 years of environmental assessment experience 
with the last twenty years focused on the bioaccumulation of contaminants near 
Department of Energy and Department of Defense sites.  In addition to contaminant-
related evaluations, he has extensive experience working with engineering and 
construction staff in the design, implementation, and performance of stream and wetland 
restoration projects. Projects include stream-rerouting, bank stabilization, and hydrologic 
isolation actions designed to reduce contaminant concentrations in surface waters and 
fish, while maintaining or enhancing long-term habitat value.  Related to mercury, he 
provided multi-year technical support to the Lower East Fork Poplar Creek (LEFPC) 
Remedial Action Project, the 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 (METAALICUS) in Ontario, Canada, and the Barrow Arctic 
Mercury Study (BAMS) in Alaska.  Mr. Peterson has led the development of an 
innovative remediation strategy, the first of its kind to be approved by EPA, which uses 
ecological management and enhancement tools to reduce human and ecological risks 
associated with sediment contaminated ponds. Scheduled for a fall 2008 start, this Non-
time critical (NTC) removal action is estimated to save DOE 23 million over the 
conventional sediment removal alternative.  Mr. Peterson has authored over 100 scientific 
articles and reports, most of which focus on the effects of Department of Energy missions 
on aquatic ecosystems.   
 
GEORGE SOUTHWORTH 
Senior Research and Development Staff member in the Environmental Sciences Division 
 
Areas of Expertise: 
George Southworth has worked as a researcher in environmental chemistry and 
toxicology at ORNL since 1974, and is presently a Senior Research and Development 
Staff member in the Environmental Sciences Division.  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 has worked in the Biological Monitoring and 
Abatement Program at ORNL since 1985 as Principal Investigator and Group Leader, 
with primary emphasis on the bioaccumulation of mercury, PCBs and other metals and 
organic chemicals.  In 1997, he became lead scientist in the Reduction in Mercury in 
Plant Effluent (RMPE) program at the Y-12 Plant.   In this role, he participated in studies 
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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 EPA 
and DOE-funded studies of mercury cycling between the atmosphere and aquatic and 
terrestrial systems, in field studies of Hg sources and cycling at sites in Alaska, Canada, 
Florida and the upper Midwest. Most recently, he has become a participant in the DOE 
Subsurface Focus Area research on the environmental behavior of Hg on the Oak Ridge 
Reservation. 
 
RALPH TURNER 
Senior Scientist 
RT Geosciences, Inc. 
P.O. Box 421 
Squamish, BC V8B 04 
CANADA 
 
Areas of Expertise: 
Dr. Turner has diverse experience spanning more than 30 years in the field of 
biogeochemistry of terrestrial and aquatic ecosystems. In 1975, Dr. Turner became a 
researcher in the Environmental Sciences Division of Oak Ridge National Laboratory 
(ORNL), Oak Ridge, Tennessee. During his tenure at ORNL he conducted extensive 
research and characterization at two large mercury-contaminated sites: a defunct 
chloralkali plant in Virginia and a nuclear weapons plant (Oak RidgeY-12). Among other 
innovative achievements related to mercury he developed a rapid field method for the 
determination of mercury in water and soils that saved significant cost in site 
characterization costs for his sponsors. He also initiated and supervised Hg speciation and 
bioavailability investigations that resulted in a much higher residential soil cleanup level 
(400 ppm) than derived in the absence of these investigations. In 1996 he spent a year as 
a National Research Council Senior Associate working at the U.S. Environmental 
Protection Agency¹s Gulf Breeze Research Laboratory in Florida. During this period he 
helped to refine a novel luminescent biosensor for application in estimating the 
bioavailability of mercury in natural media. While at EPA he also wrote two review 
chapters for a book on mercury-contaminated sites. In February 1997, after retiring from 
ORNL, he joined Frontier Geosciences, a specialty research and analytical services 
company in Seattle, Washington, where he held the position of Senior Scientist in the 
Research and Consulting Group. Prior to this position he managed the Aquatic Mercury 
Group, which performed laboratory analyses of mercury and mercury speciation for 
client-supplied samples and acted as scientific consultant to certain clients, including 
several representing chloralkali and Hg-mining sites. In February 2000, he formed his 
own company, RT Geosciences Inc., in Squamish, British Columbia. Consultant 
activities have included project planning (mainly sampling and analysis), conduct of 
special field and laboratory projects (e.g., Hg treatability studies, measurement of soil 
fluxes of Hg vapor, sediment pore water extraction and analysis, dendrochemistry to 
reconstruct historic atmospheric Hg releases, building decontamination, Hg 
immobilization studies, in situ and ex situ groundwater treatment R&D, soil/sediment Hg 
speciation studies, thermodynamic modeling of Hg behavior, design and supervision of 
post-remediation monitoring programs). He serves, or has served, on several ³mercury 
expert panels² for private industry as well as government agencies. Since 2001 he has 



 
 
 

4 

been a member of the Expert Panel for the South River Science Team, a consortium of 
scientists, engineers, NGOs, state and federal regulators and industry (Dupont) managers 
formed to address legacy mercury issues in the South River and South Fork Shenandoah 
River in Virginia.  
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A  
APPENDIX C Conceptual model for mercury in soil, groundwater and 
streams 
 
Mercury exhibits especially complex biogeochemical behaviour in the environment 
(Figure C1) and may persist in different forms for a significant amount of time after 
removal of the source.  Mercury may be transformed by natural processes to relatively 
stable forms (e.g., mercuric sulphide) or converted into more mobile volatile and soluble 
forms that can potentially spread through the environment and bioaccumulate (e.g., 
methylmercury) in terrestrial and aquatic food chains.  The actual environmental fate and 
transport (and in turn toxicity) of mercury at a given location is highly dependent on the 
physical, chemical, and biological conditions that predominate at that specific area. 
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Figure C1. Biogeochemical Cycle of Mercury 

 
General Speciation and Biogeochemical Behavior of Mercury - Speciation of mercury 
in the environment is governed by such factors as pH, redox potential, sulphide content, 
halide content, organic matter concentration, and microbial activity.  Mercury occurs in 
three oxidation states, elemental (Hg0), mercurous (Hg2

2+) and mercuric (Hg2+).  Mercury 
released to aquatic and terrestrial environments can exist as a number of mercuric (Hg+2) 
and mercurous (Hg+) complexes or simply as elemental mercury either in dissolved 
gaseous form or adsorbed to organic and inorganic matrices.  Microbial, as well as 
chemical and photochemical reduction of mercuric and mercurous complexes to 
elemental mercury may promote re-emission of mercury to the atmosphere from both 
water and soil surfaces.  The general lack of significant concentrations of mercury in 
groundwater (Krabbenhoft and Babiarz 1992) outside of some industrially-contaminated 
sites, and typical vertical profiles in soil showing strong enrichment in the organic 
horizon, suggests that mercury compounds in soil remain strongly sorbed to organic 
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matter and are not readily leachable (Andersson 1979).  This has been supported by 
numerous laboratory and field studies on mercury leachability.  Relatively insoluble 
forms of organic mercury (e.g., methylmercury) and inorganic mercury complexes in 
soils and sediments can, however, be transported by surface runoff and groundwater and 
deposited into distant bodies of surface water, where further changes in speciation may 
take place.  In particular, wetlands are now recognized as important net sources of 
methylmercury to lakes and downstream aquatic systems (Zillioux et al 1993, St Louis et 
al 1994). 
 
Mercury is most commonly found in surface waters as mercuric complexes (such as 
Hg(OH)2 and HgCl2), incorporated into dissolved organic matter (e.g., fulvic acid), and to 
a lesser extent as dissolved gaseous (Hgo) mercury. Microbial and abiotic reduction of 
mercuric mercury promotes the formation of elemental mercury and the possibility of its 
subsequent emission to the atmosphere (Figure D1). Elemental mercury, that is relatively 
insoluble in water at about 60 �g/L, can also be oxidized to far more soluble forms 
(HgO). Typically methylmercury accounts for a small fraction (5 to 20%) of total 
mercury in surface waters with the fraction increasing in suboxic and anoxic zones, such 
as the hypolimnion of lakes, sediment pore water and hyporheic waters.  The speciation 
of mercury in anoxic pore water is dominated by mercury-suphide complexes, some of 
which are hypothesized to be the key bioavailable species for methylating bacteria 
(Benoit et al 1999, 2001). 
 
Methylmercury in surface waters may occur as either monomethylmercury (e.g., 
CH3HgCl) or dimethylmercury, (CH3)2Hg. Dimethylmercury ([CH3]2Hg) has also been 
found in the environment in the mid-depths of the ocean (Mason and Fitzgerald 1991) 
and in floodplain soils of a large river (Wallschlaeger et al 1995). Ionic and neutral forms 
(Hg(II) compounds) of mercury can be transformed to mono- (and di-) methylmercury by 
biotic and abiotic processes. The concentration of total mercury in the environment and 
particularly in aquatic ecosystems has, however, generally not been found to be a good 
predictor of the concentration of methylmercury present (Kelly et al 1995).  This is due to 
the complex interaction of factors that control the production, nature and behaviour of 
methylmercury.   
 
Seasonal fluctuations in such parameters as temperature, light, nutrient supply, oxygen 
supply and hydrodynamics also play a significant role in the rate and nature of mercury 
methylation.  For example, studies in Lavaca Bay (Bloom et al 1999) demonstrated that 
concentrations of methylmercury in sediments and sediment pore water reached 
maximum values in early spring and then decreased throughout the balance of the year.  
Similarly, methylmercury concentrations are commonly observed to increase through the 
summer and early fall in anoxic hypolimnetic waters of thermally-stratified lakes and 
then decrease sharply after the fall mixing of bottom and surface waters. Detailed studies 
in the South River in Virginia have also documented a strong seasonal cycle in 
methylmercury production. Total mercury in the water column may also vary due to such 
factors as resuspension of bottom sediment during seasonal storms.  Other factors that 
can control the presence of methylmercury in an aquatic system include the type of 
system (lake, river, estuary, ocean, etc.), water circulation patterns, catchment type, 
rainfall and water level fluctuations (e.g., artificial reservoirs).  
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All compounds of mercury, including methylmercury, can become strongly bound to 
suspended matter in surface water and effectively removed from the water column by 
sedimentation.  Methylmercury has lower affinity for suspended matter (log Kds 2 to 4) 
than inorganic mercury (log Kds 5 to 7) and thus tends to be somewhat more mobile in 
soluble form.  As discussed below, however, methylmercury and other mercury 
compounds may also be taken up by aquatic organisms and, over time, gradually 
bioaccumulate in the food chain. 
 
Mercury in sediment is generally found in association with organic matter, sulphide or 
both. Where industrial releases have occurred mercury may sometimes be found in its 
elemental form as beads or amalgamated with other metals. The physicochemical 
behaviour of mercury in sediments is principally controlled by the pH, redox potential 
and free sulphide content of the sediment.  In anaerobic conditions, mercury binds with 
sulphides to form highly insoluble mercuric sulphide (HgS) (e.g., Barnett et al 1997) but 
the solubility of this compound increases with increasing pH and increasing 
concentration of free sulphide in sediment pore water. Mercury readily replaces 
(substitutes for) other metals in metal sulphides in the acid volatile sulphide fraction of 
sediments, and is not released with other metals when sediments are acidified. Under 
aerobic conditions, mercury sulphide may be oxidized to mercury sulphate and thus 
released in soluble form. However, studies (Burkstaller et al 1975; Barnett et al 2001) 
have shown that the release of soluble mercury from mercuric sulphide undergoing 
oxidation is not proportional to the release of sulphate due to readsorption of the mercury.  
 
Methylation/Demethylation - Methylation of mercury appears to be a co-metabolic 
reaction with no specific gene control (Summers 1986).  In many aquatic systems biotic 
methylation appears to produce almost all the methylmercury and sulphate-reducing 
bacteria (SRBs) appear to be important mediators of the methylation process, although 
not all SRBs are known to methylate.  Where SRBs are implicated as methylators there 
appears to be an optimal range of sulphate concentration (10 to 300 �M) associated with 
maximum production of methylmercury while optimal sulphide concentration is quite 
low (10 �M) (Gilmour et al 1992,1998;Benoit et al 2001) other factor being equal. Some 
recent work has also implicated some iron reducing bacteria (IRBs) as methylators 
(Fleming et al 2006).  
 
Degradation (demethylation) of methylmercury is also controlled by microbial processes 
but photodegradation is also important within the photic zones of aquatic systems (Sellars 
et al. 1996).  The production (and degradation) of methylmercury depends on such 
factors as the availability of Hg (II), oxygen concentration, pH, redox potential, presence 
of sulphate and sulphide, salinity, sunlight, and the nature and presence of organic carbon 
and other organic and inorganic agents.  Additions of sulphates to freshwater sediments 
are generally stimulatory to production of methylmercury while the high sulphate 
concentrations of seawater limits methylation in estuarine sediments presumably due to 
complexation and precipitation as mercuric sulphide (King et al 1999).  Certain 
oxyanions (e.g., molybdate) are known to inhibit methylation by suppressing the 
activities of  SRBs (Chen et al 1997). 
 
In spite of the complex nature of methylmercury, general conclusions can be made in 
regards to environmental conditions that promote or inhibit the formation of this 
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compound.  As discussed above, inorganic mercury may be converted to methylmercury 
by sulphate reducing bacteria. Methylation of mercury is most favourable under moderate 
pH and Eh conditions in anaerobic/reducing environments, or near interfaces between 
oxic/anoxic conditions. Methylation of mercury is most significant at the sediment-water 
interface (e.g., Bloom et all 1999) but can also occur within the water column.  High 
concentrations of nutrients enhance microbial activity as well as anaerobic conditions.  
High pH and/or low Eh enhances sulphide activity and can cause mercury to be 
precipitated as insoluble mercuric sulphide.  Exposure of the sediment to oxidizing 
conditions, however, promotes the conversion of sulphide to sulphate and potential 
availability of mercury for methylation.  This could occur either naturally, through a 
decrease in the organic load or seasonal turnover, or to disturbance and re-suspension of 
the sediment through activities such as dredging.  
 
Mercury complexes strongly with sulphur compounds (HS-, S2-, and organosulphides) 
but also undergoes both biotic and abiotic pathways to methylmercury.  A significant 
positive correlation (r=0.94) between AVS and methylmercury concentrations has been 
found in sediments from the Elbe River (Hintelmann and Wilken, 1995).  In that study, it 
was suggested that the strong binding of CH3Hg+ to sulphide in sediments may be an 
important factor controlling the transformation and accumulation of methylmercury.  
However, Benoit et al (2001) recently reported that mercury methylation rates were 
linearly related to the calculated concentration of the dominant neutral complex in 
solution, HgS0. 
 
Bioavailability – The bioavailability of mercury to an organism is dependent on its 
speciation, the physical and chemical nature of the environmental media (e.g., water, 
sediment, prey) and the ecological habits (e.g., feeding) and physiological characteristics 
of the organism (e.g., physiological aspects that promote bioaccumulation).  The same 
geochemical factors that govern the fate and transport of mercury in the environment 
affect bioavailability to organisms.  Characteristics of soil, sediment or water that 
promote the bioavailability of mercury in organisms include high concentrations of 
methylmercury, low concentration of organic carbon (both dissolved and particulate) 
available for binding, low capacity to form charged inorganic complexes, and moderate 
redox conditions. Recent research by Mason and Lawrence (1999) in Baltimore Harbour 
highlighted the likelihood of increased bioavailability of methylmercury in sediments 
following general water quality improvements that typically result in lower organic 
content of sediments.  Barkay et al (1997) also demonstrated that higher concentrations of 
dissolved organic carbon in the aqueous phase reduced the bioavailability of inorganic 
mercury to bacteria. 
 
Bioavailability can also be evaluated in terms of potential complexation of mercury with 
available sulphide in sediment.  In a manner analogous to the binding of organic 
chemicals with organic carbon, certain divalent metal ions ("simultaneously extracted 
metals", SEM) can react with H2S released from the breakdown of amorphous iron and 
manganese sulphides ("acid-volatile sulphides", AVS) to form insoluble metal sulphides.  
When sufficient AVS is available, the bioavailability of these potentially toxic metals can 
therefore be significantly reduced.  When concentrations (molar basis) of the SEM metals 
exceed concentrations (molar basis) of AVS, the remaining, uncomplexed metals is 
considered to be bioavailable.  However, mercury sulphide is by far the least soluble 
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metal sulphide and is not extracted from soils and sediments with the other AVS-
associated metals (Cooper and Morse 1998).  In addition, Mikac et al (2000) showed that 
mercury initially extracted from sediment in the typical AVS protocol may react with 
H2S released from AVS phases and actually form mercuric sulfide during the extraction. 
Thus, AVS/SEM has not been a very useful tool to characterize the bioavailability of 
total mercury in sediments. Nonetheless, mercury in sediments with significant AVS is 
likely to be bound to sulphide and not be very bioavailable. 
 
Sulphide concentrations increase as the sediment environment becomes more reducing 
and decrease in oxidizing environments.  In highly oxidized environments, complexing 
agents other than AVS can decrease mercury bioavailability.  For example, 
bioavailability of mercury in sediments has been demonstrated to decrease with 
increasing organic carbon content (Mason and Lawrence 1999; Hammerschmidt and 
Fitzgerald 2004). Other agents that may reduce the bioavailability of mercury include 
chloride, carbonates and hydroxides (Sadiq 1992).  Selenium may also reduce the 
bioavailability of mercury, although the exact mechanism remains unresolved (Belzile et 
al 2006). 
 
Bioaccumulation - Bioaccumulation of mercury has been shown to occur in aquatic 
plants, invertebrates, insects, scavengers, fish and mammals.  Benthic organisms are 
particularly susceptible to bioaccumulation of mercury (especially methylmercury) due to 
their close ties to the geochemistry of the sediments that they live on and in.  Uptake 
occurs primarily via dissolved-phase mercury in interstitial pore waters, with the mass of 
mercury bound in the sediment serving as a source. Studies have shown that 
bioaccumulation of mercury in invertebrate benthic organisms is relatively low in 
comparison to higher trophic level organisms such as mussels, shrimp, crabs and fish.  
This is due in part to the ability of the different organisms to eliminate mercury from their 
systems following initial uptake. 
 
Methylmercury is preferentially bioaccumulated in organisms, although bioaccumulation 
of mercury in the inorganic forms (neutral and charged aqueous complexes, e.g., 
Hg(OH)2, HgCl2) has also been documented.  Preferential uptake of methylmercury is 
due in part to its greater solubility in biological fluids and its lower rate of elimination in 
comparison to other organic and inorganic mercury complexes.  In particular, 
methylmercury has a very high affinity for sulfhydryl groups in proteins and is absorbed 
much more efficiently by organisms than inorganic mercury forms. Except at the base of 
foodwebs uptake and accumulation of mercury in the water column takes place primarily 
via food.  Mercury is later redistributed throughout other tissues in the organism and 
retained for long periods of time.  Inorganic mercury complexes may be initially taken up 
within digestive tract of fish but the majority of mercury is soon excreted.  
Biomagnification of mercury through the food chain as methylmercury has been 
demonstrated in high-trophic-level piscivorous fish and can be especially significant in 
marine mammals that feed on these fish, although this varies widely between species. 
 
Biomagnification - The term biomagnification refers to the progressive build up of a 
substances (e.g., methylmercury, PCBs, DDT) by successive trophic levels in a food 
chain. It relates to the concentration ratio in a tissue of a predator organism as compared 
to that in its prey.  For methylmercury this ratio always exceeds unity. As a consequence, 
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there is a selective enrichment of methylmercury (relative to inorganic mercury) as one 
moves from one trophic level to the next higher trophic level within a food chain. 
 
Mercury in Fish - The predominant form of mercury in fish is methylmercury (MeHg) 
and is most often derived, as discussed above, from microbial processes in the 
environment that convert inorganic mercury forms to methylated forms that are 
accumulated and “magnified”  within food chains leading to fish and other organisms that 
consume fish.  Thus, for example, some sulfate reducing bacteria (SRBs) are capable of 
transforming inorganic mercury to methylmercury that is in turn absorbed by primary 
producers (phytoplankton-periphyton) at the base of a food chain and passed on to 
secondary (e.g., zooplankton-grazers) and higher consumers with very high efficiency. 
There are also some rare circumstances where methylmercury was an accidental 
industrial by-product (e.g., acetaldehyde production, Minamata, Japan, Kudo and Turner 
1999), or produced abiotically by interaction of inorganic mercury with natural and 
anthropogenic methyl donors in the receiving environment, with the result that fish and 
wildlife was contaminated with methylmercury.  
 
Recovery of Hg-Contaminated Fisheries – The discharge of inorganic mercury to water 
bodies as a cause of fish contamination with methylmercury was first recognized in the 
late 1960s and efforts to reduce loading, at least from point sources, began in the early 
1970s.  Thus there are now numerous sites around the world where long-term monitoring 
data is documenting the recovery of Hg-contaminated fisheries. A common temporal 
trend observed at sites where point source loading was initially high (e.g., kg/day) and 
then sharply reduced or eliminated is a rapid decline in mercury in fish in the receiving 
water bodies (see reviews by Turner and Southworth 1999; Munthe et al 2007).  Mercury 
in fish at very few river and lake sites that experienced early high Hg loadings have fully 
recovered even after more than 30 years (e.g., South River in Virginia, Onondaga Lake in 
New York).  The reasons for failure of fish to fully recover vary somewhat from site to 
site but typically include: 1) continued residual loading from the point source(s) and 2) 
accumulation of mercury within the receiving water body and/or riparian terrestrial 
system that is continuing to feed mercury back to the water column and biota for long 
periods after the original source of contamination is curtailed.  
 
Many factors can affect recovery of Hg-contaminated fisheries.  Munthe et al (2007) 
review these factors as they pertain to both point and non-point sources of mercury.  
These factors can be divided between those affecting net methylation and those affecting 
the uptake of methylmercury by the food web.   For inputs of mercury to a water body to 
result in methylmercury in biota inorganic mercury must be converted to methylmercury. 
Net methylmercury production is affected by the concentration of bioavailable mercury 
and by a complex system of environmental factors that include 1) the areal extent and 
connectivity of methylating and demethylating zones within the water body and 2) the 
bioavailability of mercury and methylmercury to methylating and demethylating bacteria 
and the relative activities of those organisms.  As noted previously methylation is favored 
by reducing conditions and thus the presence and spatial distribution of such conditions 
within a receiving system determines where and how much methylmercury can be 
produced.   
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Recovery of a Hg-contaminated fishery may be affected by changes in the food chain that 
occur as loading of mercury is decreased by remedial activities.  Such changes are 
unlikely to be related directly to mercury loading but to other changes in water quality 
and nutrient loading.  For example, mercury concentrations in top level predators within a 
system depend in part on the number of steps in the food chain leading to the predator. 
Thus a “short” food chain may produce lower predator mercury levels compared to a 
“longer” food chain.  Differences in feeding behavior among several top predators can 
also be significant if the dominant predator is replaced by another over time. 
 
One novel hypothesis concerning recovery of Hg-contaminated implicates mercury-
resistant bacteria in suppressing production and persistence of methylmercury where 
water concentrations of inorganic mercury are sufficiently high to stimulate and maintain 
resistance mechanisms in indigenous bacteria. These mechanisms include MerA-
mediated reduction of mercuric ion and MerB-mediated demethylation (Schaefer et al 
2004) and can significantly affect the amount of methylmercury that is available for entry 
into the aquatic food web.  According to this hypothesis successful efforts to reduce 
loading of inorganic mercury may ultimately deactivate these mechanisms and cause 
unexpected spatial and temporal trends in mercury in fish. For example, fish mercury 
concentrations may increase downstream from a point source even as total mercury is 
decreasing over the same distance. 
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APPENDIX D Y-12 Information Control Form 
 

 




