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ABSTRACT: Developing Canadian hydroelectric resources is a
key component of North American plans for meeting future
energy demands. Microbial production of the bioaccumulative
neurotoxin methylmercury (MeHg) is stimulated in newly
flooded soils by degradation of labile organic carbon and
associated changes in geochemical conditions. We find all 22
Canadian hydroelectric facilities being considered for near-term
development are located within 100 km of indigenous
communities. For a facility in Labrador, Canada (Muskrat
Falls) with planned completion in 2017, we probabilistically
modeled peak MeHg enrichment relative to measured baseline
conditions in the river to be impounded, downstream estuary,
locally harvested fish, birds and seals, and three Inuit
communities. Results show a projected 10-fold increase in riverine MeHg levels and a 2.6-fold increase in estuarine surface
waters. MeHg concentrations in locally caught species increase 1.3 to 10-fold depending on time spent foraging in different
environments. Mean Inuit MeHg exposure is forecasted to double following flooding and over half of the women of childbearing
age and young children in the most northern community are projected to exceed the U.S. EPA’s reference dose. Equal or greater
aqueous MeHg concentrations relative to Muskrat Falls are forecasted for 11 sites across Canada, suggesting the need for
mitigation measures prior to flooding.

■ INTRODUCTION

Hydroelectric power accounts for 16.2% of global electricity
generation and plans to greatly expand capacity are underway as
countries seek to develop carbon neutral energy sources.1,2 In
Canada, 59% of the electricity supply is from hydroelectric
power and expansion is a key component of meeting
international agreements on carbon dioxide (CO2) reductions.

3

Enhanced releases of CO2, methane (CH4), and methylmer-
cury (MeHg) that are sustained for one to three decades
following flooding are widely acknowledged.1,4,5 Impacts of
CO2 and CH4 releases are global but MeHg is a neurotoxin that
bioaccumulates in food webs and adversely affects individuals
who rely on local ecosystems for food.6 Previous studies show
reservoir characteristics can be used to project MeHg levels in
water7,8 and fish9 following flooding but a prospective analysis
of risks to human health from hydroelectric power expansion is
lacking.
Traditional diets of indigenous people in the Arctic and

Subarctic are rich in fish, birds, seal, and whale that provide
many nutritional and cultural benefits10,11 but also biomagnify
environmental contaminants.12,13 Negative impacts of MeHg
exposure on neurodevelopment are well-established and widely
used as the basis for regulatory thresholds.14 In northern
indigenous populations, increased MeHg exposure has been

significantly associated with cardiovascular risk factors for adults
such as increased resting heart rate and heart rate
variability,15,16 as well as increased incidence of attention
deficit/hyperactivity disorder (ADHD) among children with
high prenatal exposures.17 Acute MeHg toxicity is associated
with widespread neurological abnormalities, paresthesia and
ataxia.18 In Canadian indigenous communities previously
impacted by hydroelectric flooding,19,20 measured MeHg
exposures have surpassed the lowest observed effects levels
for acute MeHg toxicity.18

Inorganic mercury (Hg) is a natural component of soils and
has been enriched globally by anthropogenic sources.21,22

MeHg is the only Hg species that biomagnifies in aquatic food
webs.23 Previously, we simulated flooding using soil cores from
a planned hydroelectric reservoir in Labrador, Canada and
found a 14-fold MeHg enrichment in overlying water within 3
days that was increasing exponentially at the end of the five-day
experimental period.24 These results suggest enhanced MeHg
availability to fish, birds and seals occurs almost immediately
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after reservoir flooding.24 Similarly, whole ecosystem experi-
ments in Northern Ontario show MeHg production peaks
within the first 1−3 years following impoundment.4,7 Elevated
MeHg levels in previously flooded reservoirs have gradually
declined back to baseline over several decades.25

Here we quantify expected increases in MeHg exposures for
three Inuit communities in Labrador, Canada surrounding a
hydroelectric facility to be flooded in 2016−2017 (Muskrat
Falls). Our analysis considers: (a) potential MeHg enrichment
in the flooded reservoir, (b) MeHg accumulation in the
downstream environment (an estuary known as Lake Melville),
(c) MeHg biomagnification in country foods, and (d) shifts in
MeHg exposures for Inuit individuals. We use information from
the Muskrat Falls site to forecast MeHg concentrations for
planned hydroelectric reservoir expansion areas across Canada
and discuss potential impacts on human health and mitigation
strategies.

■ MATERIALS AND METHODS
Data from nine sites across three ecosystems were used to
derive a relationship between soil organic carbon and peak
methylmercury (MeHg) content of flooded soils.7,26−28 We
excluded data from sites inundated more than three decades
prior to MeHg measurements because MeHg production
diminishes over time and smaller increases are observed in
periodically flooded environments.6,24,29 For data from the
Experimental Lakes Area (ELA) of Canada (boreal inceptisol
soils), we used the highest MeHg concentrations following
flooding for each site.7 Soil organic matter was converted to
organic carbon using a conversion factor of 0.58, where
needed.30

Methods used to calculate peak MeHg fluxes from flooded
soils into overlying reservoir waters for the Muskrat Falls,
Labrador site are shown in Supporting Information (SI) Table
S1. Satellite data were used to derive the organic carbon
content (%) of the upper 30 cm of soil in each planned
reservoir.31,32 Post-flooding peak water column MeHg
concentrations were simulated probabilistically using the
distributions described in SI Table S2, including (1) the 90th
percentile solids diameter, (2) the sediment-water partition
coefficient (Kd, L kg−1) for MeHg, and (3) the MeHg fraction
photochemically degraded during downstream transport.
We repeated this analysis for hydroelectric power develop-

ment sites currently in the planning phase or under
construction across Canada. All planned reservoirs are within
100 km of indigenous population reserves, settlements or
communities, which is the approximate distance of treaty
negotiated Inuit hunting and fishing territory from the Muskrat
Falls facility. For all facilities, we modeled peak water column
MeHg concentrations expected following flooding based on
site-specific data for water discharge, flooded area, reservoir soil
organic carbon, and the Muskrat Falls diffusive boundary layer
estimate (SI Table S3).
For the Muskrat Falls site, downstream impacts of peak

reservoir MeHg concentrations on the Lake Melville estuary
were quantified using the model developed by Schartup et al.24

(SI Figure S1). The estuary is permanently stratified and our
previous work shows biological productivity is concentrated in
the low-salinity surface layer (upper 10 m), which is the focus
of this analysis. The estuarine model is based on extensive field
measurements collected between 2012 and 2014 (SI Table S4).
It is externally forced with probabilistically modeled freshwater
MeHg inputs from the impounded river (Churchill River) from

this work, and previously characterized atmospheric deposition,
and tidal inputs.24 Depth-specific tidal inflows and outflows to
the Lake Melville estuary are based on buoy measurements and
detailed hydrodynamic modeling.33 The annual mean flux of
seawater from the subsurface to the surface layer (2.83 × 108

m3 d−1) was calculated from the hydraulic budget for each
vertical layer. We updated redox reactions for inorganic Hg
species following the parametrization by Soerensen et al.34

Baseline MeHg concentrations in locally harvested foods
from the Lake Melville region were derived with the assistance
of a community-led harvesting program (SI Table S5). Local
foods were selected for MeHg analysis in 2014−2015 after
consulting the Community Research Advisory Committee,
North West River. Fish MeHg concentrations often exhibit a
relationship with length.25 For this study, we separated juvenile
and adult size ranges and retained those most frequently
consumed by Inuit community members. All fish and shellfish
samples were analyzed for total Hg/MeHg and stables isotopes
of carbon, nitrogen and Hg (SI Table S6).35 Locally consumed
seal (Phoca hispida hispida) muscle, liver and kidney were
obtained from Inuit hunters in the spring of 2015 and analyzed
for total Hg and MeHg at Environment Canada in Burlington,
Ontario (see the Supporting Information for details). Data for
other birds and wildlife were obtained from Environment
Canada and literature values, where applicable.
Site-specific bioaccumulation factors (BAFs) for 65 locally

harvested foods including fish, birds, eggs and seal (SI Table
S5) were used to link modeled MeHg increases in the Churchill
River and Lake Melville estuary following flooding to changes
in locally harvested food concentrations (SI Table S7). This
analysis assumes steady state biological MeHg concentrations
with peak MeHg fluxes from the reservoir. Data from
previously flooded environments indicates up to ten years are
required for biota to reach maximum MeHg levels.29,36

We calculated BAFs from measured MeHg concentrations in
each locally consumed species and annual mean concentrations
measured in the river, estuary and outer marine regions (i.e.,
BAF = MeHg biota/water MeHg). Exposure to aqueous MeHg
for each species was calculated from the fraction of their
lifespan spent in each environment (i.e., the sum product of
aqueous MeHg concentration multiplied by the lifespan in each
region). We estimated the predominant habitat/foraging
regions of each species using δ13C, δ15N, Δ199Hg, and δ202Hg
as tracers,35 and literature information on their habitat
preferences. We accounted for uncertainty in the time spent
in each foraging region using uniform distributions that
envelope the likely ranges for each species (SI Table S2) and
probabilistically simulating MeHg increases. At previously
flooded hydroelectric reservoirs, some typically herbivorous
fish have been observed to eat fish stunned or killed by passage
through hydroelectric turbines, effectively raising their trophic
level and magnifying MeHg concentrations.37 We do not
include such potential effects in our enrichment calculations.
Hair samples were used as biomarkers of MeHg exposure for

individuals in three Inuit communities (Happy Valley−Goose
Bay, North West River, and Rigolet) downstream from the
Muskrat Falls development area (SI Figure S2). Samples were
obtained from the occipital region of the scalp with the
assistance of 26 Inuit research assistants. Participants were
recruited by the Nunatsiavut Government using membership
rolls, which is limited to persons with demonstrated Inuit
identity/ancestry. Samples were collected in both the June/July
2014 and September/October 2014 to account for any seasonal
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variability in MeHg intake and ensure overlap with the peak
harvest season for seals in the spring. 656 hair samples were
analyzed across these two periods, representing 571 unique
Inuit individuals and 19% of the total Inuit population in the
region (SI Table S8). Total Hg was analyzed in the two-
centimeter proximal end of hair using thermal decomposition,
amalgamation, and atomic absorption spectrophotometry (EPA
method 7473) with a Nippon MA-3000 or Milestone DMA-80
at Harvard University. Most of the Hg in hair is present as
MeHg (>90%) and potential demethylation in the hair follicle
means that total Hg is the best indicator of internal MeHg
exposure.38 At least one method blank and one certified hair
reference materials (GBW-07601 and ERM-DB001) were
tested every 10 samples and all recoveries were within certified
ranges. Precision, calculated by replicate analysis of the
duplicate hair samples (RSD) was better than 8.6%.
Food frequency questionnaire (FFQ) data using overlapping

24-h, 1-month and 3-month recall periods were collected in
March/April 2014 concurrently with hair sampling in June/July
and September/October 2014. The final FFQ survey
population included 38% of Inuit individuals in the region
(SI Table S9) and 1145 unique individuals. The survey
included information on height, weight, sex, age. Focus group
sessions were conducted with Community Research Advisory
Committees to ensure comprehensiveness of country foods
listed, local names and preparation methods. Interviews were
conducted in-person with the use of visual aids for
identification of fish meal sizes and species. Research protocols,
consent procedures and the survey instrument were reviewed
and approved by the Harvard Office of Human Research
Administration, the Newfoundland and Labrador Health
Research Ethics Authority, and the Nunatsiavut Government
Research Advisory Committee prior to recruitment.
Three-month FFQ recall data from September 2014

(highest-enrollment sampling period) and the one-compart-
ment pharmacokinetic model developed by the U.S. Environ-
mental Protection Agency39,40 were used to probabilistically
model baseline MeHg exposures in the three Inuit communities
prior to flooding. We chose the 3-month survey period because
it most closely matches the exposure period recorded by hair
samples. Variability in pharmacokinetic parameters for MeHg in
the human body was probabilistically simulated following the
methods outlined in Li et al.41 We scaled individual fish
servings to match the total meal number reported over the
recall period because recall data on species-specific fish
consumption tends to overestimate total consumption.41−43

Lognormal or gamma distributions were developed from
measured MeHg concentrations in country foods (SI Table
S6) and used in probabilistic exposure simulations.44 MeHg
variability in store-bought foods (SI Table S10) was simulated
following Carrington and Bolger.44

Modeled MeHg exposures were scaled by the ratio between
measured and modeled hair Hg to ensure agreement with
actual exposure levels. For individuals who did not provide hair
samples, we adjusted modeled exposures by the median of
these correction factors (mean = 0.96). Gender and age from
2011 census data were used to match the demographic
distribution of the Inuit population in each of the three
communities.45,46 Shifts in exposure resulting from flooding of
the Muskrat Falls reservoir were propagated from probabilisti-
cally simulated increases in MeHg concentrations in country
foods in each individual’s diet.

■ RESULTS AND DISCUSSION
Methylmercury Increases in Flooded Reservoirs. We

find a strong linear relationship across multiple ecosystems
between MeHg concentrations in soils inundated within
approximately three decades and their organic carbon content
(Figure 1). This relationship is consistent with site-specific

results from prior work.6,7,26 Labile organic carbon stimulates
the activity of methylating microbes by providing substrate for
respiration.4 Oxygen consumed during organic carbon
degradation creates optimal geochemical conditions for
anaerobic microbes (mainly sulfate reducers in flooded
soils),4,6 thereby increasing MeHg production.
Indigenous lands are located within 100 km of all potential

hydroelectric sites across Canada planned for near-term
development (Figure 2). Modeled sediment-to-water MeHg
fluxes across reservoirs range from 11−977 ng m−2 day−1.
When normalized to soil organic carbon content, modeled
fluxes (19−52 ng m−2 day−1) are consistent with those
calculated from peak water column MeHg concentrations for
a whole-ecosystem flooding experiment in the Experimental
Lakes Area (ELA), Canada (24−115 ng m−2 day−1). For the
Muskrat Falls reservoir, the expected mean flux (664 ng m−2

day−1) is within the range reported for other natural systems
(2−830 ng m−2 day−1).47

Across Canada, MeHg concentrations in hydroelectric
reservoirs following flooding range from negligible for
generating stations and run of the river facilities to greater
than 0.5 ng L−1. Forecasted MeHg concentrations in reservoir
water for the Muskrat Falls site (0.19 ng L−1) are moderate
compared to other facilities across Canada due to its relatively
smaller planned flooded area (41 km2). Highest forecasted
concentrations are for a planned facility in Quebec with a
relatively large flooded area (144 km2) (SI Table S3). Ten of
the planned sites across Canada are expected to have
postflooding MeHg concentrations lower than Muskrat Falls,

Figure 1. Relationship between soil organic carbon content and MeHg
concentrations (ng g−1 dry weight) of flooded soils. Each data point
represents an individual sampling location. Hatched lines indicate
standard errors around the mean. Soil cores are from the Wujiangu
reservoir, China (subtropical terra rossa),28 the Experimental Lakes
Area (ELA, boreal inceptisol) in Northern Ontario, Canada,7,26 and La
Grande-2 (Robert Bourassa) Reservoir in Quebec, Canada.27 ELA data
indicate the site-wide peak in MeHg (1−2 years postflood) except for
the filled circle, which represents 9-years post flooding.
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and 11 are expected to be higher (SI Figure S3). The four sites
with highest projected MeHg concentrations (>0.35 ng L−1)
have relatively large flooded areas (85−144 km2). Cumulatively,
sites with projected MeHg concentrations higher than Muskrat
Falls account for greater than 50% of the proposed new energy
generation (SI Figure S3).
After flooding of the Muskrat Falls reservoir, the annual flow-

weighted mean MeHg concentration in the Churchill River is
projected to increase approximately 10-fold from a measured
baseline value of 17.5 ± 11.5 pg L−1 (SI Table S4) to an
expected mean of 180 pg L−1. The fifth and 95th percentile
scenarios represent 5.5 to 17-fold enrichment (90−300 pg L−1)
relative to baseline concentrations (Figure 3). These changes
represent substantial increases in MeHg concentrations in the
freshwater environment that will be magnified in local food
webs.
Impacts on the Downstream Environment. Few studies

have considered the downstream impacts of enhanced MeHg
concentrations in hydroelectric reservoirs. Kasper et al.48 noted
elevated fish MeHg concentrations up to 250 km downstream
of the impoundment. However, the Muskrat Falls environ-
mental impact assessment posited there would be no impact on
a large fjord (Lake Melville) approximately 40 km downstream
that contains treaty-negotiated hunting and fishing territory for
Labrador Inuit, due to potential dilution throughout the water
column.49 By contrast, our previous research indicates the
estuary is permanently stratified and freshwater inputs from the
Churchill River are concentrated in the upper 10 m of the water
column with limited mixing.24 This concentrates riverine inputs
within a relatively small volume of the estuary (the photic
zone) that is most important for biological productivity,
facilitating uptake at the base of estuarine food webs.24

Modeling conducted here indicates expected mean MeHg
concentrations in Lake Melville surface waters will increase 2.6-
fold following flooding of the Muskrat Falls reservoir from 17
pg L−1 to a peak level of 44 pg L−1 (Figure 3). The fifth
percentile scenario suggests a lower bound increase of 1.6-fold
(28 pg L−1) and the 95th percentile scenario represents a 4-fold

Figure 2. Planned locations for hydroelectric power expansion in Canada and indigenous populations with reserves or communities within 100 km
of development regions (SI Table S3). Inset map shows the Muskrat Falls facility in Labrador and the three Inuit communities studied in this work.
Reservoir MeHg concentrations are modeled for each site using the relationship shown in Figure 1 and site specific data on soil organic carbon
content (upper 30 cm) of flooded reservoirs derived from satellite data, and the sediment-water flux parametrization shown in SI Table S1.

Figure 3. Probabilistically modeled scenarios for MeHg increases in
downstream river and estuary of the Muskrat Falls hydroelectric
facility. Photochemical MeHg demethylation is assumed to occur
continuously down the reach of the Churchill River into Lake Melville
thus the river concentration reflects the average of reservoir
concentrations and downstream inputs to Lake Melville.
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increase (69 pg L−1). These results suggest substantial increases
in MeHg concentrations in the downstream estuary will result
from flooding of the Muskrat Falls reservoir, contrasting the
results of the initial Environmental Impact Assessment.49

Methylmercury Increases in Biota. Impacts of enhanced
aqueous MeHg concentrations in the river and estuary
surrounding the Muskrat Falls site depend on the extent of
bioaccumulation in local food webs. Site-specific BAFs for fish,
birds, eggs and seal range from 106 to 108 (SI Table S7).
Highest baseline MeHg concentrations are found in loon eggs,
tern eggs, seal liver, and porpoise (literature value). Only
porpoise presently exceeds the 0.5 μg MeHg g−1 Canadian
retail limit50 for most fish (Figure 4, SI Table S6).
Modeled MeHg concentrations in the top 20 local foods

contributing to Inuit MeHg exposure after flooding range from
1.3 to 10 times measured baseline concentrations (Figure 4).
This is consistent with two- to 9-fold increases in fish MeHg
concentrations previously reported for other Canadian
reservoirs.36,51 Variable impacts of flooding across species
downstream of Muskrat Falls mainly reflects differences in
foraging activity (i.e., time spent in the river, estuary and outer
marine regions, SI Table S7). For example, brook trout are
highly enriched in MeHg following flooding due to the large
fraction of their lifespan spent in the freshwater environment
(SI Table S11).
After flooding, expected mean MeHg concentrations in lake

trout, seal, tern eggs, brook trout and char liver are all projected
to be at or above the Canadian retail limit for MeHg (Figure
4A). Black duck, Atlantic cod and rock cod also exceed this
level under the 95th percentile environmental increase scenario.
After flooding, almost 90% of population-wide MeHg exposure
is projected to be from locally caught foods (Figure 4B).
Increasing MeHg burdens of traditional country foods
consumed by Inuit will elevate their MeHg exposures and

may adversely affect local wildlife that are sensitive to high
levels of MeHg exposure.52

Inuit Exposures and Risks. Measured hair Hg concen-
trations in 474 individuals from the three Inuit communities
downstream of Muskrat Falls show over 90% of baseline (ca.
2014) MeHg exposures are below regulatory guidelines for
MeHg in the U.S. and Canada (Figure S4). Highest exposures
are found in the most northern community of Rigolet, where
24% of individuals presently exceed the U.S. Environmental
Protection Agency’s (U.S. EPA) Reference Dose for MeHg
(RfD, 0.1 μg kg−1 body weight day−1), and 3% are above Health
Canada’s (HC) provisional tolerable daily intake (pTDI, 0.20−
0.47 μg kg−1 body weight day−1). Mean exposure levels in
Rigolet in 2014 were similar to those reported in the 2007−
2008 Inuit Health Survey for other communities along the
Labrador coastline.53 All three Inuit communities downstream
of Muskrat Falls have higher MeHg exposure levels than the
general Canadian population due to greater consumption of
aquatic foods.54

Following flooding of the Muskrat Falls reservoir, median
MeHg exposures are expected to at least double for the
majority of the downstream Inuit population (Figure 5A).
Projected increases are greatest in the community of Rigolet,
where the median exposure increase is projected to be almost
three times baseline values. Disproportionate increases in
MeHg exposures occur for individuals who are already the most
highly exposed and consume the greatest quantities of country
foods. For example, mean MeHg intake increases from 0.15 to
0.50 μg kg−1 day−1 for individuals at the 90th percentile of
postflooding exposures and this demographic accounts for
nearly 60% of the total additional MeHg intake (μg day−1)
following flooding.
Average MeHg exposure levels for women of childbearing

age16−49 and young children (age <12) in the community of

Figure 4. Top 20 MeHg exposure sources for Inuit downstream of the Muskrat Falls hydroelectric reservoir before (measured in 2014) and after
flooding (modeled peak concentration) planned for 2016−2017 (SI Table S1). Commercial species unaffected by local conditions are denoted by
“*”. Panel (A) shows MeHg concentrations in country foods relative to Health Canada retail limits for fish other than tuna (0.5 μg g−1).64 Error bars
indicate ±1 standard deviation for baseline and postflooding (simulated) mean. Panel (B) shows relative changes in per-capita exposures based on
the expected mean exposures from probabilistic simulations. Error bars indicate 5th−95th percentiles simulated for each species. Pie charts show
population-wide MeHg exposure from country foods before (measured) and after (modeled) flooding, where white space corresponds to MeHg
exposure from commercial foods. A complete list of MeHg concentrations in aquatic foods are available in SI Tables S6 and S11.
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Rigolet exceed the U.S. EPA’s RfD (Figure 5B) and are within
15% of Health Canada’s provisional tolerable daily intake
(pTDI) level.55 This demographic is most sensitive to the
neurodevelopmental impacts of MeHg exposure.56 Beyond the
75th percentile of this population, all individuals are above both
regulatory guidelines for MeHg (Figure 5B). Grandjean and
Budtz-Jorgensen57 found imprecision in the biomonitoring data
used to formulate the U.S. EPA’s RfD led to an overestimate of
50% and proposed that a revised RfD of 0.05 μg kg−1 day−1

(0.58 μg Hg g−1 hair) would be more appropriate. In Rigolet,
77% of individuals exceed this level (Figure S5). Exposures are
lower in the other two communities due to more limited
consumption of country foods (Figure S6). Across the three
communities, 41% of the total population and 28% of women
of childbearing age (Figure S5) exceed the level proposed by
Grandjean and Budtz-Jorgensen.57

Regulatory thresholds such as a RfD imply the existence of a
safe level of chronic exposure. However, when formulating the
RfD, the U.S. EPA itself acknowledged that “no evidence of a
threshold arose for methylmercury-related neurotoxicity”.39

Recent data from prospective birth cohorts support this
conclusion.58−60 For adults, the Health Canada pTDI is the
least conservative across international regulatory agencies (0.47
μg kg−1 day−1). Therefore, all consumers of local foods are
likely to face decreased net health benefits as a result of
increased MeHg in local foods.
Pan Canada Implications. Modeled reservoir MeHg levels

at 11 of the proposed 21 hydroelectric sites across Canada are
comparable or greater than the Muskrat Falls reservoir (Figure

2). The communities of Happy Valley-Goose Bay and
Northwest River consume fewer country foods than typical of
most indigenous populations in Canada,53 suggesting poten-
tially greater exposures of other indigenous communities with
moderate and high projected reservoir MeHg levels.
Country foods are known to confer a wide-range of

nutritional and social health benefits to indigenous commun-
ities and nutritious alternative food choices are limited in the
Canadian North.10,11 Past studies suggest reducing or avoiding
consumption of country foods may also result in substantial
adverse impacts on individual health.61,62 Reducing environ-
mental MeHg concentrations associated with hydroelectric
flooding should thus be prioritized as a mitigation measure. For
example, soil organic carbon content could be used as a
screening criterion for site selection or reservoirs could be
designed to minimize flooded area. Mailman et al.63 review a
number of other interventions, such as the removal of organic
carbon from the planned reservoir regions prior to flooding.
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