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Ken Reimer
Chair, Independent Expert Advisory Committee
Happy Valley – Goose Bay, NL

re:  Summary of mercury modeling analysis for Muskrat Falls Reservoir
This technical memorandum describes mercury modeling results in connection with Muskrat Falls Reservoir, presented to the IEAC on February 26, 2018.  Given the time constraints, this document provides a summary.  A detailed report will follow.
Nalcor retained Reed Harris Environmental Ltd. to update modeling previously carried out to predict increases in methylmercury concentrations in Muskrat Falls Reservoir.  The scope of the original modeling exercise was also expanded to include downstream mercury modeling in Goose Bay and Lake Melville.  Reservoir simulation results available as of February 26, 2018 are summarized here.  Downstream mercury predictions are not yet available.

1) Modeling approach
Mechanistic and regression modeling approaches were used to simulate increases in methylmercury in Muskrat Falls Reservoir.  Both approaches were previously applied to Muskrat Falls reservoir in support of the Environmental Impact Statement (Nalcor, 2009a; Harris et al., 2010).  The analysis presented here represents an update to earlier modeling efforts.
Mechanistic model
A mechanistic model known as ResMerc (Harris et al., 2009; Harris and Hutchinson, 2009) was used to predict concentrations of total mercury, methylmercury and elemental mercury in water, sediments, and biota in the reservoir through time.  The steps involved in the application of ResMerc to Muskrat Falls Reservoir are shown in Figure 1 and summarized below:  
· The first step was to apply the model to Robert Bourassa Reservoir in Quebec to estimate the methylmercury loads required from flood zones to support observed increases and declines in fish mercury concentrations.  In lieu of having information characterizing the flood zone at Robert Bourassa Reservoir, it was assumed that the flood zone conditions were the same as estimated for Muskrat Falls Reservoir.
· The model calibration from Robert Bourassa Reservoir was tested by applying the model to Notigi Reservoir, Manitoba, comparing predicted and observed fish mercury concentrations.
· The model was next applied to pre-flood conditions in Muskrat Falls Reservoir.
· Simulations were then carried out to predict mercury concentrations in Muskrat Falls Reservoir after flooding.
· Finally, the effects of two mitigation scenarios were simulated: (a) covering 60 ha of wetland terrain with inorganic material, and (b) removing the organics from 968 ha of upland terrain. 
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[bookmark: _Ref507620938]Figure 1. Approach used to develop model simulations for Muskrat Falls Reservoir
RESMERC is a process-based simulation model for reservoirs and lakes.  Model compartments include the water column, sediments, and a simplified food web that consists of several trophic levels (phytoplankton, zooplankton, benthos and up to four fish species) (Figure 2).  Fish mercury concentrations tend to increase with age and are therefore followed in each year class (up to 20 cohorts).  The model predicts concentrations, mercury pools and major fluxes for each mercury form through time.  
RESMERC mercury processes include atmospheric deposition, inflows and outflows (surface and groundwater), adsorption/desorption, particulate settling, particle decomposition at the sediment/water interface and within sediments, resuspension, burial, air/water gaseous exchange, industrial point sources, in-situ transformations (e.g. methylation, demethylation, MeHg photodegradation, Hg(II) reduction and oxidation), Hg uptake kinetics in plankton and partitioning in benthos, and MeHg bioaccumulation in fish. A detailed description of model processes and equations in RESMERC is provided in the model user’s guide (Harris and Hutchinson, 2009).
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[bookmark: _Ref21425082]Figure 2. Representation of Hg Cycling and Bioaccumulation in ResMerc
MeHg concentrations in fish are predicted using a bioenergetics approach described by Harris and Bodaly (1998). Hg fluxes are expanded from individual fish to entire fish populations by computing the fluxes for individual fish and then multiplying by the number of fish in each age class.
 While many factors affect fish Hg concentrations in natural lakes, one process takes on special importance in reservoirs: decomposition.  Flooding stimulates decomposition and more activity by microbes that convert inorganic Hg into MeHg.  Special attention is devoted to these processes in RESMERC.  Sediments are divided into a maximum of 5 zones in the model, based on terrain type and elevations set by the user.  These zones can include littoral and profundal zones in the original lake, flooded uplands and flooded wetlands.  Each sediment zone has two vertical sediments layers with thicknesses defined by the user. Sediments below the 2nd layer are treated as a boundary condition.  Each sediment layer has its own initial conditions, characteristics and inputs.  

Additional information on the RESMERC model is available in the model user guide (Harris and Hutchinson 2009) and a report describing the model development (Harris et al., 2009)

Regression Model.
A regression model (Harris et al. 2015) was also applied derived from a simplified mass balance expression for methylmercury sources and sinks in reservoirs.  The model predicts peak fish mercury concentrations on the basis of three site conditions:  flooded area, total area, and mean annual flow (Figure 3).  This model does not predict how concentrations change with time.  The version of the model applied to Muskrat Falls first predicts the increase in fish mercury concentration, which is then added to the existing concentration.  
Existing fish mercury concentration in the study area are low, e.g. 0.26 µg/g in a 700 mm Northern Pike.  The sites used to develop the regression model had data for peak concentrations but typically did not measure pre-flood concentrations on a site by site basis.  It is likely though that the fish mercury concentrations in the vicinity of the Muskrat Falls Reservoir site are at the low end and possible outside the range of values bounded by the model development data.  To help address this situation, the regression model was calibrated assuming that the baseline concentration was 0.25 µg/g for the 12 reservoirs with existing data for peak concentrations.  This would tend to predict a greater increase than if a higher baseline concentration was applied to develop the model.
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[bookmark: _Ref507621686]Figure 3. Conceptual sketch and form of equation for regression model to predict the peak increase in fish mercury concentrations.
Two regressions were used, one with an intercept forced through the origin, and one that did not impose that constraint.  The equations for the increase in mercury in 700 mm Northern Pike were:
Intercept = 0:       	
Increase in fish Hg (µg/g) = 0.585 * (Af/(Q + 0.136* At) 					(1)
Intercept not forced through origin:	
Increase in fish Hg (µg/g) = 0.326 * (Af/(Q + 0.091* At) + 0.525				(2)


Where:
Af = flooded area that contributes to elevated methylmercury production (km2)
At = Total reservoir area (km2)
Q = mean annual flow (km3/yr)
The overall peak concentration was then calculated as the increase plus the baseline concentration of 0.26 µg/g.

2) Muskrat Falls Reservoir 
[bookmark: _Hlk507658810]Muskrat Falls Reservoir will have a maximum depth of approximately 27 m, and a mean annual water residence time of approximately 10 days, based a mean annual flow of 1781 (average for 2006-2015, Water Survey of Canada, 2017).  Using data monitored at a station located at the upstream end of the reservoir (N1) from December 2016- December 2017, temperatures ranged from -1.23 to 18.24 C, the mean pH was 7.37 and the mean DOC was 4.6 mg/L (derived from Nalcor, 2018). 
The reservoir is predicted to remain well mixed and oxygenated (Nalcor, 2009b).  The total area of the reservoir will be 101.5 km2.  The amount of flooded terrain is 43.9 km2.  Within the flooded area, 6.9 km2 are gravel bars and 6.6 km2 are riparian areas with very low carbon content.  It was assumed that the flooded area that effectively contributed elevated methylmercury supply should exclude the gravel bars, and possible the riparian area flooded.  Simulations were carried out including and excluding the riparian area from the zone effectively contributing to increased methylmercury (30.4 to 37.0 km2).  Additional information on site characteristics will be included in the final report. 
Table 1.  Muskrat Falls Reservoir flood zone characterization.  Data from AMEC Foster Wheeler, 2018a
	ELC type
	Area (km2)
	% of Reservoir area
	% of Flooded Area

	Black Spruce / Feathermoss Forest
	8.59
	8.5
	19.6

	Fir - White Spruce Forest
	8.14
	8.0
	18.6

	Black Spruce / Lichen Woodland
	0.91
	0.9
	2.1

	Hardwood Forest
	2.20
	2.2
	5.0

	Mixedwood Forest
	6.96
	6.9
	15.9

	Spruce Fir / Feathermoss Forest
	1.16
	1.1
	2.6

	Bl. Spruce/Sphagnum Woodland
	0.20
	0.2
	0.5

	Unvegetated
	0.04
	0.04
	0.1

	Wetland
	2.18
	2.2
	5.0

	Riparian
	6.56
	6.5
	15.0

	Gravel Bar
	6.92
	6.8
	15.8

	All flooded forest
	28.18
	27.8
	64.2

	All flooded forest + wetland
	30.38
	29.9
	69.2

	Total flooded area
	43.91
	43.3
	100.0

	Total flooded area minus gravel bar
	36.98
	36.4
	84.2

	Total flooded area minus gravel bar and riparian
	30.42
	30.0
	69.3

	Water
	57.59
	56.7
	

	Total
	101.51
	100.0
	



98% of the flooded terrain expected to contribute to elevated methylmercury supply is upland.  Carbon pools were estimated for the upland flood zone based on the following:
· Humic layer:  Field survey by AMEC Foster Wheeler (2017) 
· Litter:  Literature review by AMEC Foster Wheeler (2018b)
· Foliage:  FLUDEX experiment data from Hall et al. (2005)
It was assumed that foliage would represent a labile pool of carbon affecting methylation rates while other above-ground vegetation would not contribute to elevated methylmercury supply.  
The model has two sediment layers.  The top layer was set up with a 2 cm thickness and included carbon from foliage and litter.  The lower layer represented the humic layer that averaged about 8 cm in depth (Figure 4).
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[bookmark: _Ref507670387]Figure 4.  Carbon pools in model soil layers for Muskrat Falls Reservoir flood zone.

The food web related to bioaccumulation by Northern Pike was set up as shown in Figure 5.  Macroinvertebrates are an important component at the base of the Northern Pike food web in the freshwater system.  It was assumed for based case simulations that most of the methylmercury in macroinvertebrates is derived from methylmercury in the water column.  Alternative scenarios were also simulated with macroinvertebrates have a greater connection to the pool of methylmercury in sediments.  Bioenergetics constants for Longnose Suckers were not found in the literature and values for Humpback Chub were used as a surrogate.
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[bookmark: _Ref507660189]Figure 5.  Major food web compartments and links used in simulations for Northern Pike.

3) Results
Mechanistic model results
ResMerc was calibrated to estimate the methylmercury loads required from the flood zone to support observed mercury concentrations in Northern Pike and Lake Whitefish in Robert Bourassa Reservoir.  Estimated methylmercury diffusion loads from flooded soils ranged from approximately 80-120 ng/m2/day from flooded uplands from years 2-6 after flooding (Figure 6).  Predicted wetland diffusion rates were comparable but lower.  The resulting modeled fish mercury concentrations matched observations well (Figure 7).  These methylmercury loads from the flood zone produced peak methylmercury concentrations in water of nearly 1 ng/L (Figure 8).  No data were available for comparison.
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[bookmark: _Ref507622647]Figure 6.  Predicted annual average methylmercury diffusion rates from flooded uplands in in Robert Bourassa Reservoir, QC.
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[bookmark: _Ref507622701]Figure 7.  Observations and ResMerc results for methylmercury concentrations in Northern PIke (700 mm) and Lake Whitefish (400 mm) in Robert Bourassa Reservoir, QC. Observations from Hydro Québec (2013)
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[bookmark: _Ref507623289]Figure 8.  Predicted methylmercury concentration in surface waters in Robert Bourassa Reservoir, QC.
The calibrated model was then applied to Notigi Reservoir, MB, again assuming the same flood zone characteristics and carbon pools estimated for Muskrat Falls Reservoir.  Predicted mercury concentrations in Northern Pike and Lake Whitefish reasonably matched observations, with a slight tendency to overpredict observations.
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[bookmark: _Ref507690616]Figure 9.  Observations and ResMerc results for mercury concentrations in Northern PIke (700 mm) and Lake Whitefish (350 mm) in Notigi Reservoir.  Observations derived from Bodaly (2005)


The model was next applied to pre-flood conditions in the Lower Churchill River at the Muskrat Falls site.  Rate constants for mercury cycling and carbon turnover were the same as used for Robert Bourassa and Notigi Reservoirs.  The simulation was “warmed up” for 100 years to allow conditions to stabilize, and results were examined for the 101st year.  Simulated and concentrations reasonably matched observations of methylmercury in water (Figure 10) and fish (Figure 11).  Minor adjustments were made to rate constants for fish methylmercury dynamics to improve the model fit.  The estimated baseline mercury concentration for northern pike is low: 0.26 µg/g.  The estimated baseline concentrations for 400 mm Longnose suckers and Lake Whitefish were 0.18 and 0.14 µg/g respectively.
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[bookmark: _Ref507625067]Figure 10. Observed and simulated methylmercury concentrations in surface waters for pre-flood conditions at the Muskrat Falls Reservoir site.  Data from Station N1. Nalcor (2018)
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[bookmark: _Ref507625071]Figure 11.Observed and simulated fish mercury concentrations for pre-flood conditions at the Muskrat Falls Reservoir site. Data from 2010 to 2016 in River Section 2.  Source:  J. McCarthy (2017).  
The model was then applied to post-flood conditions for Muskrat Falls reservoir.  Due to limitations with the model’s ability to simulate the filling period, post-flood simulations started with the reservoir at full elevation (39 m asl). Estimated methylmercury diffusion loads ranged from approximately 80-145 ng/m2/day from flooded uplands during the first 6 years after flooding (Figure 12).  Methylmercury concentrations were predicted to increase to approximately 0.1 ng/L in surface waters of Muskrat Falls Reservoir (Figure 13), 0.64 µg/g in 700 mm Northern Pike and 0.23 µg/g in 400 mm Northern Pike (Figure 14).  
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[bookmark: _Ref507625726]Figure 12.  Predicted average annual methylmercury diffusion rates from flooded uplands in Muskrat Falls Reservoir.
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[bookmark: _Ref507625800]Figure 13.  Predicted methylmercury concentrations in Muskrat Falls Reservoir surface waters.
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[bookmark: _Ref507626043]Figure 14.  Predicted methylmercury concentrations in Muskrat Falls Reservoir Northern pike and Lake Whitefish



Simulations were carried to examine the effect of the choice of the effective flooded area that contributes elevated methylmercury supply, as shown in Figure 15.
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[bookmark: _Ref507664381]Figure 15.  Predicted mercury concentrations in 700 mm Northern Pike in Muskrat Falls Reservoir, for different estimates of flooded area that contribute to elevated methylmercury supply.
Because there is uncertainty regarding the extent to which methylmercury in the food web is ultimately linked to the water column versus sediments, an alternative scenario was simulated assuming that 50% of the base of the food web derived methylmercury from sediments post-flood. The peak predicted mercury concentration for 700 mm Northern pike was 25% higher for the alternative simulation, when the effective flooded area was 36.98 km2 (0.80 versus 0.64 µg/g).  
Two mitigation scenarios were evaluated for the base case. Eliminating 60 ha of wetland as a source of methylmercury had little effect, reducing the peak fish mercury in Northern Pike by about 0.01 µg/g .  This was simply because of the small area involved (about 2% of the flood zone).
The second mitigation option evaluated involved removing all organic material from 968 ha of uplands.  The predicted effect of this scenario on mercury concentrations in Northern Pike in the reservoir is shown in Figure 16.  The peak concentration is about 15-16% lower than the base case result.  
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[bookmark: _Ref507666960]Figure 16.  Predicted effect on Northern Pike mercury concentrations if 968 ha of upland terrain is removed.
Results were consolidated from various simulations using different estimates of the flooded area the effectively contributes to elevated methylmercury supply.  A linear relationship emerged between the effective flooded area and both the predicted methylmercury concentrations in fish (Figure 17) and in the water column (Figure 19).  If we consider the portion of the concentration associated with the increase (as opposed to the baseline), there is a 1:1 relationship, i.e. a 25% reduction in effective flooded area reduces the predicted increase by 25%.  When the increase is added to the baseline to get a peak predicted concentration, the change in overall concentration is less than 1:1.  For example, eliminating 968 ha reduces the effective flooded area by 26-32 percent, depending on whether riparian flooding is included.  This is approximately the same percent change predicted when looking specifically at the increase in fish mercury concentration (as opposed to overall concentration).  The increase in overall concentration is reduced by 15-17% in the base case scenario.  For a scenario with 50% of the base of the food web connected to methylmercury in sediments, the rate of change in Hg concentration was 0.14 µg/g for each 10 km2 of flooding (Figure 18), compared to 0.10 for the base case.  Removing 968 ha of upland organic area would result in a 17-20% decline in peak mercury concentration in a 700 mm Northern Pike in the simulation with 50% of the base of the food web linked to methylmercury in sediments, versus about 15-16% for the base case.
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[bookmark: _Ref507667541]Figure 17.  Predicted relationship between effective flooded area and peak mercury concentrations in 700 mm Northern Pike in Muskrat Falls Reservoir.  Top panel shows ResMerc results.  Bottom panel shows results for regression model.
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[bookmark: _Ref507682188]Figure 18.  Sensitivity of predicted Hg in 700 mm Northern Pike to the fraction of the base of the food web linked to sediment MeHg (as opposed to water column MeHg)
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[bookmark: _Ref507667617]Figure 19.  Predicted relationship between effective flooded area and peak mercury concentrations in water in Muskrat Falls Reservoir.  Red points are absolute peaks.  Green points are maximum one-year averages.

Regression model results
A regression model was developed to estimate the peak increase in mercury for 700 mm Northern pike in new reservoirs.  While data were available for post-flood mercury levels at 12 sites, most sites did not have pre-flood data.  We assumed that the baseline concentration at all sites used to develop the regression was 0.25 µg/g. This is likely low, which would conservatively predict a larger increase than actually occurred.  The resulting model is shown in Figure 20.  Note that the y axis in the figure shows the predicted increase, which must be added to the baseline to estimate the overall peak concentration.  Muskrat falls Reservoir is predicted to have a peak concentration between 0.51 and 0.57 µg/g without mitigation, and 0.43 to 0.49 µg/g after removing 968 ha of upland organics.   
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[bookmark: _Ref507672173]Figure 20. Regression model results for 700 mm Northern Pike – intercept forced through origin.  Red dots are estimated increases for 12 Canadian reservoirs, based on field estimates of peak concentrations and assuming a baseline of 0.25 µg/g.  Blue line is the model.  Black dots are predictions for Muskrat Falls Reservoir without mitigation.  Green triangles are predictions after removing organics from 968 ha of upland flood zone.  The predicted increase must be added to the baseline concentration to estimate the overall peak concentration.
A version of the model was also tested that did not force the intercept through the origin (Figure 21).  This model predicted higher peak concentrations, approximately 0.95 µg/g in 700 mm Northern Pike for the base case and 0.9 µg/g after removing 968 ha of organic uplands.   These concentrations are higher than the peak concentrations predicted with the base case model simulation, but comparable to ResMerc predictions if the base of the food web had a stronger link to methylmercury in sediments.   It is important to note however that this version of the model has an intercept of 0.52, i.e.  it predicts a minimum increase of 0.5 µg/g even if there is no flooding.  Allowing the model intercept to float results in more freedom and a better model fit to observations overall, but it must overpredict peak concentrations at values on the x axis approaching zero.  This version of the model also assumed that the baseline concentration at all sites was 0.25 µg/g, which also likely tends to overestimate the increases that actually occurred for sites used to develop the regression.   
A further consideration from the perspective of mitigation is the slope of the regression, which reflects the rate of change of fish mercury if the extent of flooding changes.  The regression with the intercept forced through the origin produced a change of roughly 0.1 µg/g per 10 km2 of flooding, for 700 mm Northern Pike, similar to the mechanistic model (bottom panel in Figure 17). The regression with a floating intercept has a shallower slope and would produce a change of roughly 0.05 µg/g per 10 km2 of flooding.
Overall the regression with an intercept forced through the origin predicts a lower peak concentration but more benefit of removing organic soil, compared to results when the intercept is not forced through the origin. 
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[bookmark: _Ref507742553]Figure 21. Regression model results for 700 mm Northern Pike – intercept not forced through origin.  Red dots are estimated increases for 12 Canadian reservoirs, based on field estimates of peak concentrations and assuming a baseline of 0.25 µg/g.  Blue line is the model.  Black dots are predictions for Muskrat Falls Reservoir without mitigation.  Green triangles are predictions after removing organics from 968 ha of upland flood zone.  The predicted increase must be added to the baseline concentration to estimate the overall peak concentration.




4) Discussion
Two approaches were used to estimate the effect of flooding in Muskrat Falls Reservoir on methylmercury concentrations in fish and the water column.  Each approach has advantages and disadvantages.  The regression model was derived from a simple mass balance expression for methylmercury sources and sinks in the water column of a reservoir. It does not attempt to simulate the wide range of processes occurring in new reservoirs, instead focusing on three factors: flooded area, total area, and flow.  The more detailed process model is potentially more realistic and predicts concentrations in water, sediments and the food web through time, but requires more information to calibrate to existing sites and apply to future sites.  Fish mercury data were available for 12 Canadian reservoirs for example to develop and apply the regression model for Northern Pike.  No long-term monitoring data exist for total or methylmercury concentrations water or sediments in full scale reservoirs.  
The mechanistic model was first applied to estimate the loads of methylmercury required in the flood zone of 2 full scale reservoirs (Robert Bourassa and Notigi Reservoirs) to produce observed increases and declines in fish mercury levels.  Uplands and wetlands in Robert Bourassa were assumed to have the same conditions as estimated for Muskrat Falls.  Rate constants for carbon turnover and methylating efficiency were adjusted to improve the model fit to observations (Figure 7, Figure 9).  The resulting average annual methylmercury loads ranged from approximately 80-120 ng/m2/day from flooded uplands from years 2-6 after flooding (Figure 6).  These rates are numerically similar to net loads to the water column estimated in field experiments at the Experimental Lakes Area (ELA), which ranged from approximately 30-130 ng/m2/day during the first three years of upland experiments (derived from Hall et al, 2005).  The ELA rates are based on data from June-October each year, while the model results from Robert Bourassa Reservoir are annual averages.  If compared over the same season, the ELA rates would likely be lower.  The modeled methylmercury loads from flood zones in Robert Bourassa Reservoir and at ELA were both much lower than the rate of 664 ng/m2/day used by Calder et al. (2016).  The modeled methylmercury loads to water produced a large increase in water column concentration in Robert Bourassa Reservoir, up to approximately 1 ng/L (Figure 8). A lack of data for methylmercury in water or sediments for Robert Bourassa Reservoir limits the ability to test ResMerc results at different steps in the overall progression from methylmercury production to fish concentrations.  It is possible for example that methylmercury biomagnification rates from water to fish were different than modeled, or the fish diet could have ultimately had a different fraction of methylmercury derived from water or sediments than was simulated.  This introduces uncertainty into the analysis but the calibrated model did produce a good fit to observed fish mercury levels in Notigi Reservoir, and the magnitude of the sediment loads to water was larger but comparable to net loads to water estimated in the field at ELA.
The application of ResMerc to pre-flood conditions at the Muskrat Falls site resulted in a good fit to methylmercury observations in water (Figure 10).  This is because water goes through the modeled area very quickly (about 0.5-1 day), allowing little time for concentrations to change from values assigned to inflows.  The model also produced a reasonable fit to observed fish mercury concentrations, which are low (Figure 11).  Minor adjustments to some model inputs related to fish methylmercury dynamics were applied to improve the food web calibration.  

The post-flood ResMerc simulation at Muskrat Falls predicted that water column concentrations would increase to about 0.1 ng/L briefly (Figure 13).  This is much less than was predicted for Robert Bourassa Reservoir (Figure 8), despite similar areal loading rates from flooded terrain (Figure 6, Figure 12).  There are two primary reasons.  First, much more flow dilution was predicted to occur for Muskrat Falls, where the average water residence time is about 10 days, compared to 7 months for Robert Bourassa Reservoir.  Second, flooded terrain represents about 87% of the Robert Bourassa reservoir area, versus 30-37 percent for Muskrat Falls.  The maximum one-year average methylmercury concentration in Muskrat Falls waters was about 0.06 ng/L in simulations.  Time integrated estimates were calculated because adult fish integrate exposure on a scale of years.  
Both models predict some common trends:
· Methylmercury concentrations in fish will increase measurably in the reservoir after flooding.  For the base case scenario where the effective flooded area ranged from 30.4 to 37 km2, mercury in 700 mm Northern Pike increased from 0.26 to 0.64-0.80 µg/g, about 2.5-3X in ResMerc simulations.  The higher estimate occurred when a simulation was carried out assuming a higher degree of food web connectivity to methylmercury in sediments.  Flow dilution would not moderate increases in sediment methylmercury to the same extent as in the water column.  The fraction of food web methylmercury originating in sediments did not meaningfully affect predicted methylmercury concentrations in reservoir waters.  Two regression models were applied to predict the increase in fish mercury concentration, which was then added to the baseline value.  The version of the model that forced the regression through the origin, i.e. no flooding results in no increase, predicted about a 2X increase in Northern Pike concentrations, to about 0.5 µg/g.  When the regression did not impose an intercept through the origin, the model predicted higher concentrations, up to ~ 0.9 µg/g, but produced less effect if the extent of flooding was changed.  This version of the model also predicted an increase of about 0.5 µg/g even if there is no flooding, indicating a tendency to overpredict peak concentrations as the value of Af/(Q + b*At) approaches zero.  Overall the models predicted increases in Northern Pike in the reservoir by about 2-3.6X.

· The amount of flooding and flow dilution are important factors affecting increases in methylmercury concentrations in fish and surface waters in Muskrat Falls Reservoir.  As mentioned above, the moderating effect of flow depends on the extent to which methylmercury in the food web is linked to the water column. Calder et al (2016) assumed that fish mercury concentrations would respond directly to water column concentrations, and would therefore experience flow dilution effects, but the methylmercury loads from the flood zone were higher than in the ResMerc analysis.

· A linear relationship is predicted between the amount of flooded area that contributes to elevated methylmercury supply and increases in concentrations in water and fish (Figure 17).  If we examine the fraction of the mercury burden in fish associated with the increase after flooding, this is predicted to be directly proportional to the flooded area that contributes to elevated methylmercury supply.  

The mitigation scenario covering 60 ha of wetland had little effect on predicted methylmercury concentrations in water or biota, because available data from ELA indicate comparable peak areal loading rates of methylmercury from flooded uplands and wetlands and wetlands only represent 2% of the flood zone.  
The mitigation scenario involving the removal of organics from 968 ha of uplands would decrease the effective flooded area by 26-32%, depending on whether riparian flooding is included.  The predicted increase in fish would also be 26-32% lower, while the overall concentration would decline about 15-20% (the baseline component of the fish mercury burden is not affected).  For adult Northern Pike this would represent about 0.1 µg/g for every 10 km2 of flooding added or removed, slightly more (0.14 µg/g) if the food web had a stronger benthic connection.  In the water column, removing 968 ha of organic upland is predicted to change the absolute peak concentration by about 0.02 ng/L for every 10 km2 of flooding, while the maximum one-year average methylmercury concentration in water would decline by about 0.01 ng/L for every 10 km2 of flooding.  This is about a 15-20% reduction relative to no mitigation. 
The current analysis does not quantify uncertainty associated with predictions, which is important for decision makers.  Efforts are ongoing to develop meaningful confidence limits associated with predictions for both models.  

5) References
AMEC Foster Wheeler (2018a) Email from J. Abbott to R. Harris, February 21, 2018.  Spreadsheet attachment titled: Ecotype Areas by Contour.xlsx
AMEC Foster Wheeler (2018b) Letter from T. Praamsma to R. Harris., titled “RE: TF13104119.5600 Soil Sampling Carbon Estimates in Boreal Forests”.  January 29, 2018
AMEC Foster Wheeler (2017) Muskrat Falls Soil Sampling Program – 2016 – Final Report submitted to Nalcor Energy.  October 23, 2017.  Amec Foster Wheeler Project #: TF13104119.5600.
Bodaly, R.A. (2005) Email to R. Harris with attached spreadsheet:  “Notigi Hg I fish 1977-02.xls.  Septeber 22, 2005.
Calder, R.S.D. (2018)  Supplemental information regarding data presented in RSD Calder et al. (2016).  Letter to K. Reimer January 31, 2018
Calder, R. S. D., A. T. Schartup, M. Li, A. P. Valberg, P. H. Balcom and E. M. Sunderland (2016) "Future Impacts of Hydroelectric Power Development on Methylmercury Exposures of Canadian Indigenous Communities." Environ Sci Technol 50(23): 13115-22.
Hall, B.D., V.L. St. Louis, K.R. Rolfhus, R.A. Bodaly, K.G. Beaty, M.J. Paterson, and K.A. Peech Cherewyk (2005) Impacts of Reservoir Creation on the Biogeochemical Cycling of Methyl Mercury and Total Mercury in Boreal Upland Forests Ecosystems 8: 248–266
Harris, R., C. Beals and J. Therrien (2015) Simulations of Peak Fish Mercury Concentrations in Hydroelectric Reservoirs: Modeling and Data Analysis Update.  Prepared for: Paul Norris. Ontario Waterpower Association. Peterborough, Ontario. March 5, 2015
Harris, R.C., D.H. Hutchinson and D. Beals (2010) Application of a Mechanistic Mercury Model to the Proposed Lower Churchill Reservoirs.  Technical Memorandum in support of the Nalcor response to IR#JRP.166.  Prepared for Nalcor. December 2010.
Harris, R., and D. Hutchinson (2009) Reservoir Mercury Cycling Model (ResMerc) for Windows. ResMerc Version 2.0. User’s Guide and Technical Reference. Prepared for Manitoba Hydro. April 2009
Harris, R.C., D. Hutchinson and D. Beals (2009) Predicting Mercury Cycling and Bioaccumulation in Reservoirs: Development and Application of the RESMERC Simulation Model Final Report, March 2009. Final Report prepared for Manitoba Hydro, March 2009
Harris, R.C. and R.A. Bodaly (1998) Temperature, growth and dietary effects on fish mercury dynamics in two Ontario Lakes.  Biogeochemistry 40: 175-187
McCarthy, J. (2017).  Email to R. Harris.  Spreadsheet attachment titled Mercury Database (rev2)_Reed.xlsx. November 8, 2017
Hydro Québec (2013) Évolution des teneurs en mercury dans les poissons.  Rapport synthèse 1978-2012.  Suivi environnemental du complexe La Grande.  Octobre 2013
Nalcor (2018) Spreadsheet titled TF13104119.5500 - Lab Results (January 15, 2018).xlsx
Nalcor (2009a) Lower Churchill Hydroelectric Generation Project, Response IR #156
Nalcor (2009b) Lower Churchill Hydroelectric Generation Project – Environmental Impact Statement – Volume II, Part 1, Biophysical Assessment. Section 4.7.2. February 2009.
Water Survey of Canada (2017) https://wateroffice.ec.gc.ca/report/historical_e.html?stn=03OE001&mode=Table







22

image3.png
Peak increase in concentration related to: k;( Agooged ) + ks

(Q + kAeal)
Where:
Asooded =flooded area (km?)
= mean annual flow (km?/yr)
Ky = regression coefficients (km/yr)
K, = regression coefficients (km/yr)
At =Total reservoir area (km?)





image4.png
Other above ground
vegetation ignored

Boundary layer (90% or more inorganic)

Model setup for Muskrat Falls Reservoir

Model layer 1:

-2 cm, includes foliage and litter
- Foliage =2730 kg/ha
- Litter = 13,300 kg/ha

Model layer 2:
-9 cm, represents humic layer
- 58,704 kg/ha (Site survey)





image5.png
Northern Pike

Lake Whitefish

DE[]

Macroinvertebrates '

and plankton linked Benthos linked to
to MeHg in water MeHg in

sediments

Sediments




image6.png
g

g 8 8 8

(Aep/adAy uiessay zw/3u)
Xnjj SHAAI uoisnyiq

[=]
N
-

[=] o
~N

Year after flooding





image7.png
Northern Pike (700 mm)

5

IS

w

N

Fish Hg (ug/g ww)

-

10 15 20 25 30
Years post flood

~——Model @ Observations

Lake whitefish (400 mm)

0.6

o
«

e
ES

Fish Hg (ug/g ww)
o o
S8

10 15 20 25 30
Years post flood

——Model @ Observations




image8.png
@
=

® N © 1 % = N

S 86 6 © © o o
(pa193113un 71/8u) uonesUDUd SHAN

=
=

o

H

N

2%

By

A%

A0

Years after flooding




image9.png
Fish Hg (ug/g wet)

»
«

~

[
«

-

o
@

55 cm northern pike

1970

1980

1990
¢ Observed —Model

2000

2010

350 mm lake whitefish

05
0.4
i 03 LLL'
0.
2 *
o2 -
]
£
0.1
°o®
0
1970 1980 1990 2000

¢ Observed —Model

2010




image10.png
Water Column MeHg unfilt

(ng/L)

0.050

0.045

0.040

0.035
0.030

0.025

0.020
0.015

0.010
0.005

0.000

100

1002

1004 100.6 1008

Time (yrs)

—Model = Observed

101





image11.png
Total mercury concentration

(ng g’ ww)

09
08
07
06
05
04
03
02
01
00

Northern Pike

200

400 600
Total fish length (mm)

800

Total mercury concentration (ug

o

°
g

°

g

g

5

1000

Longnose Sucker
(used chub bioenergetics)

Total mercury concentration (g
s

s EWL o o

2 8 & & &

e
&

Lake Whitefish

-
xxxxw

200 300
Total fish length (mm)

500

100

200 300
Total fish length (mm)

500




image12.png
g8 §§8888R-"

(Aep/adAs uieii3 gui/3u) xniy IHa

Year after flooding

= Floeded Upland





image13.png
MeHg concentration (ng/L unfiltered)

0.120

0.100

0.080

0.060

0.040

0.020

0.000

A0

3 20
Years after flooding

%

20

2P




image14.png
Northern Pike (700 mm)

Northern Pike (700 mm)

0.7
0.6

fos

S04

w 0.3
T

i 0.2
i

0.1

o 10 20 30 40 50
Years post flood

lake whitefish (400 mm)

0.25

e
N

e
i
7]

e
n

Fish Hg (ug/g ww)

e
°
]

10 20 30 40 50
Years post flood




image15.png
TOTAL MERCURY (ug/g)

0.8

(=)
o

S
>

)
o

0.0

700 mm Northern Plke

0 5 10 15 20 25 30 35 40 45 50

—41km2 —36.98km2 ——30.42 km2




image16.png
TOTAL MERCURY (ug/g)

08

14
S

S
=

S
i

0.0

Includes riparian flooding in effective area

Excludes riparian flooding in effective area

08
3
)
2 06
g
3

2

& SAEPVWYG
= AR
g o4 M
]
= AN
5 INAANANAA AN
" o2

00 - - -

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

——36.98km2 - = 27 km2 (9.68 km2 removed) ——3042km2 - - 20.74(9.68 km2 removed)




image17.png
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ug/g)

(

Peak concentration

y=0.0104x+0.26

10

Remove ~ 10 km?
organics

20 30
Effective flooded area (km2)

y=0.0084x + 0.26

10

20 30
Effective flooded area (km?)

Mechanistic model

40

50

Regression model

40

50




image18.png
Peak concentration (pg/g)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

10

y=0.0146x+ 0.26

20
Effective flooded area (km?)

y=0.0102x+0.2618

30

40

Percent of food
web base linked to
sediment MeHg




image19.png
0.14

012
>
-
S5 0.1
£
% 0.08
E
< 006
0o
T 0.04
s
*0.02
()
a

0

10

y =0.0022x+ 0.
..... L 4
et L
POt
........... .........
POREE

15 20 25 30
Effective flooded area (km2)

® Peak o Max 1year average

y=0.0011x+0.021

35

40

45




image20.png
Increase in fish mercury concentration (ng/g)
o [ ng s Ind N w w Pl
W o W o wu o wu o
.

g
o

0.00

——Model

y =0.5849x

1.00

© Observed sites

2.00

3.00
Af/(Q +b*At)

® Muskrat Falls base case

4.00 5.00

A Remove 9.68 km2 floodzone

6.00




image21.png
P
°

P
«

y = 0.3264x + 0.5251

[
°

»
«

20

Increase in fish mercury concentration (ug/g)

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Af/(Q +b*At)

——Model « Observed sites ® Muskrat Falls base case 4 Remove 9.68 km2 floodzone




image1.png
Apply model to two full scale reservoirs to estimate Calibrate model to existing conditionsin Lower
the MeHg load required from flood zone to produce Churchill River at reservoir location
observed rise and fall for fish Hg.

Apply model to Muskrat Falls Reservoir

Mitigation scenarios





image2.png




image22.jpg
ﬂ REED HARRIS <Sumpeg?y

© ww Environmental Ltd.
-]





