Comments on David Lean’s Opinion Document 
Circulated as Attachment to e-mail on 27 Jan 2018

Dr. Lean provided an opinion on the future production of methylmercury from the Muskrat Falls reservoir (black font below). The following is a compilation of comments received from members of the IEC. I have attempted to summarize them and, as several contributions were inserted into the actual document, the comments/questions are indicated in a red font. Where there was overlap in the comments, I only included one version of the remarks. This document will be submitted to Dr. Lean for his written responses which will be discussed at an upcoming IEC meeting.
Ken
Dr. K.J. Reimer
Chair, IEAC
 
Feb 21, 2018 My comments are below in green
Dave

General comments: 
I note that the document does not cite any scientific literature to substantiate predictions and comments that are provided as fact. True, this is a hypothesis that is new and taking shape. A complete review paper may be needed eventually but this might take a month or more to do. Nevertheless, the paper now provided provides the insights that I have been trying to articulate. In addition the helpful comments that I think come from Wolfgang and Jane add considerably and the data which occurs for other reservoirs should be included. However, the extreme features of the Muskrat Falls project must be recognized (rapid turnover time of the water and the very small area flooded as well as the high flow of the river relative to the volume) – more below.   Rather, the document refers to conversations that Lean states he may or may not recall correctly. Numerous of the statements in the document contradict the common literature as outlined below. I focus my literature review on the widely cited/classic mercury papers, new literature which has improved our understanding of mercury cycling in reservoirs, and the most recent syntheses papers. For example, I take advantage of the recent publication of Hsu-Kim et al. 2018, which is one of the syntheses papers that accompanied the last International Conference on Mercury as a Global Pollutant. The conference organizing committee (led by Celia Chen and Charley O’Driscoll) compiled teams of coauthors to write these papers based on who they felt were the leading world experts on mercury. The draft papers were put on the conference website prior to the conference and were then presented during the conference plenary sessions so that the international mercury community could provide input on the content. Stakeholder input was also solicited from a variety of government, industry, etc partners. The papers then went through a vigorous peer review process with the journal Ambio. For the detailed reasons listed below, I believe that the primary scientific literature does not support the statement that Lean makes that “Muskrat Falls is the perfect design”. Agreed, perfect is too strong. Better might have been better. In fact, the new review by Hsu-Kim et al. 2018 states that... “boreal Canadian reservoirs may be a worst-case scenario for organic matter decomposition after flooding, due at least in part to large carbon stores in peat (St. Louis et al. 2000).”
Another reviewer stated: I have read the 4.5-page document submitted to the Expert Advisory Committee by David Lean in support of his assertion that “Muskrat falls is the perfect design” with respect to low MeHg production. My response is not so much a paragraph-by-paragraph rebuttal of his scientific arguments – I will leave that to other members of the committee with more mercury expertise – but rather what I see as an absence of scientific rigor in the presentation of his arguments and his misrepresentation of the published research from Lake Melville.
I sent separately a recent paper summarizing the dams of Hydro Quebec which is consistent with my previous comments that flooded area, water renewal time 
		David Lean <drslean@gmail.com>
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Hi Ken and Marina, 
Thanks for the time and effort that you and the reviewers put into these comments on my "Opinion Document". I have found a new paper published in December 2017 that I will use to provide the reference to my thoughts. The advancement of science depends on rigorous review of our positions and I am honored that people have taken the time to present their position. Out of it will come something that really sets the tone for the design for new reservoirs not only here but elsewhere. A difference of opinion can be a very positive thing that while it might keep us awake at night it leads to an advancement that is important to new discoveries. Please thank those that provided their input and I will respond within a few days. 
Dave
		On 15 Feb I sent the following to Ken, Marina
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Earlier I said that the Muskrat Falls Project (MFP) might represent one of the best designs for minimizing mercury release. I talked about a number of features and will respond to your detailed review very soon but since we are on a tight deadline, I provide a new paper published in Dec 2017 which is a summary of the Province of Quebec power dams giving the long term relationship between mercury in fish and time.
At the end of the abstract they point out that the following reservoir characteristics play a major role in determining the intensity and duration of after-impoundment THg increases in fish: flooded area, annual volume of water flowing through the reservoir, filling period, water temperature, and percentage of flooded area located in the drawdown zone. They do not include pH which is also a factor in favour of MFP. Their values 5.9 6.9 vs our values for surface waters which range from 7 to 8.5 or so (need to check more carefully later). This is huge and while DOC is an excellent predictor of fish mercury across a range of lakes DOC and pH are auto correlated, correcting for one makes the less significant.
I draw your attention specifically to Table 1. The total area is 286 to 4275 km2 and flooded area is 171 to 3430 km2 but as I recall MFP is 27 km2, annual volume of water flowing through the reservoir, filling period, water temperature, and percentage of flooded area located in the drawdown zone. Also included in this table is the water renewal time in months which ranges from 0.8 to 25.8 months while MFP is about 0.25 months. The mean annual flow ranges from 790 to 3374 m3/s vs MFP at a base flow of 2400 m3/s and reaching flows of 6000 m3/s. The mean depth ranges from 6.2 to 29.4 m. I do not have the exact value for MFP but it must be near 20 m. Annual drawdown is important since it brings in fresh nutrients and sulfate for supporting continued methyl mercury formation. I think the drawdown at MFP will be small. All values for MFP need to be verified. Perhaps I may have made small errors but the general theme remains intact. 
Looking at the amount and extent of fish accumulation of mercury vs the features of each reservoir you will see that small changes have big effects with increase factors from 2.5 to 4.5 (right column). The range of conditions on table 4 illustrates that the extreme values for MFP will show very small increases over a shorter time period. I stick to my position that mitigation options of soil and vegetation removal will have a negligible improvement. I would like to expand the Table 1 to include MFP and other reservoirs to be complete. 
Overall, MFP is a steep sided valley which minimizes the need to flood large areas. The river supporting the work is significant and relatively steady. By having the dam at the end of a series of rapids there is a significant hydraulic head for maximum power development. It is almost like a run of the river power system which releases no measurable mercury.
On page 494 they also discuss how reservoirs become contaminated with mercury. We only considered diffusion from the sediments of methyl mercury. We should also include total mercury as it can be methylated elsewhere. The state “A portion may be transferred to the food chain by the following biological and physical processes (Lucotte et al. 1999): (1) passive diffusion through the water column; (2) erosion of flooded organic matter in the drawdown zone, which makes fine, Hg-rich organic particles available for aquatic filter feeders; (3) active transfer of Hg by aquatic insects burrowing in flooded soil rich in MeHg; and (4) periphyton development on flooded soils and vegetation, which promotes the methylation of Hg and it’s active transfer to fish via aquatic insects and zooplankton feeding on it”. Indeed this is food for further discussion.
I did do a calculation from the soil core incubations presented by Jane today. If we use a flux rate of one of the larger numbers of 100 pM per m2 per day, this is 20 ng per m2 per day divided by a mean depth which I guess at 20 m is 1 ng/m3 or .001 ng/L/day. The water renewal time is 12 days so this results in an accumulation of 0.01 ng/L. If the water renewal time was like some of the other reservoirs at 100 days this would be 0.1 ng/L which would be a serious problem.
As I said before MFP indeed may show the best design for new reservoirs and we have been confused. I will reply to the detailed review within a few days. Please thank the people who have contributed as rigorous science only comes when we challenge each other.
Please forward at least the reference as it is certainly a must read. 
Dave
 
[image: https://ssl.gstatic.com/ui/v1/icons/mail/images/cleardot.gif]


I present my points here in bullet form.
 
·      With the exception of the Hall et al., Calder et al. and Steinberger & Hondzo papers, there is not a single reference to a published paper to support the arguments presented.  There are references to conversations with individuals and reproduction of parts of emails and reports already circulated, but given the minority viewpoints presented (for example, “…but like many others working on reservoirs thinks that organic carbon fuels methyl mercury production” or “I seem to have a different view on the impact of flooded wetlands and peatlands on methyl mercury releases”), it is imperative that such viewpoints are evidence-based and supported, and not simply “My best guess…”.
·      The essence of the main part of David’s document is that water depth and a well-mixed water column in a reservoir are key factors in determining MeHg production. This is clearly not a widely held viewpoint and is not mentioned in the recently distributed global literature review (Hsu-Kim et al. 2018). It states that the MeHg levels in reservoir fish are best predicted by reservoir factors such as age, size, temperature, organic matter content, and flow.
·      David Lean concludes that “My prediction is that the water going downstream from the Muskrat Falls reservoir will have much lower concentrations of methyl mercury than that predicted by Reed or Ryan but there is additional “magic” in Lake Melville.” In making this statement, he is comparing the substantial modelling efforts of Reed Harris (awaiting results) and Ryan Calder (published in peer-reviews journals) with his own rough calculations and best guesses.  Our committee’s mandate cannot be executed based on such statements (and perceived “magic”) and I would argue that such unsubstantiated statements should never be communicated outside our sub-committee. 
As in many of the Harvard papers, the formation of the marine snow in Lake Melville is important. This is well known that when the fresh water comes in contact with marine water, the DOC forms particles which settle out. Since the organic material is the principal carrier of the mercury it will be removed from the system and settle through the permanently stratified (due to saline gradient) system. 

See Hill, JR., Nelson J. O'Driscoll, David R.S. Lean. 2009. Size distribution of methylmercury associated with particulate and dissolved organic matter in freshwaters. Science of the Total Environment 408: 408–414

Particulate material including algae and bacteria my potentially be also removed from the system. (I would like to know the area and water renewal time of Lake Melville for further analysis). 
·      There are factual errors in David Lean’s document that appear to indicate his incomplete knowledge of the most central papers to our discussion. For example, consider the statement: “Ryan Calder determined his flux from sediments (mass transfer) from the soils using the concentration gradient between soil methyl mercury and the concentration in overlying water from the core incubations discussed above…” Calder et al. did not use the results of any soil flooding experiments to predict MeHg production in the Muskrat Falls reservoir. Their paper clearly describes their use of the relationship between organic carbon and MeHg production from aquatic systems in Canada and elsewhere. This is a clearly stated point in their paper.
I stand corrected. I thought that the methyl mercury diffusion from the flooded soils was used. The alternative that was used may be worse as almost all reservoirs are of the bad design. If they find a reservoir with the features of Muskrat Falls, then I would pay more attention to the values. I think that some debate on calculation of flux rates is very helpful and the discussion between Reed and Ryan advances the science.  
·      With reference to our understanding of the annual mass balance budget for total Hg and MeHg in Lake Melville, direct reference should be made to the Schartup et al. paper where 3 field seasons of field data were presented and interpreted with respect to MeHg production. They state in their abstract: “Water-column methylation is highest in stratified surface waters near the river mouth because of the stimulating effects of terrestrial organic matter on methylating microbes. We attribute enhanced biomagnification in plankton to a thin layer of marine snow widely observed in stratified systems that concentrates microbial methylation and multiple trophic levels of zooplankton in a vertically restricted zone.” This is not “magic” but based on a substantial evidence base. Also, note that the published paper is peer-reviewed in an international journal. To my knowledge, there have been no submitted discussions of this paper in the journal since it was published 3 years ago. Discussed more completely below. 

They also forget to note that these fish are among some of least polluted in any lake in Canada. 
 
David Lean concludes, “proof [of his alternative viewpoint] will only come when we find a reservoir with similar depths and similar water renewal times and good mercury data.” Our committee does not have the luxury of conducting primary research on other reservoirs prior to making our recommendation. We must make recommendations soon, informed by the available evidence, not unsubstantiated viewpoints.

The paper attached provides the evidence that indeed I am correct. I appreciate the time constraints that we are working under and I do have all the references to back up some of what I have claimed. 

David Lean remarks begin here and are in black font throughout (inserted by KJR):
We need to know the key variables in reservoir design that will minimize methyl mercury release.
The key variables are known (see Mailman et al. 2006). These include:
· Avoid high concentrations of organic carbon deposition that have the potential to enhance Hg methylation rates
· Minimize areas of shallow water in the reservoir; i.e. flood steep-sided catchment areas. 
· Keep the ratio of newly flooded terrain to total reservoir area low, i.e. have a low head dam
Agreed and noted in the attached paper. I still do not agree that organic carbon enhances methyl mercury formation but it does lead to oxygen depletion and creating the right conditions for MeHg formation. The use of organic carbon for MeHg formation was also included in the attached paper so this puts more pressure on me to deliver (and I will). This is a paradigm that I think it wrong but accepted by the people working on reservoirs. If we have time I will elaborate on why this is incorrect. Maybe we can eventually do a review publication as it is such a critical issue. 

 So far we have not done this and we have assumed that all reservoirs will release mercury.
It is correct to assume that all reservoirs that flood any amount of organic soils will increase environmental MeHg concentrations post-flooding. However, the amount of MeHg generated and its subsequent effect on MeHg concentrations in biota can be relatively small, depending on criteria that were outlined in the previous paragraph and that are noted by Dave in the following; it is important to realize that MeHg release from reservoir soils is not an all or nothing response but follows a functional response modulated by several biogeochemical and physical conditions. Agreed and selecting the correct variables which limit MeHg formation will be a major accomplishment and badly needed for future reservoir design. 
This was my view too until I started to think about Muskrat Falls and so have said it is the ideal design (neglecting the slumping problem). It is built in a steep valley, and the area flooded is relatively small compared with other reservoirs and much of the area is from the original river. The river is significantly large with the base flow is about 2400 m3/second up to the levels in the 6000 m3/second. This is remarkable and water renewal times (volume divided by flow) of only a few days result. In other words, an amount of water equivalent to the entire reservoir is replaced about every 10 to 15 days. 
Another key variable is if the reservoir will stratify (giving rise to low oxygen water or not). My best guess is that it will not stratify and surface sediments will remain oxygenated throughout the year. This is important as I have said earlier and will discuss below, methyl mercury is only formed under low oxygen conditions. It requires and Eh or reducing capacity of minus 200 and I do not think that will be reached. Muskrat Falls is the perfect design. 
All correct, except that the results by the Harvard group for the marine snow layer in L Melville suggest that MeHg may be produced under oxic conditions. 
Yes this is an interesting discussion. For example MeHg is formed in the mid ocean. On closer examination it was found that there were microzones of low oxygen and I suspect this is the case here as within the particles of marine snow there is low oxygen regions. I am open to other hypothesis. 
In contrast, the Smallwood Reservoir (from Robin Anderson’s paper) is also fed by the same river so similar water quality but is less as she uses data from Muskrat and the flow is 75% of that at Muskrat. I do not know if Smallwood has other inflows or outflows. This gives a flow to Smallwood of 0.75X1840 cubic m per second times 60X60X24 to convert seconds to days. This means that the flow into Smallwood is 119,232,000 cubic meters per day. The volume given by Robin is 2.83 times 1010 cubic meters. I may have made a mistake but this gives a water renewal time of 237.8 days. This gives ample opportunity for low oxygen and low Eh levels to develop and mercury to be released.   
Can Lean confirm the water renewal time is 237.8 days? It is difficult to assess the statements made if the author himself is not sure the data he presents is correct. 
I used the data from the paper and did the arithmetic but also commented that I may have made errors in the calculation. I will check it again but all the data is in Robin Andersons paper. 
As I understand it, Lean is suggesting that the rapid water renewal time/flow rate in the Muskrat Falls reservoir will a. decrease MeHg production in the reservoir and/or b. result in low MeHg concentrations in the reservoir due to rapid dilution. 
Can Lean provide research/scientific literature that demonstrates that a rapid water renewal time decreases MeHg production in reservoirs? As far as I have read, there have been observations of reservoirs in China showing less impact relative to North American reservoirs on fish MeHg concentrations (Larssen 2010). Although the reasons for the lower fish MeHg levels in these Chinese reservoirs are not understood, these reservoirs had relatively low organic matter content, higher flow rates, shorter food webs, and biodilution and growth dilution that may contribute to lower fish Hg concentrations (Hsu-Kim et al. 2018, Horvat et al. 2003; He et al. 2008; Feng et al. 2009; Liu et al. 2012a; Li et al. 2015a). It has been suggested that reservoirs in China may experience an increase in MeHg production over time as sediment organic matter accumulates from allochthonous and autochthonous sources (Feng et al. 2009). Thus I do not believe that the scientific literature supports that water residence time impacts or controls MeHg production in reservoirs. 
Whew, I would be in deep trouble had the Quebec paper not been found.  I also know about the reservoirs in China with low fish levels and have reviewed papers on the topic. I cannot go into detail here but most of the fish were from the carp family. 
Regarding the relationship between redox state and MeHg production, Lean is correct that because sulfate reducing bacteria are often implicated in inorganic HgII methylation (King et al. 2000, 2001), MeHg production is often favored when redox conditions favor sulfate reduction. However, it was recently demonstrated that some iron reducing bacteria, methanogens and syntrophic, acetogenic, and fermentative Firmicutes can carry also out HgII methylation in Fe and SO4 limited aquatic ecosystems with extreme pH and salinity (Kerin et al., 2006, Hamelin et al., 2011, Gilmour et al. 2013, Yu et al. 2013). Thus HgII methylation can still occur in the absence of sufate reducing bacteria.  In fact, although it is believed that sulfate reducing bacteria are the dominant methylators in aquatic ecosystems, it was recently shown different methylating microbes (SRBs, FeRBs, methanogens, and syntrophs) inhabit various niches, such as regions of wetlands with varying sulfate concentrations (Shaefer et al. 2014, Bae et al. 2014).
Yes, we looked for the other bacteria that can be implicated (see Avramescu paper sent earlier and in others on mine tailings (Winch et al) but we keep coming back to the conclusion that SRBs were the main methylators. 
A large portion of the MeHg in aquatic ecosystems reservoirs is produced in the anoxic surface sediment just below the water/sediment boundary (Ulrich et al. 2001, Gilmour et al. 1992; Branfireun et al. 1999; King et al. 2000, 2002; Hines et al. 2006; Monperrus et al. 2007; Mitchell and Gilmour 2008; Avramescu et al. 2011). Thus, regardless of the flow rates and water renewal times, the flooded sediments just below the water/sediment boundary will become anoxic after flooding and conducive to MeHg production. A rapid flow rate in the overlying water could actually result in increasing the mixing of the newly produced MeHg with the overlying water and delivering if far from the point source/downstream to Lake Melville, as was demonstrated by Calder et al. (2016) which took into account renewal time/flow rates in the Muskrat Falls system. Also of interest and related to the topic of redox conditions and MeHg production, MeHg production has also been observed in microenvironments with steep redox gradients, including periphyton, biofilms, microbial flocs  in the oxic portion of the water column (Mauro et al. 2001; Acha et al. 2011; Yu et al. 2013; Hamelin et al. 2015; Ortiz et al. 2015; Podar et al. 2015; Gascon Dıez et al. 2016; Olsen et al. 2016).
Agreed. In addition, almost all the MeHg in the water column is bound to organic carbon (either DOC or particulate C – see Hill et al cited above) and not free MeHg. I would like to see data for diffusion of MeHg from sediments but would bet that it too is bound to large molecules of organic carbon as a carrier (which makes the use of appropriate diffusivity difficult).  
Our view that all reservoirs are bad comes in part from Hydro Quebec’s data for reservoirs such as the Robert-Bourassa Generating Facility. 
This is a blanket statement and is not the view of myself or the view that I have read in the scientific literature. For example Hsu-Kim et al. (2018) reviewed MeHg production and levels in fishes in reservoirs from the around the world and discusses factors that result in higher and lower MeHg levels in fishes. An excellent paper! They state that the extent and timing of MeHg increases vary considerably among reservoirs. Their summary, which includes a review of Quebec reservoirs, states “In large piscivorous fish in boreal Canadian reservoirs, Hg levels have been shown to increase three- to six-fold after flooding and remain above pre-impoundment levels for several decades (Bodaly et al. 2004, 2007, Schetagne and Therrien 2013)...For Quebec reservoirs, peak MeHg levels occurred at 4–9 years for non-piscivorous fish and 9–11 years for piscivorous fish (Bilodeau et al. 2015). For hundreds of western US and Canadian reservoirs, the average peak in fish Hg occurred only 3 years after flooding, and rarely exceeded 3-fold of background (Willacker et al. 2016).” As discussed more thoroughly below, it is the common view that a large portion of the variation in MeHg levels in fishes of reservoirs can be explained by varying levels of organic carbon in the flooded landscape (Hsu-Kim et al. 2018, Calder et al. 2016). 
The uniqueness of the Muskrat Falls reservoir sets it apart from the others. I would like to expand their Table 1 to include the reservoirs in Manitoba, BC and elsewhere. I also have data for 8 tropical reservoirs. We need to know the timing of the increase in mercury related to the design variables. We then are in a position to provide some real knowledge to those who will design new power generation systems. Perhaps we should also look at run of the river systems where no mercury is released. Muskrat Falls is similar to a run of the river system except the front end it raised to develop a better “head” for power generation. 
If we type this into Google and see the contrast between this facility and Muskrat Falls. The flooded area is huge and it seems to be on relatively flat area. See new paper from Hydro Quebec with real values. I do not have the data for water renewal time but suspect it is at least 6 months.  (Once I was asked to help the good people of the Belcher Islands because Hydro Quebec holds back the spring freshet and as a result it does not go out over James Bay as it did in the past. Such flooding over the ice increased light penetration and the time of ice out. As a result they were not able to harvest the ducks at the same time. Robbie MacDonald DFO, Victoria added to the story. The release of fresh water from Hydro Quebec stays intact and moves around Quebec and down Labrador where it joins with fresh water from melting glaciers in Greenland. The fresh water flow then moves down Labrador, making the weather cooler, across the St. Lawrence outflow and down to Maine where it then goes out into the Atlantic and meets the Gulf Stream slowing the heat flow from the south to Europe. The consequences of this are huge. In our case it might explain why Ryan Colder noticed a fresh water mercury signal in the Atlantic salmon that he sampled in Lake Melville).  
Regarding the statement above that Calder et al. “noticed a fresh water mercury signal in the Atlantic salmon sampled from Lake Melville”: Due to river in flow, Lake Melville has a low-salinity surface layer at a depth of 2–15 m that remains intact year (Schartup et al. 2015). In fact, more than 60% of the freshwater inputs to Lake Melville are from the Churchill River (Tsui et al. 2012). Regardless, I don’t believe that Calder et al. 2016 did report a freshwater mercury signal in the Atlantic salmon sampled in Lake Melville. Yes, this was debated during the last talk and he confirmed it. We said how can it be in the salmon when they do not eat in Lake Melville? Can you direct me to the portion of the Calder et al. 2016 paper where this is stated? In Li et al. 2016, which utilizes Hg, carbon and nitrogen stable isotopes to examine the origins of MeHg in the Lake Melville food web, they state: “Atlantic salmon (Salmo salar) migrate between the Churchill River and the offshore marine environment over their life cycle and are exposed to diverse MeHg sources. But do they feed? Gill transfer is very small. Aging analysis indicates that Atlantic salmon included in this study spent 1−2 years in the ocean before returning to their freshwater spawning grounds where they previously spent 1−4 years as juveniles. Despite this relatively long duration spent in the freshwater environment, stable Hg isotopes indicate that the majority of MeHg in Atlantic salmon is derived from the marine environment.” Li et al. 2016 analyzed the same Lake Melville samples as Calder et al. 2016. I agree that most mercury and likely all comes from the marine environment. As a result the impact of the Muskrat Falls Power development should not have any impact (in contrast to claims by Calder). However, this is such a critical issue we must take it seriously and resolve. 
I reread the excellent paper by Britt Hall et al on the Impacts of Reservoir Creation on the Biogeochemical Cycling of Methyl Mercury and Total Mercury in Boreal Upland Forests. It is available at https://www.researchgate.net/publication/227144503_Impacts_of_Reservoir_Creation_on_the_Biogeochemical_Cycling_of_Methyl_Mercury_and_Total_Mercury_in_Boreal_Upland_Forests
Britt is now at University of Regina and did an excellent job on this paper but like many others working on reservoirs thinks that organic carbon fuels methyl mercury formation.
The work by Britt seems to build the case for the relationship between organic carbon and methylmercury; your opinion seems to be inconsistent with this opinion on OC and MeHg relationships. Yes indeed and one that excites me to provide more of what I believe. We need to remember that this was a very shallow system (see below). 
This is the FLUDEX work that Reed Harris used to determine the flux rate from sediments. (Too bad there was a hot fire about 15 years earlier). I was pleased to see that the calculated water renewal time was rapid 6 to 11 days but the maximum depth was only 2 m. Much of this reservoir is very shallow indeed. In the future Muskrat Falls Reservoir the maximum depth is 36 m so the mean depth is about 20 m or so. Can people use such shallow reservoirs to predict a well-mixed water column of at least 20m? I think not and will explain why below.  I seem to have a different view on the impact of flooded wetlands and peatlands on methyl mercury releases. One of the best predictors of mercury in lakes is to look at the area of wetlands in the drainage basin. I too had the view that since wetlands are a prime source of methyl mercury as they exist then flooded wetlands must also be a problem. Again it is likely the depth of flooding that matters.
It was Marc Lucotte who set me on a different course and I will contact him to make sure that my memory has not faded. He said that since most of the mercury is stored in the organic rich sediments as mercury sulfide than it is locked up and is not bioavailable. Marc headed the Canadian Mercury Research Network which included about 30 researchers and at least 100 graduate students funded by NSERC. He had also been an advisor to Hydro Quebec and is currently doing work in the headwater regions of the Churchill River. 
I’m a bit confused about the wording here but from what I can gather, Lean is saying that he believes Marc Lucotte told him that the wetland extent in the flooded reservoir does not impact the quantity of MeHg produced because “mercury is stored in the organic rich sediments as mercury sulfide than it is locked up and is not bioavailable”. Marc Lucotte has indeed worked on and published a great deal on MeHg production in reservoirs. I have not heard of the Canadian Mercury Research Network. Was this an error? Did Lean mean COMERN (Collaborative Mercury Research Network) Yes, it is COMERN and I was involved in both the grant application and management of a portion of the research which was very active until the early 2000s? Time flies, but I think it was over in 2007 or so.  More importantly, are there references that support the statement that mercury in wetlands and peatlands is “... stored in the organic rich sediments as mercury sulfide than it is locked up and is not bioavailable”? I also don’t understand what is meant by the “depth of flooding is what matters”. I was thinking of the earlier comments made by Wolfgang during our discussions. It made me stop and think. How can mercury be released from wetland sedimets in the FLODEX experiments? If the depth of the water column is very shallow, then light can penetrate and gases are produced which can cause the sediments to float or be oxygenated making mercury more available. Under these conditions sulfides are oxidized to sulfates and mercury and other metals are released. Does Lean mean the depth of the water column in the final reservoir? As I stated above, a large portion of the MeHg in aquatic ecosystems reservoirs is produced in the anoxic surface sediment just below the water/sediment boundary (Gilmour et al. 1992; Branfireun et al. 1999; King et al. 2000, 2002; Hines et al. 2006; Monperrus et al. 2007; Mitchell and Gilmour 2008; Avramescu et al. 2011). Thus, regardless of the depth of the water column in the reservoir, the flooded sediments just below the water/sediment boundary will become anoxic after flooding, which is conducive to MeHg production. In all of the literature I have seen on reservoirs and MeHg production, water column depth has not been identified as a factor affecting MeHg production rates or bioaccumulation in fishes; thus I do not believe that the shallowness of the Experimental Lakes Area FLUDEX reservoir should prevent the results from being applied to deeper systems.  Factors that have been identified in the literature that may impact MeHg production and/or MeHg levels In fishes include reservoir age, size, temperature, organic matter content, flow rates, food web length, and fish growth rates (Hsu-Kim et al. 2018, Horvat et al. 2003; He et al. 2008; Feng et al. 2009; Liu et al. 2012a; Li et al. 2015a, Rudd et al. 1983; Verta et al. 1986; Bodaly et al. 1993). It is my opinion that Reed Harris’s approach of using results obtained from FLUDEX to model MeHg production in Muskrat Falls is appropriate. Even though organic carbon and depth of soil is reduced during a fire. I would argue that the work done at the Experimental Lakes Area is the most applicable to Muskrat Falls since they are both in organic carbon rich boreal forest regions of Canada. Applicable yes and if Muskrat Falls reservoir had a water renewal time of several months then problems would occur there too. 
Specifically regarding the statement “mercury is stored in the organic rich sediments as mercury sulfide than it is locked up and is not bioavailable”: The relationships between Hg, OC, and sulfur are indeed complex (Figure 1). At low sulfate concentrations (200-500 µM), sulfate reduction, and hence MeHg production by sulfate reducing bacteria, is limited (Gilmour et al. 1992). Earlier and highly cited research suggested that at high sulfate concentrations, elevated sulfate reduction can lead to increased sulfide concentrations, decreasing the bioavailability of inorganic HgII due to precipitation of HgS and/or formation of charged Hg-S complexes (see Benoit et al. 2003 and references therein). Research has shown that in northern boreal landscapes, Hg methylation is sulphate limited (e.g., Mitchell et al 2008), which implies that sulphide concentrations are low enough that bioavailability is not impacted. Gilmour et al’s research on the role of sulphate has shown that there is a sulphate concentration “sweet spot” below which Hg methylation is sulphate limited and above which high sulphide concentrations inhibit Hg bioavailability (see Benoit et al. 2003 and references therein). Northern boreal ecosystems, if anything, are on the low end of S concentrations, not the high end where low bioavailability due to Hg-S complexes inhibits methylation. Do you know the concentration of sulphate in rain? It will vary from place to place but it is very significant and I recall values of about 2000 ug/L (but need to recheck). Indeed the drawdown and water level changes may be contributing to power development in many locations. It can even be significant over a 24 h period. 
Above, Lean seemed to suggest that due to the high flow rates/short water residence time, the reservoir will not go anoxic enough/have low enough redox to promote Hg methylation; therefore the reservoir also won’t go anoxic enough to have high levels of sulphide…i.e., the two arguments actually contradict each other. Clearly an exciting new are of research. I have not worked on sediments in this area but in other sites, a well oxygenated water column that gives rise to surface sediments of redox greater than minus 200 will have low MeHg formation. 
Further, the view that Hg-S complexes are not bioavailable has been updated as new research has come out that demonstrates that these complexes can take many different forms, many of which are soluble and/or bioavailable (see Figure 1 from Hsu-Kim et al. 2018). Some of these bioavailable compounds include Hg bound to natural organic matter, and nanoparticles that include sulphur (Zhang et al 2012) or natural organic matter. For example, methylation of Hg-S nanoparticles is significantly higher than for larger solid Hg-S particles. Finally, according to a review by Hsu-Kim et al 2013 “our ability to directly relate geochemical speciation and bioavailability remains limited.” Therefore, it is overly simplistic to suggest that wetlands have high reduced S and that this will limit Hg methylation, particularly since northern boreal wetlands will have lower sulphate relative to their counterparts in other ecozones. The sediments of most peatlands have not seen oxygen for many years but in other wetlands the seasonal pattern of available sulfate may be important. Clearly an area that requires more careful study. 
Regarding the statement above “but like many others working on reservoirs thinks that organic carbon fuels methyl mercury formation” and similar statements below, in my opinion, this is the most important area where Lean and the academic community studying mercury in the environment fundamentally disagree. From the highly cited review by Benoit et al. (2003), which cites some of the older but highly cited studies: “The distribution of methylation activity is tied to the distribution of biodegradable-organic matter but complexation of Hg by DOC may influence Hg bioavaiIability. Maximal net methylation is often observed in surface sediments (Ulrich et al. 2001, Berman and Bartha 1986; Ramal et al. 1992) where microbial activity is greatest due to the input of fresh organic matter. As a result, systems with high levels of organic matter production, such as wetlands, recently flooded reservoirs, or periodically flooded river plains may exhibit extremely high rates of methylmercury production (St. Louis et al. 1994, Heyes et al. 2000, Guimatas et al. 2000, Roulet et al. 2001).” From the new Hsu-Kim et al. 2018 paper: “For newly created reservoirs, the increase in MeHg production and bioaccumulation results from the decomposition of flooded terrestrial organic material, which leads to increased microbial activity and increased net MeHg production in flooded soils (Mucci et al. 1995; Porvari and Verta 1995; Kelly et al. 1997; Hall and Louis 2004; Hall et al. 2004; St. Louis et al. 2004; Hall et al. 2009).” Hsu-Kim et al. 2018 further states that “...boreal Canadian reservoirs may be a worst-case scenario for organic matter decomposition after flooding, due at least in part to large carbon stores in peat (St. Louis et al. 2000).” This is supported by Figure 2 from Calder et al. 2016 which demonstrates the significant linear relationship between OC content of reservoirs and MeHg concentrations in reservoirs from around the world.  
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Figure 1. From Hsu-Kim et al. 2018. “Perturbations to ecosystems may affect key factors that contribute to the production of MeHg in the aquatic environment. These factors include the geochemical speciation (bioavailability) of inorganic Hg, the productivity of methylating microorganisms, and the degradation of MeHg. In most anaerobic environments, inorganic Hg is predominantly associated with particles comprising sulfides and natural organic matter. The relative bioavailability of particulate Hg can vary greatly between ‘newer’ forms (e.g., weakly sorbed, amorphous, or nanostructured species) compared to ‘older’ aging states (e.g., strongly sorbed, well-crystalline, macrostructured species). Hg methylation rates also depend on the growth and productivity of hgcAB+ microorganisms, which entail a wide diversity of species that can be roughly grouped into three major clades: δ-Proteobacteria, Firmicutes, and methanogens. This anaerobic microbiome will also alter the chemical composition of its environment (e.g., sulfide, organic carbon, redox potential) that can subsequently alter Hg speciation and bioavailability.”
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Figure 2. From Calder et al. 2016. “Relationship between soil OC content and MeHg concentrations of flooded soils. Each data point represent individual sampling location. Hatched lines indicate standard errors around the mean...”
From another review paper by Lehnherr et al. (2014), which focuses on MeHg production in the North: “The availability of OC substrate can limit microbial respiration and hence HgII methylation rates (Drott et al. 2008, Lambertsson and Nilsson 2006, Windham-Myers et al. 2009). In Swedish lakes, for example, HgII methylation rates were an order of magnitude higher in productive lakes compared to unproductive lakes (Drott et al. 2008), and the experimental removal of emergent vegetation in Californian wetlands led to decreased MeHg production (Windham-Myers et al. 2009). Emergent vegetation exude labile dissolved organic matter, such as acetate, which stimulates microbial sulfate and iron reduction in the rhizosphere and in turn enhances HgII methylation (Windham-Myers et al. 2009).”
Lean has in previous conversations discussed the impact of reservoir draw dawn and rewetting on MeHg production, which is related to the above discussion because it involves the roles of OC and sulphate in controlling rates of MeHg production. There is a new paper by Eckley et al. (2017) which examine the impacts of draw-down and rewetting on MeHg production in Cottage Grove Reservoir in western Oregon. This work suggests that “the enhanced breakdown of organic matter in sediments experiencing water-level fluctuations has a two-fold effect on stimulating Hg methylation: 1) it increases the partitioning of inorganic Hg from the solid phase into the porewater phase where it is more bioavailable for methylation; and 2) it increases dissolved organic carbon (DOC) in the porewater which can stimulate the microbial community that can methylate Hg. Sulfate concentrations and cycling were enhanced in the seasonally inundated sediments and may have also contributed to increased MeHg production.” Note that this work also identifies OC as a key factor in stimulating the microbial community that methylates HgII. I have no argument with these statement. The correlation between total mercury and DOC is very strong and extends to fish mercury. However, most of the DOC is of colloidal size and is very old - perhaps more than 40 years. In other words, it is not biologically active and plays another role – perhaps as a carrier as in the attached paper or it alters the photochemical relationships (as I have said before) and this controls the level of mercury and methyl mercury in the system. One of our studies on total and methyl mercury in the streams that were part of the long term study by Ministry of Environment for Ontario showed that the high flow of the spring freshet delivered the most total and methyl mercury to downstream lakes yet the DOC and mercury were highly correlated despite the snowmelt. If one uses substrates of glucose, glycine and acetate, the turnover time or utilization rate is a matter of seconds. They represent less than 2% of the DOC but are indeed vitally important for the symbiosis of algal microbial relationships. 
OC is also important in controlling the bioavailability of HgII for methylation and I will thus provide a review of the most recent work on this topic. Recent work suggests that high molecular weight/highly aromatic dissolved organic matter (DOM) and DOM with high sulfur content, such as those commonly found in wetlands, enhance HgII uptake (Graham et al. 2013), perhaps by inhibiting growth and aggregation of bioavailable nanoscale metacinnabar β-HgS(s) (Zhang et al. 2012) into larger less bioavailable forms. However, laboratory experiments utilizing a bioreporter system suggest that HgII bound to DOM is itself bioavailable, possibly via transfer to a transport protein on the cell membrane and subsequent internalization (Ndu et al. 2015, Chiasson et al. 2014). Further, it has been suggested that the role of DOM in enhancing HgII bioavailability is rapid (<24 hours) (Chiasson et al. 2014). This agrees with experiments utilizing additions of HgII and MeHg S- and DOM-bound stable isotope tracers to estuarine microcosms, which showed that newly added HgII is more rapidly methylated than “old” HgII circulating in the system and that HgII bound to DOM resulted in >10 times the quantity of sediment MeHg production compared to newly added β-HgS (Jonsson et al. 2014), although this experiment did not examine additions of nanoscale β-HgS. 
However as in the ELA experiments, if the wetlands that are flooded are shallow there is light penetration to the sediments and an opportunity for increased oxygen which will oxidize the sulfides in the sediments to sulfate and make mercury and other metals bioavailable.
The ELA FLUDEX wetland was indeed shallow but not likely shallow enough for light to penetrate to the sediments. Maximum depth was 2.5m as I recall, so mean depth is likely less than 1 m and light would penetrate to most of the sediments. Wetlands have high dissolved OC and thus light is sequestered very rapidly (i.e. within the top 30 cm). For example, in a study of MeHg photodemethylation in ELA lakes, the authors showed that  “Modeled depth-specific and depth-integrated rates of MeHg photodemethylation clearly demonstrate that for a colored, high dissolved organic carbon lake such as Lake 979, MeHg photodemethylation is primarily driven by UV radiation and is therefore largely restricted to the top 30 cm of the water column. By comparison, in a clear, oligotrophic, low DOC lake such as Lake 239... MeHg photodemethylation activity encompassed the top 2.5m of the water column, compared to only 30 cm for Lake 979.” (from Lehnherr and St. Louis 2009).  If Lean has data to demonstrate otherwise, I am happy to review it. Yes indeed but already published in many papers on this that are widely cited. I can provide a list if you like. 
I believe Lean is also postulating that because the ELA FLUDEX reservoir is shallow, oxygen somehow reached the FLUDEX reservoir sediments and thus recycled non-bioavailable Hg-S and released more bioavailable HgII for methylation. I have addressed this in detail above where I discuss the interactions between HgII methylation, sulfate reduction, and Hg-S formation and demonstrate that based on the current state of knowledge, Hg-S formation in the Muskrat Falls reservoir will not be sufficient to limit HgII bioavailability and methylation. 
 This has the potential to result in methyl mercury formation. Also as Wolfgang pointed out some of the peat floated! This too could result in methyl mercury formation. Why would something on the bottom suddenly float? It likely comes from either gas formation such as oxygen from primary production, nitrogen from denitrification of methane from carbon dioxide reduction. It can happen but if the water is deep, wetlands will not release methyl mercury after flooding (as I have said all along).
Capping will do no good.
Why? If Marc Lucotte was correct and I should see if he put this into a journal then zero production cannot be improved upon. If we dig up the sediments then let them oxidize both sulfate and mercury along with other metals are released. So removing the wetland sediments would be a mistake. Capping may be an option but the machine damage and mixing might be an issue. 
 Digging them up is a mistake.
I agree
 Removing the soils will result in oxidation of the sulfides and releases of bioavailable mercury. 
Regarding potential pre-flooding mitigation strategies, pre-flooding reductions in reservoir organic carbon have been identified in the peer reviewed literature as a pre-flooding mitigation strategy to decrease MeHg production (Mailman and Bodaly 2006).  
Ryan Calder, on the other hand, obtained much high flux rates from soils than Reed (according to Reed). His values came from laboratory experiments conducted at Harvard University such as those described by Trevor for Aug 2017.  
Calder et al. 2016 did not use the soil flooding/flux experiments to extrapolate MeHg production in the Muskrat Falls reservoir. His model utilizes the relationship between OC and MeHg production in various reservoirs around the world to predict MeHg production in the Muskrat Falls reservoir (Figure 2) and not the soil flooding experiments. The soil flooding experiments Lean describes below are useful for looking at relative differences in MeHg among different soil types and conditions (such as temperature) but taken alone, should not be extrapolated up to a whole ecosystem/whole reservoir scale. I believe that this is now the opinion of the Sunderland group as well. Discussed above. 
“A pore water experiment was conducted with Churchill River whole soil cores collected from 24 to 26 July 2017. All cores came from the Upper Brook (UB) site and were collected in pre-flood (12 cores) and newly-flooded (24 cores; flooded for ~5.5 months since water level continuously elevated in reservoir in mid-February) areas. Cores were drained of water in the field and kept cool during holding and shipping. From 15 to 21 Aug 2017, newly-flooded cores were incubated at 2 temperatures (3-50 C or 20-210 C), while pre-flood cores were incubated at 20-210 C only. Whole cores with leaf litter layer were inundated with Churchill River water also collected in July, and there was approximately 3 cm of overlying water in each core (not exchanged during experiment). There were 3 replicate cores for each experimental condition and incubation time point (day), and soil water was separated from 0-5 and 5-10 cm depth intervals in each core by centrifugation and filtration (0.22µm). 
The highest pore water MeHg concentrations in these whole-core incubations was for the newly flooded soils at 20-210 C (Fig. 1). 
Is this 3-5°C and 20-21°C? 210°C seems very warm. Yes indeed. It is 21 degrees C.
Average MeHg concentrations increased with time to day 6 in both the 0-5 cm (4-8 pM) and 5-10 cm (6-16 pM) sections, and were higher in the 5-10 cm section. MeHg concentrations were slightly lower for newly-flooded soils incubated at 3-50 C, particularly in the 0-5 cm section (1-5 pM), but the trends were generally the same as for the cores at 20-210 C. 
Interestingly, MeHg accumulation in the 5-10 cm section was nearly the same at both 3-5 0 C (8-14 pM) and 20-210 C (6-16 pM) Pore water MeHg concentrations were lower in pre-flood soil cores (never previously exposed to Churchill River water) as compared to newly-flooded soils (Fig. 1). Concentrations did not increase significantly between days 1 and 6, but pre-flood soils showed slightly elevated MeHg concentrations for both 0-5 cm and 5-10 cm sections by day 6 of the experiment (3 pM). Similarly, MeHg flux core experiments conducted in June 2013 with soil cores collected near Muskrat Falls showed that pre-flood soils began to show an increase in MeHg concentration in overlying water after 5 days (Schartup et al., 2015). Notably, dissolved oxygen (DO) decreased from 47 to 9 percent saturation between days 1 and 6 for the pre-flood cores (Table 1), indicating elevated sediment oxygen demand. However, low DO levels did not lead to enhanced MeHg production in the pre-flood cores in this experiment.”
…………………………………………………
In addition pH values were fairly constant or increased to some degree. On the other hand conductivity values showed a substantial increase from about 50s to 150 or higher (µS/cm). 
………………………………………………..
On 21 September I wrote the following email 
		to Trevor, Ken, Jane, Maureen, Wolfgang, Jim, Etienne, Stewart, David, Marina, admin
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Very interesting results. For those that work in ng/L these values can be multiplied by 200 (approx. molecular weight of mercury) and take off 3 zeros. So 10 pM times 200 is 2000 pg/L or 2 ng/L. This is a lot of methyl mercury considering we are asking for values down to 0.010 ng/L.  I would still like to see total mercury as it can be methylated at other sites. 

As I said earlier in my email when I sent the Avramescu paper, there is an inhibitor for sulfate reduction which could be added to some cores to verify that the methylation is due to sulfate reducers or not. Methyl mercury production will continue until sulfate is used up or mercury is depleted or complexed with sulfides and not available. There are redox probes which could be used at the end of the experiment to determine the reducing capacity of the cores from surface to the bottom. As I said before it is generally thought that minus 200 is needed for methyl mercury formation (thus the delay in some samples). Organic carbon does not fuel methyl mercury formation. Most is quite refractory but some may lead to oxygen depletion and stimulate sulfate reduction. 


While other OC is quite labile and is a good source of energy for bacteria) but some may lead to oxygen depletion and stimulate sulfate reduction.  

Dave

I believe I have addressed the comments “Methyl mercury production will continue until sulfate is used up or mercury is depleted or complexed with sulfides and not available” and “Organic carbon does not fuel methyl mercury formation” above. I believe Lean is also suggesting that additional Muskrat Falls soil core flooding experiments be carried out with 1. A redox probe 2. Amendments with a sulfate reduction inhibitor to test if sulfate reducers are the dominant methylators. It is my opinion that the soil core flooding experiments have been used to address pertinent questions including 1. What is the impact of soil organic carbon removal on the relative magnitude of MeHg production 2. What is the relative difference between MeHg production in various zones of the reservoir after flooding (wetland, previously burned area, soil, etc). It is well accepted that sulfate reducing bacteria are the often the predominant methylators in anaerobic surface sediments of freshwater ecosystems, although as discussed above, it is now known that some iron reducing bacteria, methanogens and syntrophic, acetogenic, and fermentative Firmicutes can carry also out HgII methylation. Thus, if we were to carry out a new series of experiments with sulfate reduction inhibitors, what new information would we gain? We would see either 1. Complete inhibition of HgII methylation 2. Partial inhibition of HgII methylation. How would this information help us better manage the Muskrat Falls reservoir? Re redox, I believe that redox was measured during the experiments performed by Harvard but we could inquire further. I am still not sure what information the data will provide. 
…………………………………………

I would have liked to have had redox measurements from these experiments as these values are central to the story. In addition we should have had values for total mercury as this is an important flux in some cases. 

I could be wrong but Ryan seems to think that methyl mercury is rather like salt, and is conserved. It leaves the ground, moves through the food web and ends up in people. I asked the question about deposition of mercury from atmospheric sources into Lake Melville during his presentation. He gives the values as Moles per year so we need to divide by area and convert to ug/m2/year to compare with other data. He did not use total mercury deposition so likely underestimated the contribution from atmospheric sources. Methyl mercury in wet deposition is only about 2% or less so total inputs of mercury were not used. The dynamics of mercury in aquatic systems is rapid and the flux between particulate, dissolved inorganic and methyl mercury is very rapid indeed.

I find the statement above regarding Ryan thinking that “MeHg is rather like salt” quite unprofessional and insulting to a professional whose papers have been through vigorous peer review and who has graduated with a PhD from Harvard University. What does Ryan consider to be the source of the MeHg? I believe that must of it comes from soils but he does not have data for total mercury which could be methylated later. The other complication comes from a question I asked at his talk. I asked about the data for precipitation. What I thought he said it was for MeHg only. This is likely less than 2% of the mercury in deposition that can potentially be converted to MeHg later. There is a general view that all we need to know is the MeHg formed and passed through the system to people. I am not a modeller but this seem like critical issues that should be addressed. I would be happy to work with a modeller Adrienne Ethier that did her PhD with me and Elsie Sunderland was the external examiner. She developed excellent models for lakes. We worked in association with Dr. Don MacKay formerly of Trent that years ago trained Reed Harris. 

Further, Calder et al. 2016 takes into account all relevant environmental sources and transformations of inorganic HgII and MeHg, including binding to particles, dissolution, and particle settling in the water column, photodecomposition in surface waters, and atmospheric deposition inputs as outlined in Figure 3, which is from Calder et al. 2016 and demonstrates the model for mercury cycling that forms the basis of the model presented in Calder et al. 2016. The data used in the Lake Melville mass balance budget are from Schartup et al. 2015, which presents details in the extensive supporting information section, including mercury concentrations and a summary of rates used in the mass Lake Melville mass budget (see tables S5 and S7 below from Schartup et al. 2015). If so he did not give that impression when I asked questions on deposition of mercury. But you are correct and I need to look at the details more closely. The dynamics are indeed complicated.

I don’t understand the comment “He did not use total mercury deposition so likely underestimated the contribution from atmospheric sources.” Is Lean saying that Calder et al. 2016 underestimated atmospheric deposition of total Hg and/or MeHg to the Muskrat Falls reservoir? As shown below in Table S5 from Schartup et al. 2015, I believe Calder et al. did use atmospheric total and methyl mercury input values of 29.28 and 0.12 nmol/m2/year, respectively, which corresponds to 5873 and 24 ng/m2/year as reported in Schartup et al. 2015. Graydon et al. 2008 reported average atmospheric deposition of total and MeHg between 1992 to 2006 of 3600 ± 1700 and 50 ± 20 ng/m2/year for the ELA, which is comparable to the values reported by Schartup et al. 2015. Like Lake Melville, the ELA is also remote from Hg point sources. If so, I agree completely. Earlier I have said that both Poissant and the North American Mercury Deposition Network gave values of 6 ug/m2/year for total mercury which is almost the same of the 29.28 value in nmol/m2/year.  I asked about the 0.2 and Ryan answered that it was methyl mercury only and that it was for the entire lake so I needed area to get the value. 
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Figure 3. From Calder et al. 2016. “Schematic of model for mercury cycling in the Lake Melville esturary Labrador adapted from Schartup et al. 2015. Hydrodynamic data used to calcuate mixing are from Lu et al. 2014.”
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…………………………………………….

Ryan Calder determined his flux from sediments (mass transfer) from the soils using the concentration gradient between soil methyl mercury and the concentration in overlying water from the core incubations discussed above (ng m-2 s -1 ) – see Steinberger and Hondzo  This is combined with a constant for molecular diffusivity D (m2 s -1 ) Molecular diffusivity see above where I ask what would be the influence on diffusivity if the MeHg is bound to organic carbon for MeHg (2) 2x10-10 (macromolecular organic complexes). Most MeHg is likely bound to organic carbon but this is a story for later.  
As stated above, Calder et al. 2016 did not use the soil flooding/flux experiments to extrapolate MeHg production in the Muskrat Falls reservoir. His model utilizes the relationship between OC and MeHg production in various reservoirs around the world to predict MeHg production in the Muskrat Falls reservoir (Figure 2) and not the soil flooding experiments. Yes, this point was made earlier and I responded above. 
As noted about there was 3 cm of overlying water in the core incubation experiments. What if the overlying water was 30 m not 3 cm. If the same amount of mercury was released it would not be 2 ng/L but diluted 10,000 times less and this is the concentration that would go downstream. OOPS, I made a mistake. It is 1000 times less when 2 cm of water column is replaced with 20 m of water column. Nevertheless, my point stands. 
I’m interested in Dave’s comments about the Calder et al work regarding the amount of water over the cores.  I’m not sure where Ryan got his values of Hg in water (was it from the core data?).  If Dave’s assumption is correct and the concentration of Hg is in the order of 10,000 times less, how does that affect Ryan’s downstream estimates through the food chain? This makes me think of another question - has anyone tried to estimate the maximum possible quantity of MeHg that could be produced from the total amount of predicted flooded material in the reservoir?  I believe Ryan’s model assumes “steady state” which means the reservoir keeps producing at a consistent rate in perpetuity, which isn’t true. 

There is more good news. If the Eh was above the critical level of minus 200, there would be no methyl mercury formed. This is a game changer and one that Ryan did not consider. 
As detailed above, this is not correct and Lean has not presented a “game changer”. Firstly, Calder et al. 2016 did not use the soil flooding/flux experiments to extrapolate MeHg production in the Muskrat Falls reservoir. Secondly, Calder et al. 2016 included water renewal time/flow rate in his model (see Table S1 from Calder et al. 2016 which includes information on the river flow parameter for example). Thirdly, as detailed above, the surface sediments of the reservoir will be anoxic and conducive to MeHg production. I do not think that the surface sediments will be anoxic or at least not to the Eh level of minus 200. Clearly, this are important considerations and the proof as I said before will be in finding a reservoir similar to the final design of Muskrat Falls.  
[image: ] My prediction is that the water going downstream from the Muskrat Falls reservoir will have much lower concentrations of methyl mercury than that predicted by Reed or Ryan but there is additional “magic” in Lake Melville. I have said this before but it is well known that when fresh water flows into estuaries higher in salt, the dissolved organic carbon (DOC) comes out of solution and since most of the methyl mercury is carried by DOC (paper available), the particles settle to the bottom. Since the deep water in Lake Melville is higher in salt, it seems to be permanently stratified and the mercury is taken out of solution. In addition, since the monitor data does show lower DOC values in Lake Melville, the processes of photo reduction to gases mercury that will volatilize and photo degradation of methyl mercury can occur. 
My hypothesis is that Muskrat Falls will not be like the small reservoir at ELA, the Robert Bourassa, the Smallwood or most of the others. I have not seen data for the reservoirs in Manitoba or British Columbia but would like to see a total review. I suspect that the increase in methyl mercury after closing of the dam in Muskrat Falls will be small and within our ability to measure. This will result in less methyl mercury going into Lake Melville and here the processes will also result in lowering the methyl mercury level so that changes over time will be small not the increases of 4 times or so predicted. 
Some of the information on Manitoba reservoirs is provided above with references. 
The proof will only come when we find a reservoir with similar depths and similar water renewal times and good mercury data. Reliable flux rates from sediments can then be done using peeper techniques as I outlined in an earlier email. 
I disagree with Lean’s prediction that the Muskrat Falls reservoir will have much lower concentrations of MeHg than predicted by Reed Harris or Calder et al. 2016 and I believe that these different models provide us with the best predictions of MeHg increases in a reservoir to date. As stated above, Calder et al. 2016 and Schartup et al. 2015 have been published in high impact peer reviewed journals (Environmental Science and Technology and PNAS) and if Lean wishes to dispute the data presented in  these papers, than a rebuttal to the journal is one formal way that his opinion could be objectively assessed by the scientific community.  The paper provided from Hydro Quebec provides evidence that the design features are indeed important to the quantity and rate of methyl mercury formation. 
I believe I have addressed the majority of these comments, including those regarding reservoir water renewal times and depths above. I’m not sure how to respond to the comment about “magic” playing a role in MeHg dynamics in Lake Melville as I am relying heavily on the peer reviewed literature to build by understanding of MeHg dynamics in the Muskrat Falls/Lake Melville system. MeHg photodegradation and HgII reduction in surface waters were both included in the mass balance Hg model of Lake Melville with rates shown in Table S7 from Schartup et al. 2015. Rates of HgII photo and dark reduction and oxidation were based on those used in Sunderland el al. 2010 while MeHg photodemethylation rates were based on those published in Black et al. 2012. 
Regarding the statement: “I have said this before but it is well known that when fresh water flows into estuaries higher in salt, the dissolved organic carbon (DOC) comes out of solution and since most of the methyl mercury is carried by DOC (paper available), the particles settle to the bottom.” While it is correct that DOC will flocculate and aggregate into particles when mixing with higher salinity water, this in fact has a stimulating effect on MeHg production, as explained in great detail in the Schartup et al. paper: “...the activity of methylating bacteria is stimulated by redox microniches formed by the aggregation and enhanced degradation of terrestrial DOC in saline water (Sunderland et al. 2009 Sharif et al. 2014)...Organic aggregates formed through flocculation in estuaries tend to be enriched in metals and nutrients (cations) and support high microbial diversity (Long and Azam 2001). Estuarine bacteria degrade terrigenous DOC much faster (up to a fourfold increase at a salinity of four) than do microbes in terrestrial ecosystems (Wikner et al. 1999), explaining the distinct increase in methylation in saline waters.” These findings by Schartup et al. are supported by research carried out by Rob Mason’s group (Ortiz, Mason and Ward 2015), demonstrating that marine snow supports the production of MeHg. This comment by Lean suggest that he has not read the paper by Schartup et al. 2015 despite its obvious relevance to this discussion. Discussed above. 
Additional General Comments
While I agree with several of Dave’s arguments and also expect the increase of MeHg in reservoir water and biota to be lower than predicted by Ryan Calder (and Reed Harris), I do not agree with Dave’s notion: … there will be little or no measurable increase in mercury in the reservoir or downstream in Lake Melville. Mercury levels in future will be controlled by the upstream water quality and will not be effected by the reservoir construction. This design is more similar to a run of the river power generation that results in little or no mercury increases. 
My view in this regard is mainly based on work in Manitoba with two reservoirs on the lower Nelson River (mean discharge 2,400 m3/s) that have similar physio-chemical characteristics than Muskrat Falls and also have similar, relatively simple food chains with approximately 3 trophic levels above the zooplankton/benthic inverterbrate level;  the main forage fish are Rainbow Smelt and shiners, benthivors are Lake Whitefish and suckers, while top fish predators are Northern Pike and Walleye, quite similar, although not identical to the food chain at Muskrat. But unlike Lake Melville, are they saline? I am pleased that these data exist and would like to get the full data set. Putting these data with the Quebec data and perhaps data from other reservoirs may provide a very valuable management tool to predict mercury releases.   
Reservoir 1 (the Limestone Forebay) was flooded by approximately 8.2% (percentage of flooded area of pre-flooded area) in 1990 and the flooded material largely consisted of lacustrine sandy sediments. The percentage of flooded area for reservoir 2 (the Longspruce reservoir) was approximately 91.8% and the flooded material had a higher percentage of organic matter compared to reservoir 1. Both reservoirs are operated as run-of-the-river with residence times of a few days. 
Figure 1 shows the evolution of fish mercury concentrations for Pike, Walleye, and whitefish. Obvious is the relatively fast and steep increase (at least for Walleye) to maximum Hg concentrations after flooding. These maxima seem to be very short lived (1-2 years) before they return relatively slowly to concentrations that existed (or are assumed to have existed) prior to flooding. Considering that measured pre-flood concentrations for Walleye don’t exist (Figure 1), the best estimates for the post-flood increase in concentrations is 1.7 (whitefish), 1.4 (pike), and 2.3 (Walleye) times pre-flood concentrations; the return times to pre-flood concentrations were estimated at between 8-13 years.


Figure 1: Length-standardized mean (±95% CL) mercury concentrations of pike, Walleye, and whitefish from the Limestone Forebay. An asterisk indicates that the relationship between Hg concentration and fish length was not significant and the arithmetic mean is shown.
These values are very low indeed. I am used to seeing data for pike in the 0.8 to 1.5 range from analysis done by the MOE group which now has over a million fish in the data set. Even the whitefish data are low. Seeing values for pike double is interesting but is not close to the values found in the Quebec reservoirs of 0.45 to more than 2.5 (if I remember correctly). These are extremely important data that can be used to determine rate of mercury increase and recovery as well as ratio of increase to preflood conditions. 

Fish Hg data for the Longspruce reservoir were first collected 7 years after flooding, so maximum Hg concentrations had to be estimated. These maximum concentrations were estimated to be 3.2 times higher than pre-flooding concentrations in whitefish and 3.6 and 3.8 times higher in pike and Walleye. The return times from reaching maximum post-flooding concentrations to concentrations representing local background levels were 7 years for whitefish and 17-18 years in pike and Walleye.
By comparison, the percentage of newly flooded area for Muskrat Falls will be approximately 57.8%, somewhere in the middle between the extent of flooding observed at the Limestone Forebay and the Longspruce reservoir. Considering that the flooded material will be more similar to the soils flooded at Longspruce, my rough estimate for a predicted increase in Hg concentrations of large-bodied fish in the Muskrat Falls reservoir is between 2.5-3.5 baseline concentrations. And you may be right. I have an open mind on this but it is not 4.5. 
There was no obvious downstream signal in the Hg concentrations of fish from the lower Nelson River after the flooding at either Longspruce and Limestone (although the monitoring was not nearly as frequent as one would like for that type of assessment). The distance from Limestone to the Nelson River estuary into Hudson Bay is approximately 100 km. The physico-chemical conditions of the Nelson River estuary are substantially different from those of Lake Melville and little is known about Hg concentrations in the biota. Valuable information. 
I was criticized for making general statements (see beginning) so now provide some of the references used in this overview response. These publications have helped to shape my knowledge of the dynamics of mercury transport. 
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